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A mercury film electrode was used to determine Mg (Il) in biodiesel by adsorptive stripping
voltammetry in presence of sodium thiopentone. A linear response was obtained for Mg (lI) in the
concentration range of 6.0 x 107 to 7.0 x 10°® mol L™ for SWAdSV and 8.0 x 107 t0 9.0 x 10° mol L™
for DPAASV with detection limits of the 2.9 x 107 mol L™ and 3.1 x 10" mol L™, respectively. The
method was applied successfully to biodiesel samples and presented goods results of accuracy with
recoveries close to 100.0 % for SWAdSV and DPAdSV.
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1. INTRODUCTION

The substitution of diesel with biodiesel is justified mainly for environmental reasons. Fossil
fuels have sulfur in their composition and when they are burned occurs the formation of sulfur oxides
(SOy), which react with atmospheric oxygen (O) and water to form sulfuric acid (H,SQO,), causing the
acid rain [1]. Since the biodiesel is substantially free of sulfur in its composition, its physical properties
are close to fossil diesel [2] and its use is associated with the replacement of fossil fuels without the
need for any modifications in diesel engines [2,3] and reduces the environmental impact of the use of
internal combustion engines [2].

Biodiesel can be defined as a mono-alkyl ester of fatty acids derived from renewable sources
like vegetable oils and animal fats [2,4-6] obtained through a process of transesterification, which
occurs in the transformation of triglycerides in smaller molecules of fatty acid esters. Biodiesel is
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registered as fuel and fuel additive and can be used 100% pure (B100), mixed with diesel oil (B20), or
a low proportion as an additive 1-5% [7,8].

Hardly any chemical reaction, including the transesterification, can be complete and so usually
the reaction products (alkyl esters) are contaminated with other components. Some ions, such as,
calcium (Ca®") and magnesium (Mg®"), may be present in samples of biodiesel [9], due to the
manufacturing process or by supplies used; the catalyst; through the wash water during the purification
process of the fuel or incomplete removal of soap. Ca** and Mg?* can cause corrosion, clogging
motors, formation of ash in the combustion chamber and cause risk to human health and the
environment, so monitoring of these elements in the fuel is of fundamental importance.

The standard specifications for B100 to be mixed with petroleum diesel are established by
national agencies (NAs) [4], such as ASTM D6751 (U.S.) and EN 14214 (European Union). Other
countries have defined their own specifications, a specific example is that of Brazil where the
standards are established by the National Petroleum Agency, Natural Gas and Biofuels (ANP), through
Resolution 4/2010 [10]. A maximum level of 5 mg kg™ of calcium and magnesium (Ca + Mg) in
biodiesel has been established by ASTM and others NAs.

According to literature, the spectrometric methods (emission or absorption) are the majority for
analysis of alkaline and alkaline-earth metals in biodiesel, such as, optical emission spectrometry
inductively coupled plasma [11-14], spectrometry atomic absorption [15-17] and atomic emission
spectrometry with flame [18].

Santos [14] developed a method for determination of calcium, phosphorus, magnesium,
potassium and sodium in biodiesel using the technique of optical emission spectrometry with
inductively coupled plasma. The limits of detection obtained in pg g™ were 0.03 for Ca, 0.5 for P,
0.005 for Mg, 0.3 for K and 0.1 for Na. All recoveries were in the range of 82-114% for all analytes.

Due to the increasing need for analytical tests simple, fast and inexpensive for determination of
important biological and chemical components in very low concentrations, the biofuels
electrochemical sensors have been highlighted in recent years [19]. Some studies described the
determination in biodiesel samples, such as, potassium by direct potentiometry [20,21], phosphorus by
cyclic voltammetry [22,23], Cu®* by potentiometric stripping [24], simultaneous determination of Cu?*
and Pb?* by anodic stripping voltammetry [25], free/total glycerol by amperometry-enzymatic [26],
glycerol [27] and tert-butylhydroquinone [28] by linear sweep voltammetry. However, not found any
paper in the literature about the determination of Ca and Mg in biodiesel samples by electrochemical
techniques.

Among the others electroanalytical methods for determination of calcium and magnesium in
others sample matrices [29,30] may be mentioned the method described by Zheng et al. [29] that use
an ionic liquid (1-pentyl-3-methylimidazolehexafluorophosphate) in carbon paste electrode to
determine calcium in capsule and urine samples. The electrochemical responses of calcium were
investigated in a carbon paste electrode with ionic liquid (IL-CPE) and the traditional electrode carbon
paste (CPE-T). The results showed the superiority of IL-CPE in terms of greater sensitivity, faster and
better reversibility of electron transfer. The dependence of peak current was linear in the range of 8.0 x
107 to 1.0 x 10™ mol L™ with a detection limit of 4.0 x 10" mol L™ by voltammetric differential pulse.
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Farghaly [30] used the adsorptive stripping voltammetry of square wave for indirect
determination of magnesium with sodium thiopentone (TPS) in carbon paste electrode with mercury
film in urine and tap water samples. TPS in alkaline medium is classified as an electroactive ligand for
indirect determination of some metal ions using carbon paste electrode with mercury film. It is
observed that increasing the cathodic peak current in alkaline condition was linear with increasing
concentration of magnesium with a detection limit of 0.14 ppb.

The mercury film electrode consists of a very thin layer of mercury electrodeposited on a
conventional solid electrode, like gold, platinum, graphite or glassy carbon [25,31]. This type of
electrode offers some advantages over the MDE (mercury drop electrode) like a high ratio of surface
area/volume, providing a higher concentration of metal in the mixture during the deposition step, with
a high sensitivity. In addition, this type of electrode may undergo vigorous stirring and coupling with
flow systems, increasing its applicability in trace analysis.

Given the importance of biodiesel as alternative fuel and considering that the presence of
inorganic contaminants, such as magnesium, cause blockages in engines and cause risks to the
environment, allied to the need to develop an alternative method to ensure a better quality of biofuels,
the scope of this paper was develop a selective method using mercury film electrodes for the
determination of magnesium in biodiesel using sodium thiopentone (TPS).

2. MATERIAL AND METHODS

2.1 Reagents

Mercuric nitrate, potassium nitrate and sodium thiopentone (TPS) (C11H17N2NaO,S) purchased
from the Merck and all other chemicals used in electrochemical experiments were of analytical-reagent
grade. Milli-Q water was used to prepare all solutions. The mercury film deposited on the surface of a
carbon paste electrode was obtained from a solution of 1.0 x 10 mol L™ mercuric nitrate (I1)
dissolved in 0.1 mol L™ of potassium nitrate and 0.01 mol L ™ nitric acid.

The solution of TPS 1.0 x 10 mol L™ was prepared daily, just before the experiments, by
dissolving 0.0132 g sodium thiopentone in Milli-Q water. Phosphate buffer solution (Na;HPO,,
NaH,PO,) was prepared with final concentration of 0.05 mol L™ and the pH of this solution was
adjusted to 10.7 with NaOH 0.5 mol L™. Standard stock solutions of magnesium and calcium 1000 mg
L, previously standardized with EDTA and Eriochrome Black T indicator for magnesium and EDTA
and Calcon indicator for calcium, were prepared by dissolving MgCl,.6H20 and CaCl,.2H,0 in Milli-
Q water, respectively.

2.2 Apparatus

All electrochemical experiments were carried out using an Autolab PGSTAT-30
potentiostat/galvanostat controlled with the General Purpose Electrochemical System (GPES) software
(Eco Chemie B.V.) equipped with a conventional three-electrode cell (25.0 mL) at room temperature.
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A carbon paste electrode of 3.0 mm internal diameter, Ag/AgCl electrode (Metrohm; KCI 3.0 mol L)
and platinum wire were used as working, reference and auxiliary electrodes, respectively.

2.3 Electrode modification

The carbon paste was prepared by a powder mixture of graphite (Aldrich Chemical Company)
with mineral oil (Sigma-Aldrich). The slurry was homogenized (0.5 g graphite with 0.2 mL of mineral
oil) and introduced into the working electrode, a copper wire was used to electrical contact. The
surface of carbon paste electrode was mechanically renewed every measure.

Initially, a mercury film electrode was produced on the carbon paste using conventional
procedures described in literature [32] being added to the electrochemical cell 25.0 mL of mercuric
nitrate in medium of 0.1 mol L* KNO3 and 0.01 mol L™ of HNO;, yielding a solution of 1.0 x 10 mol
L™* mercury ions. The solution was previously deoxygenated by nitrogen gas flow for 15 min.
Subsequently, a potential of -0.8 V vs. Ag/AgCI was applied for 10 min and the resulting electrical
current versus time was monitored by chronoamperometry.

2.4 Electrochemical measurements

After electrode modification with mercury film, it was transferred to a phosphate buffer
solution (0.05 mol L™%; pH 10.7) into an electrochemical cell of 25.0 mL. Posteriorly, 45 pL of TPS 1.0
x 102 mol L™ was added, the TPS final concentration stayed equal to 3.0 x 10 mol L™. Then, the
solution was deaerated with N, for 15 min.

Conventional studies involving magnesium are facing difficulties in its determination, this fact
is due to its very negative reduction potential (around of -2.40 V). Ali et al. [33] used techniques of
adsorptive stripping voltammetry (AdSV) and demonstrated an increase in cathodic peak current of
TPS in the presence of magnesium. Noting this fact, the techniques of square wave adsorptive
stripping voltammetry (SWAdSV) and differential pulse adsorptive stripping voltammetry (DPAdSV)
were used to indirect determination of magnesium in the presence of TPS as electroactive ligand.
Electrochemical studies of AdSV were performed by scanning in the potential range of 0.0 to -0.6 V.
A new mercury film was made before each new measurement.

The increase in the TPS peak current was described as:

Aly = lgtpsivg - lpTes (Eq. 1)

where, lptps is the response of TPS peak current; l,rpsivg IS the response of TPS peak current in
presence of a Mg concentration and Al is the difference between them [30].

2.5 Biodiesel samples

Analyses of Mg in biodiesel samples carried out after extractions in aqueous phase (0.10 mol L
1 HCI) in soybean biodiesel samples that were washed three times with 4.0 mL of HCI solution.
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The aqueous extracts were used to determine Mg(ll) concentration in solution with pH around
of 10.7.

3. RESULTS AND DISCUSSION

3.1 Electrochemical behavior of mercury film electrode in presence of TPS and Mg

1/ uA

I/ WA

. , . , .
0.6 0.4 02 0.0
E /V vs Ag/AgCl

Figure 1. SWAdSV (A) and DPAASV (B) in 0.05 mol L™ phosphate buffer solution (pH 10.7) solution
containing: (---) 3.0 x 10 mol L™ TPS and (—) 3.0 x 10 mol L™ TPS + 1.0 x 10® mol L™
Mg(I1).

The electrochemical behavior of mercury film electrode in presence of TPS and Mg was
performed in 0.05 mol L™ phosphate buffer solution (pH 10.7) by SWAdSV (Figure 1A) and DPAdSV
(Figure 1B). Figure 1A and 1B shows an increase of cathodic peak current of TPS with addition of
magnesium, in a potential around of -0.31 and -0.29 V, respectively. This behavior can be attributed to
the fact that the carbon paste electrode with mercury film adsorbs Mg(I1)-TPS complex more strongly
than the TPS [30,33].

According to literature [33], the compounds react with mercury ions generated from the
mercury film electrode, to form mercury Mg-TPS complex (Eq. 2 and 3). The cathodic peak current
(around -0.30 V) can be attributed to the complex reduction process accumulated onto the electrode
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surface. Similarly, as Ali and co-workers described [33], the bonds between mercury ions and Mg-TPS
occurred through the sulfur atoms. Therefore, the determination of Mg was carried out indirectly by
AdSV where the cathodic current in the stripping step corresponding to the reduction process of the
Mg-TPS mercury complex (Eg. 4). Thus, the mechanism reactions can be described as:

Hg — Hg** + 2e” (Eq. 2)
Hg** + (Mg —TPS) = Hg(Mg — TPS), (Eq. 3)
Hg(Mg—TPS), + 2e” = Hg+ (Mg — TPS) (Eq. 4)

3.2 Ca interference

-0.6 I -OI.4 I -OI.2 I 0.0
E/V vsAg/AgCI

Figure 2. SWAdSV (A) and DPAASV (B) in 0.05 mol L™ phosphate buffer solution (pH 10.7) solution
containing: (---) 3.0 x 10®° mol L™ TPS and (=) 3.0 x 10° mol L™ TPS + 1.0 x 10®° mol L*

ca(ll).
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Studies the behavior of the mercury film electrode in presence of Ca(ll) in the presence of the
TPS were performed. The measurements were carried out in 0.05 mol L™ phosphate buffer solution in
presence of 3.0 x 10° mol L™ TPS and 1.0 x 10°® mol L™ Ca(11) with pH 10.7.

Figures 2A and 2B show the voltammograms obtained by SWAdSV and DPAdSV,
respectively. As seen in Figure 2, there was no significant response in the cathodic peak current in the
presence of calcium, indicating that the complex formation of Ca(ll)-TPS not occurred. These results
indicate the possibility of the selective determination of Mg(ll) in samples of biodiesel by mercury
film electrode in the presence of TPS.

3.3 Optimization of the voltammetric techniques

The behavior of the mercury film in the presence of TPS and Mg(ll) was studied by the
technique of SWAdSV and DPAdSV. Before applying the mercury film for the study of Mg(ll)
determination were optimized the parameters of SWAdSV and DPAdSV for the film in 0.05 mol L™
phosphate buffer solution (pH 10.7) in presence of 3.0 x 10° mol L™ TPS and 1.0 x 10® mol L™
Mg(ll).

Prior to analytical studies using the SWAdSV, the first parameter optimized was the frequency
of application of potential pulses (f), the optimization being performed varying this parameter in the
range of 20 to 100 Hz for the response of the cathodic peak current for the Mg-TPS complex. The ratio
of cathodic peak current in the function of f showed a low variation of peak current for f above 60 Hz.
The relationship f according to the width of half height (W1/,) showed that for f above 60 Hz there was
almost no change in peak potential. Thus, a f equal to 60 Hz was chosen because it has a high value of
I, and a low value of Wyj,.

After the optimization step of f other parameter optimized was the pulse amplitude of potential
(Esw), which were obtained voltammograms at different values of Egy in the range of 25 to 100 mV.
The peak current increased with increasing of the Esyw, until 50 mV, but for values above this, there
was an increase in the peak width. Analyzing the voltammograms (not showed) at different values of
Esw and considering the intensity of the current signal with a W1, the amplitude of 50 mV was chosen
for further studies.

Prior to analytical studies using the DPAdSV, the parameters optimized were Es, and scan rate
(v). The Eg, optimization was performed in the range of 25 to 100 mV and evaluated according to the
cathodic peak current and Wy,. A linear relationship between Eg, and cathodic peak current was
observed in the range of 25 to 75 mV, but, above values of 50 mV was observed a Wy, increase.
Therefore, Egy of 50 mV was chosen because this Es, established a good relationship between the
parameters. In relation to scan rate, an increase of cathodic peak current until 10 mV s™ was observed
and from this value there is a decrease in signal intensity with an accentuated increase of Wy/,. So, the
Esw and scan rate of 50 mV and 10 mV s*, respectively, were used to the continuation of the
measurements.
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3.4 pH behavior

After optimization of the voltammetric techniques, the behavior of the mercury film electrode
was studied for determination of Mg(Il) in the presence of the TPS. The study of pH behavior was
carried out in 0.05 mol L™ phosphate buffer solution in presence of 3.0 x 10° mol L™ TPS and 1.0 x
10°® mol L™ Mg(l1) with pH values between 2.0 and 13.5.

A low and stable electrochemical response of cathodic peak current was observed in acid
solutions in the region of pH 2.0 to 6.0, above pH 6.0 the intensity of current gradually increased to pH
9.5 and then increases markedly with a maximum current at a pH of 10.7. In alkaline solutions (pH >
10.7) observed a slight decay of the current intensity, probably attributed Mg(OH), formation [34].
These results were consistent with the literature [30,33], which showed that different pH values of
phosphate buffer solution (support electrolyte) influences the distribution of species in the medium
[30].

The study showed that the pH has a significant effect on the indirect determination of
magnesium, so according to the study of the pH behavior a phosphate buffer pH 10.7 was chosen for
further study.

3.5 Time and potential accumulation

The effect of accumulation time (ty) in the intensities of the cathodic peak current of the
complex Mg(l1)-TPS was studied in the range 25-300 s, using a concentration of 1.0 x 10 mol L™
Mg(Il) and 3.0 x 10° mol L™ TPS in 0.05 mol L™ phosphate buffer solution, pH 10.7 and an
accumulation potential of 0.1 V.

The intensity of the peak current increases with the accumulation time until 200 s, showing
that, with a higher accumulation time a greater amount of complex adsorbs on the electrode surface
and hence increases the signal obtained of current. After accumulation time of 200 s, the peak current
tends to stay constant, showing that the surface area of the electrode was completely covered by the
complex formed. Consequently, 200 s was used as accumulation time, since after this time, there is a
saturation of the electrode surface.

The influence of the accumulation potential (E,) in the current intensities of the complex
cathodic peaks was investigated in a range of -0.2 to 0.2 V. The effect of accumulation time was
studied using a concentration of 1.0 X 10° mol L Mg(II) and 3.0 x 10 mol L™ TPS in 0.05 mol L™
phosphate buffer solution, pH 10.7 and an accumulation time of 200 s. It was observed that the
cathodic peaks current exhibits higher signal intensity on accumulation potential of 0.1 V, which was
chosen for the other studies.

3.6 Mg concentration influence

After optimized experimental conditions to formation of the Mg(ll)-TPS onto surface of the
mercury film electrode, the operational parameters of SWAdSV and DPAdSV and using an E;c = 0.1V
and tyc = 200 s, analytical curves were constructed in the range of different Mg(ll) concentrations in



Int. J. Electrochem. Sci., Vol. 8, 2013 666

0.05 mol L™ phosphate buffer solution (pH 10.7) in presence of 3.0 x 10> mol L TPS and the
measurements were performed in triplicate by SWAdSV and DPAdSV.

Figure 3 shows the voltammograms of mercury film electrode in different concentrations of
Mg(Il). Analytical curves showed a linear increase in the cathodic peak current of reduction with
increasing concentration of Mg(l1) in the concentration range of 6.0 x 107 to 7.0 x 10 mol L™ for
SWAdSV (Figure 3A) and 8.0 x 107 t0 9.0 x 10 mol L™ for DPAASV (Figure 3B).

A
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< -20
40+
a
b
-60 ¢
T T T d T
-06 -0.5 -04 -0.3 -0.2
E/V vs Ag/AgCl
olB
24
44
< a
= 64 b
-8 €
104 4
e
-12 T T T T
-06 -0.5 -04 -0.3 -0.2
E/V vs Ag/AgCI

Figure 3. Voltammograms of mercury film electrode in 0.05 mol L™ phosphate buffer solution (pH
10.7) in presence of 3.0 x 10° mol L* TPS obtained by: A — SWAdSV and Mg(ll)
concentrations of @) 6.0 x 107; b) 1.0 x 10 ¢) 3.0 x 10® and d) 7.0 x 10® mol L™. B —
DPAdSV and Mg(ll) concentrations of a) 8.0 x 107; b) 1.0 x 10 ¢) 3.0 x 10 d) 7.0 x 10°®
mol L™ and e) 9.0 x 10 mol L™

For SWAASV the linear correlation between Al, and Mg(ll) concentration follows the equation
Al (pA) = 1.27 x 107 + 1.52 x [Mg(ID)] (where, [Mg(I)] = umol L") with correlation coefficient of
0.9986 (n=6), amperometric sensitivity (S) of 1.52 A L mol™ and limit of detection (LOD) of 2.9 x 10°
" 'mol L™ For DPAdSV the linear correlation between Al, and Mg(Il) concentration follows the
equation Al, (uA) = 1.90 x 107 + 1.32 x [Mg(Il)] (where, [Mg(Il)] = umol L™) with correlation
coefficient of 0.9985 (n=7), amperometric sensitivity (S) of 1.32 A L mol™ and limit of detection of
3.1 x 10" mol L™
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The results presented by developed electroanalytical method at this work show a satisfactory
limit of detection when compared with others methods presented in literature like as spectrometric
methods in biodiesel samples [11-18] and electroanalytical methods in others sample matrices [29,30].

3.7 Biodiesel samples
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Figure 4. Mg (1) determination in biodiesel sample using mercury film electrode in 0.05 mol L™

phosphate buffer solution (pH 10.7) in the presence of 3.0 x 10 mol L™* TPS. A - SWAdSV
and B - DPAASV in: a) biodiesel sample; b) 0.7 and ¢) 1.0 pmol L™ Mg (11).

Among the methods used for the extraction of magnesium biodiesel in the literature, it is
common to use an extractor solvent [22]. This enables formation of two phases, one organic and
another aqueous, and magnesium is miscible in the aqueous phase. For Mg(ll) analyses in biodiesel
samples, extractions in aqueous phase were performed with 0.10 mol L™ HCI, where 12.0 mL of
soybean biodiesel were washed three times with 4.0 mL of HCI. The aqueous extracts were used to
determine Mg(I1) concentration in solution with pH around of 10.7.
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Figure 4 shows the determination of the concentration of magnesium present in the samples of
soybean biodiesel by standard addition method using mercury film electrode in 0.05 mol L™ phosphate
buffer solution (pH 10.7) in the presence of 3.0 x 10° mol L™ TPS.

For SWAdSV (Figure 4A) the linear correlation between Al, and Mg(I1) concentration follows
the equation Al, (uA) = 4.70 x 107 + 3.09 x [Mg(I)] (where, [Mg(I)] = umol L) with correlation
coefficient of 0.9999 (n=3) and Mg(ll) concentration of biodiesel in the sample analyzed was
(0.15240.001) mg.kg™ by extrapolation of the equation from linear regression.

For DPAdJSV (Figure 4B) the linear correlation between Al, and Mg(ll) concentration follows
the equation Al, (uA) = 1.91 x 107 + 1.27 x [Mg(I)] (where, [Mg(I)] = umol L) with correlation
coefficient of 0.9998 (n=3) and Mg(ll) concentration of biodiesel in the sample analyzed was
(0.155+0.002) mg.kg™ by extrapolation of the equation from linear regression.

Recovery test was carried out with a biodiesel sample fortified with Mg(ll) and the values
found were close to 100.0 % for SWAdSV and DPAdSV (Table 1). According to the results, the
proposed method was successfully applied for determination of Mg(ll) in biodiesel samples.

Table 1. Recovery tests for Mg (I1) (n = 3). Determination in biodiesel samples.

SWAdSV 0.70 0.696 = 0.058 99.4+ 8.4
1.00 1.003 + 0.065 100.3 + 6.5
DPAdSV 0.70 0.694 +0.072 99.2 +£10.4
1.00 1.002 + 0.053 100.2+5.3

4 CONCLUSIONS

A mercury film electrode was developed and applied to Mg(ll) determination in presence of
TPS, according to the results obtained by SWAdSV and DPAdSV the proposed method presented
satisfactory values for accuracy and precision and the procedure was successfully employed in
biodiesel samples. The official method of ANP, establishing maximum concentration limits,
determines an amount of 5 mg.kg™ for calcium and magnesium combined. As the concentration of
Mg(ll) determined by proposed method was below threshold, then the biodiesel sample showed
concentration of Mg(ll) satisfactory by the standard of the ANP.
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