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Abstract. The determination of metals in lubricating
oil has been used as an important means of preventing
components failures, to provide environmental infor-
mation, and to solve criminal issues. In this study
derivative potentiometric stripping analysis (DPSA)
was used for the simultaneous determination of copper
and lead in lubricating oils of vehicular engines. The
samples were completely digested in a focused micro-
wave-assisted oven using a powerful oxidant mixture
(HNOs3, H,SO,4, H,0,). The optimized heating pro-
gram to digest about 1 mL of lubricating oil takes
45 minutes. The residual carbon content after digestion
was below 0.3% m/m for all samples. Copper and lead
were also determined by graphite furnace atomic
absorption spectrometry (GFAAS), and the results ob-
tained were in good agreement with those obtained by
electrochemical measurements. Recoveries of 94—109
and 93-103%, for copper and lead, respectively, were
obtained for new and used lubricating oil samples.

Key words: Lead; copper; lubricating oil; potentiometric stripping
analysis; focused microwave-assisted oven.

The determination of wear metals in used lubricating
oils is an important means of preventing component
failures of vehicular engines [1, 2]. Furthermore, the
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results can give valuable environmental information
once these metals can also be found in vehicular ex-
haust particulate matter. In addition, metal content in
oils is also utilized to solve criminal issues and to
identify adulteration [2, 3].

Generally, wear metals in used lubricating oil can
be determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) after dissolution in
adequate solvent to facilitate the samples’ introduc-
tion into the torch [4, 5]. However, the sensitivity
achieved by ICP-OES for trace element determination
(<100 pug g~ ") [6] cannot be adequate, and more sensi-
tive techniques are necessary. In these cases, electro-
thermal atomic absorption spectrometry (ETAAS) is
the technique of choice due to the low detection limits
for several elements [4, 7]. The majority of ETAAS
methods related to the determination of trace elements
in lubricating oils involve emulsified oil-aqueous solu-
tions [8] and dry or wet mineralization [9].

Sample preparation is an important step of trace-
element determination in lubricating oils, especially
when electroanalytical detection techniques are cho-
sen. In general, these samples are digested using a hot
plate system [10] or microwave-assisted ovens. How-
ever, the hot plate system is time-consuming, can
introduce contamination and is less safe than micro-
wave digestion. In spite of being a trend in sample
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preparation, the use of microwave heating for oil sam-
ple digestion has been insufficiently explored, and few
procedures are described in the literature [11-13].

Sanz-Segundo et al. [11] described a procedure for
lubricating oil digestion using a microwave oven with
high-pressure vessels to determine wear metals. In this
case 1g of sample was digested with a mixture of
concentrated nitric acid and hydrogen peroxide in a
110 minute program. It should be emphasized that the
time required to reduce the pressure and the tem-
perature of the high-pressure vessels is not taken into
account. However, after the heating program has fin-
ished, it is necessary to wait for at least 3 hours before
opening the high-pressure vessels containing the di-
gested samples.

Alternatively to the high-pressure systems, focused
microwave ovens also provide the possibility of per-
forming digestion procedures at room pressure by using
successive additions of oxidants [12—14]. In spite of the
lower operation temperatures (restricted by the boiling
point of some reagents), open systems are successfully
used during the pre-treatment steps of complex samples
with high organic content, e.g. lubricating oils. Recently,
a focused microwave-assisted oven was used to digest
diesel oil samples for the determination of some ele-
ments using a powerful oxidant mixture (HNOs;,
H,SO,4 and H,0,) [14, 15]. The performance of each
one of the six cavities of the focused microwave oven
showed differences, indicating an irregular radiation
distribution [15], the residual carbon content determi-
nation being carried out by ICP OES with axial viewing.

The great majority of studies related to the deter-
mination of metals in petroleum and derivatives using
microwave-assisted ovens for sample digestion em-
ployed spectrometric techniques for detection. A few
papers described the detection of wear metals in lubri-
cating oil by electrochemical techniques [10, 16]. In
one of these studies [16], the authors employed the
same digestion program for a microwave oven pre-
viously described in the literature [11].

The rare application of electrochemical techniques
for the quantification of metals in lubricating oil sam-
ples can probably be attributed to the problems pro-
duced by the adsorption of organic molecules on the
electrodes. Therefore, the use of digestion procedures
capable of minimizing the organic content in the sam-
ples is mandatory to explore these techniques success-
fully. This problem is also observed for other samples
with high organic content, such as clinical, environ-
mental and food samples [17-19].
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Other electrochemical methods for the determina-
tion of metals in oil samples are described in the
literature. Pournaghi-Azar et al. [20] outline a method
for lead determination in gaseous oil samples by
extraction of lead (II) benzoylacetonate in chloro-
form, preceded by the decomposition of organic-lead
compounds with concentrated nitric acid at 300 °C.
Lo Coco et al. [21] developed a method for extracting
lead (II) from oil products with hot concentrated
hydrochloric acid in a proper extractor. The procedure
(including all steps) took 60min. In these cases,
lead determination was performed using differential
pulse anodic stripping voltammetry (DPSAV) and
potentiometric stripping analysis (PSA), respectively.

In recent years, the use of PSA for trace metal
determination in oil samples (detection limits at
ng g~ ') has significantly increased [21-26]. PSA is a
two-phase technique involving a deposition step
where the metal ions are reduced at the working elec-
trode by applying a constant potential, analogous to
anodic stripping voltammetry, and a stripping step
where the metals are reoxidized, resulting in an E
versus ¢ curve. The stripping time is proportional to
the concentration of the metal and to the electrolysis
time [27]. The transformation of E versus ¢ curve into
dt/dE versus E curve (derivative PSA) allows the
charging current to be eliminated from the analytical
signal, resulting in enhanced sensitivity and resolution
[28]. All the PSA methods described above use the
derivative PSA (DPSA).

Considering the potentialities of PSA, such as the
remarkable specificity and sensitivity, the aim of this
study was the simultaneous determination of copper
and lead in lubricating oil by DPSA. Details about
sample digestion and analysis will be discussed in
the following sections.

Experimental

Reagents, Samples and Materials

Analytical reference solutions of copper and lead were prepared
from stock Titrisol solutions containing 1000mgL~" of each ana-
lyte (Merck, Darmstadt, Germany). All dilutions were performed
with high-purity deionized water (Millipore, Bedford, MA, USA).
Analytical-grade reagents were used throughout: HNO;3 (65%,
mv™!), H,80, (97%, mv~!), H,0, (30%, mv~!), NaCl,
CH;COONa, and (NH4),HPO, (Merck, Darmstadt, Germany).
Samples of new and used lubricating oil for automotive vehicles
were obtained at local gas stations. These samples were stored in
polyethylene bottles at room temperature until analysis. All glassy
and polyethylene materials used for sample preparation and solu-
tion storage were decontaminated with nitric acid 10%v/v for
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24 hours. The digested samples were stored in polyethylene vessels
at4°C.

Instrumentation

A focused microwave-assisted oven with two cavities (Star System
2, CEM) was used for the digestion of the lubricating oil samples.
Electrochemical measurements were performed with an Autolab
PGSTAT20 potentiostat (EcoChemie, Utrecht, Netherlands). A
ZEEnit® 60 model graphite furnace atomic absorption spectrometer
(Analytik Jena AG, Jena, Germany) was utilized for the determina-
tion of copper and lead for comparison with the electroanalytical
results. Analysis of total organic content was performed in an Ele-
mental Analyzer 2400 CHN (Perkin Elmer).

Electrochemical Cell and Electrodes

For copper determination, we employed the working gold electrode
obtained from compact discs developed in our laboratory [29-33].
For simultaneous determination of lead and copper, a commercial
glassy carbon electrode with a thin mercury film deposited on it was
used. A voltage of —1.0 V was applied at the glassy carbon electrode
for 5min in a solution of 1 mmolL~! mercury (II) and 0.1 mol L™
hydrochloric acid. The reference and auxiliary electrodes were a
miniaturized Ag/AgCl, electrode [34] and a platinum wire,
respectively. A 5 mL Plexiglas electrochemical cell was constructed
for the quantification of lead and copper.

Microwave Oven Digestion

An aliquot of 1 mL of oil sample (0.860 £+ 0.018 g, n=20) was
placed into a microwave vessel with 10 mL (both) of concentrated
HNO; and H,SO,. The heating program used for the digestion is
shown in Table 1. In a last step, 15mL of H,O, were added in
aliquots of 1 mL. A recovery study to evaluate the optimized diges-
tion procedure was performed using both new and used lubricating
oil samples and adding 200 and 20pugL~! of copper and lead,
respectively, to the digestion vessels before starting the heating
program. All samples were digested in duplicate.

The solution obtained after the sample decomposition was diluted
up to SO0mL with deionized water. A blank was obtained by per-
forming the same digestion program with all the reagents except the
sample.

DPSA Determination
The copper determination used for initial experiments was per-

formed by DPSA with a constant stripping current using a gold

Table 1. Focused microwave-assisted oven heating program for
lubricating oil samples

Step Ramp time (min) Hold time (min) T (°C)

Addition of 1 mL of sample + 10mL HNO; + 10 mL H,SO,

1 5 0 100
2 2 3 110
3 2 5 130
4 10 3 180
5 5 3 220
Addition of 15mL H,0,

6 0 7 220
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Table 2. Parameters of DPSA measurements for the analysis of the
digested samples

PSA parameters Chemical Constant
stripping current
(Hg0 thin film (Au electrode)
electrode)
Conditioning potential (mV) 0 650
Conditioning time (s) 20 20
Deposition potential (mV) —800 0
Deposition time (s) 60-120 15-60
Equilibrating time (s) 12 12
Potential limit (mV) 0 650
Stripping current (1A) - 0.4

electrode. After optimizing the digestion procedure, DPSA with a
chemical stripping agent (dissolved oxygen) at a glassy carbon
electrode featuring a thin mercury film was used for simultaneous
determination of copper and lead.

The DPSA parameters are listed in Table 2. One mL of oil sample
was digested and the digestion product was quantitatively trans-
ferred to a 50 mL volumetric flask, where the volume was com-
pleted. A small amount of this solution (typically 50 or 100 pL) was
transferred to the electrochemical cell and diluted 10 or 20 times
with 20 mM sodium chloride. This large dilution was possible due to
the high sensitivity of the stripping techniques. The final pH of the
solutions after dilution was 1.0. The standard addition method was
used for quantification of both metals.

GFAAS Determination

The GFAAS parameters for the determination of copper and lead are
listed in Table 3. For both determinations, 20 pg of (NH4),HPO,
was used as matrix modifier. The digested solutions were diluted
5-10 times for both metal determinations. Analytical curves were
constructed with standard solutions containing 1% v/v nitric acid
(instrumental blank) in both cases. The estimated detection limits of
copper and lead were 314 and 330ngg™!, respectively.

Table 3. Operating and heating program parameters for GFAAS

Spectrometer setup

Cu Pb

Wavelength (nm) 324.8 283.3
Bandpass (nm) 0.5 0.5
Lamp type HCL* HCL*
Lamp current (mA) 230 450
Reading time (s) 5 5
Heating program for the atomizer
Step Temperature Ramp Hold  Argon flow

©C) (s) (s) rate (mL min~")
Drying 130 10 5 250
Pyrolysis 500 10 30 250
Atomization 1500 0 4 0
Cleaning 2200 1 4 250

* HCL Hollow cathode lamp.
Total heating program time: 64 s.
Sample volume: 12 pL; injection temperature: 100°C.
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Results and Discussion

Sample Digestion Procedure

One of the most significant advantages of the open-
vessel microwave assisted oven is the speed at which
a sample can be digested. Additionally, the sample
can be digested virtually without any safety problems.
Despite the low temperature and operation pressure,
good efficiency can be achieved for organic and inor-
ganic samples digestion [35].

Concentrated nitric acid alone was not able to de-
stroy hydrocarbon molecules at atmospheric pressure.
To overcome the temperature limitation and improve
the efficiency of the lubricating oil digestion, a mixture
of HNO; + H,SO,4 was used to reach a temperature as
high as 220°C. After the fifth step in the heating pro-
gram (Table 1), a carbonaceous residue was formed on
the bottom of the digestion flask. Then the carbona-
ceous residue was completely dissolved by addition
of 15mL of H,O, in the 1 mL aliquots. This yielded
a clear solution. The use of a microwave oven with two
cavities allows simultaneous digestion with good pre-
cision and accuracy, improving the analytical through-
put. The residual carbon content in the digested sample
was lower than 0.3% m/m for all samples.

Electrochemical Determinations

In the initial experiments, copper determinations were
performed by PSA using a constant stripping current
on gold electrodes. The results were excellent. The
signals were reproducible and the results in good
agreement with the GFAAS determinations. For this
reason, it was concluded that no interference from
organic compounds was found during the stripping
step when using this technique. When the same elec-
trode was employed for simultaneous determination
of copper and lead, the results obtained for the latter
metal were not satisfactory with respect to sensitivity.

Square-wave stripping voltammetry (SWSV) using
gold electrodes was also evaluated for the same purpose.
Good results were obtained in previous studies for the
determination of copper and lead in rainwater and etha-
nol fuel [29, 36]. The same methodology was tested here
for the digested lubricating oil samples, but it was not
possible to detect lead under the same conditions. The
lead signal was depressed, and by addition of increasing
lead concentrations to the cell containing the diluted
digested sample (even in the presence of chloride ions
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which are required for good performance of the gold
electrode [29]), no increase in signal was observed.

The suspicion that the presence of sulfate ions was
responsible for the anomalous response verified in
these experiments made us investigate this aspect.
Under the same SWSV conditions and in the absence
of the digested sample, the response to lead ions was
not affected by increasing sulfate concentrations. The
reason for this phenomenon observed in the presence
of the digested sample remains unclear.

Faced with the failure of using gold electrodes, cop-
per and lead were simultaneously determined in the
digested solutions utilizing mercury film plated on a
glassy carbon electrode. On this electrode, the best
response for simultaneous determination of lead and
copper was obtained at a potential of —800mV. The
selection of less negative deposition potentials led to
smaller signals, whereas the adoption of more negative
values provoked the formation of hydrogen gas, biasing
the deposition step. The behavior of both metals for
different deposition times at —800mV was also veri-
fied. A linear response was recorded for copper up to
600s deposition time, while the lead signals did not
increase with deposition times higher than 120s.
Therefore, 60 or 120 s was used for subsequent analy-
sis, depending on the amount of metals in the solution.

DPSA with a chemical stripping agent (dissolved
oxygen) was successfully applied to the simultaneous
determination of copper and lead in all digested
samples. Figure 1 presents derivative potentiometric

1.54 Cu
> 1.04
(7]
=~ Pb
|
S 0.5+
©
0.0-

-0.5 -0.4 -0.3 -0.2 -0.1 0.0
Potential / V

Fig. 1. Copper and lead derivative potentiometric stripping curves
obtained under the experimental conditions described in Table 2
(120s deposition time). The digested sample (no. 2) diluted 20
times plus three additions of SpugL~! (aliquots of 10pL of
1000 ug L' of each metal in 2000 pL of sample -+ electrolyte)
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Table 4. Concentrations of Cu and Pb obtained by the proposed and comparative method in non-used and used lubricating oil samples

Samples™ Proposed method (DPSA) (ugg™') Comparative method (GFAAS) (ugg™")
Cu Pb Cu Pb

1 17.5£0.1 09 +£0.1 17.5£0.2 1.0£0.1

2 11.7£0.1 1.8 £0.1 147+ 0.1 1.8 £0.1

3 15.6 £0.9 7.6 £0.2 17.1 £0.1 7.6+£0.2

4 23.0+0.1 0.9+0.1 21.5+0.1 0.78 £ 0.01

5 0.12 £ 0.02 <LD <LD <LD

* Samples 1-4 correspond to used oils (n = 3), sample 5 to non-used oil (n=5).

stripping curves for a typical analysis. Addition of
chloride ions improved the sensitivity of the technique
for copper detection. Table 4 shows both metal con-
centrations for some samples of used and non-used
lubricating oil samples obtained by DPSA and
GFAAS techniques. The content of lead ions in the
four analyzed samples of non-used lubricating oil was
below the detection limits. It was possible to quantify
copper in just one of them (under the conditions
adopted). This result is included in Table 4 (sample 5),
while results corresponding to the other three samples
(numbers 6—8) were omitted because they were below
the detection limit of both the proposed and the
GFAAS method.

The recovery of 94—-109% and 93-103% for copper
and lead, respectively, was obtained by our sample
digestion procedure. The detection limits [37] for cop-
per and lead were 92 and 115ngg~' of sample
(S/N=3), respectively, using a deposition time of
120 seconds at —800 mV. These detection limits can
be improved by using other oxidant agents in the
electrolyte, such as mercury (II) or acidic permanga-
nate. The disadvantage of using mercury or perman-
ganate is the generation of highly toxic waste which
requires special treatment.

Conclusions

The focused microwave-assisted oven was success-
fully applied to lubricating oil digestion. The total
carbon content was below 0.3% m/m, allowing the
use of electroanalytical techniques such as stripping
potentiometry without any apparent interference from
organic molecules at the working electrode. The pos-
sibility of performing digestions under atmospheric
pressure has important advantages for routine analy-
sis. These include reduction of time when compared
to traditional digestions and high-pressure systems
(additional time for depressurization), and more safety
for the analyst. The combination of an efficient sam-

ple digestion procedure and sensitive stripping analy-
sis is an attractive methodology for solving several
analytical problems in environmental, biological,
and industrial fields.

Improvements on the detection limits for both
metals can be reached using higher deposition times
and/or by addition of oxidants such as mercury (II)
[21-24] or potassium permanganate [38]. For the
application proposed in the present study, attaining
lower limits is not mandatory if the content of both
metals in non-utilized oils is very low, whereas in the
case of utilized lubricants the content grows to the
pgg~! level and is easily detected under the condi-
tions adopted here. The minimization of reagents and
waste is an increasing concern when developing ana-
lytical procedures. When using only the dissolved
oxygen present in the solutions, the detection limits
of DPSA were not so favorable, but it was still possi-
ble to perform metal determination at low concentra-
tions. Now studies utilizing the same approach for
crude oil and diesel fuel are in the course of being
developed in our laboratory.
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