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A method is reported for the determination of diphenylamine and Received 9 July 2015
butylated hydroxytoluene in mineral and synthetic oil. The procedure Accepted 3 November 2015
used differential pulse voItammetry_wnh a glassx carbon e]ectrode. Thls KEYWORDS

method was then used for determining these antioxidants in supporting Butylated hydroxytoluene;

electrolyte consisting of dilute sulfuric acid and sodium dodecyl differential pulse
sulfonate in ethanol. Anodic peaks were obtained for both analytes. voltammetry; dinonyl
Oxidation peaks at 250 mV were observed from a mixture of butylated diphenylamine; glassy
hydroxytoluene and dinonyl diphenylamine, allowing their simulta- carbon electrode; mineral

neous determination. This approach was successfully used for the and synthetic oil
determination of dinonyl diphenylamine and butylated hydroxytoluene
in fortified mineral and synthetic oils with good accuracy and precision.

Introduction

The role of lubricating oil in the operation of mechanical components is analogous to blood
in the human body. Hence, lubricating oil may be considered to be the blood of mechanical
operation. Lubricating oils in the presence of oxygen, high temperatures, and pressures may
thus be susceptible to degradation (Lansdown 2004). The decomposition of lubricants is
primarily due to their oxidation to form acids and insoluble resins like varnishes, gums,
and gels. The production of acids first increases the hydrogen ion concentration of oil, which
leads to corrosion. The subsequent formation of insoluble resins increases the viscosity and
inhibits lubrication (Bakunin and Parenago 1992). Hence, the improvement of the stability
of lubricating oils to suppress their breakdown is usually performed by additives. Previous
studies (Jun-bing, Aguilar, and Donnelly 2009; Rudnick 2009; Wu et al. 2013) have shown
that the presence of natural or synthetic antioxidants in lubricants results in the enhance-
ment of stability and extension of the lifetime of lubricants. However, the effectiveness of
antioxidants decreases with operating time. These phenomena reduce the stability of lubri-
cants and decrease the effectiveness. Hence, the lubricating oil is ineffective and jeopardizes
the service life of equipment. The process of decreasing the effectiveness of antioxidants and
lowering the lubricity is usually accompanied by changes in physical and chemical properties
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of the lubricants. Hence, the determination of antioxidant concentration allows effective
estimation of the lifetime of the lubricants, preventing damage to machinery and
unnecessary waste of lubricating oils from premature renewal (Kauffman 1994).

There are many techniques available for determining these antioxidants. These include: infra-
red spectroscopy (de Lira et al. 2010; Gracia et al. 2011), spectrophotometry (Prasad et al. 1987;
Capitan-Vallvey, Valencia, and Nicolas 2004), and liquid chromatography (Perrin and Meyer
2002; Saad et al. 2007; Tarola, Milano, and Giannetti 2007; Wang et al. 2012, 2014). These tech-
niques may be incorporated with electrochemical detection, mass spectrometry, or gas chroma-
tography (Ivanovic, Guernet-Nivaud, and Guernet 1990; Gonzalez, Gallego, and Valcarcel 1999;
Gonzalez, Gallego, and Valcarcel 1999; Guan et al. 2006; Delgado-Zamarreno et al. 2007;
Dytkiewitz and Morlock 2008; Seiss et al. 2009; del Nogal Sanchez et al. 2010; Loegel et al.
2014). Generally, infrared spectroscopy responds to all components in lubricant, including
the base stock. As the base stock affects the determination of antioxidants, the use of infrared
spectroscopy to determine antioxidants poses constraints. In addition, chromatography meth-
ods include complex procedures that may involve the use of toxic solvents in sample prep-
aration. Consequently, these methods are expensive and may include safety and health hazards.

Voltammetric methods are potential alternatives to infrared spectroscopy and chroma-
tography for the determination of antioxidants that offer rapid analysis with relatively low-
cost instrumentation (Ni, Wang, and Kokot 2000; Michalkiewicz, Mechanik, and Malyszko
2004). In addition, these procedures have minimal safety and health hazards. Caramit et al.
(2013) and Tomaskova et al. (2014) have described voltammetric procedures for the deter-
mination of phenolic antioxidants in lubricating oils. Caramit et al. (2013) simultaneously
determined tert-butyl hydroquinone and butyl hydroxyanisole in biodiesel using a screen-
printed electrode in a Britton-Robinson buffer (0.04 mol LY containing methanol (2.0%)
and cetyltrimethylammonium bromide. Tomaskova et al. (2014) simultaneously deter-
mined butylated hydroxyanisole and butylated hydroxytoluene in mineral and synthetic
oil by linear-sweep voltammetry using a gold disc electrode with dilute H,SO, and isopro-
panol. They resolved the partial overlaps of the signals by a mathematical treatment specifi-
cally for the corresponding voltammograms. Their method required the mineral and
synthetic oils to be treated with 96% ethanol prior to analysis.

Amine-based antioxidants have also been reported in the literature. Chylkova et al. (2010)
simultaneously determined butylated hydroxytoluene and N-phenyl-1-naphthylamine in
lubricating oil with a supporting electrolyte of 0.2 mol L' H,SO, in 3:1 ethanol and aceto-
nitrile by linear-sweep voltammetry and fast-scan differential pulse voltammetry. The amines
were directly determined in the supporting electrolyte. It was necessary to derivatize the
amines to prevent interferences to accurately determine the phenolic antioxidants.

Here a voltammetric method is reported using a new supporting electrolyte and a glassy
carbon electrode to determine dinonyl diphenylamine and butylated hydroxytoluene with-
out special mathematical treatment. The relevant analytical parameters were optimized,
and the procedure was used for the analysis of fortified mineral and synthetic oil.

Experimental

Chemicals and reagents

All chemicals were of analytical reagent grade and purchased commercially from Chinese
suppliers. A stock solution of 1.6mgmL ™" butylated hydroxytoluene was prepared by
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dissolving butylated hydroxytoluene in 96% ethanol. A stock solution of 1.6 mgmL™"
dinonyl diphenylamine was also prepared in 96% ethanol. Electrochemical measurements
were performed in a supporting electrolyte composed of dilute H,SO,, ethanol, and sodium
dodecyl sulfonate. The volume ratio between the dilute H,SO, (50%, m/m) and ethanol
was 1:74, and the concentration of sodium dodecyl sulfonate was 0.75mgmL~". The base
stocks were pure mineral oil, synthetic oil 1427, and synthetic oil 1938. All measurements
were performed using double-deionized water.

Instrumentation

Voltammetric analyses of antioxidants were conducted using an electrochemical analyzer
(model “Parstat 2273,” Princeton Applied Research, USA) in conjunction with a three-
electrode cell. The three-electrode cell consisted of 2-mm glassy carbon as the working
electrode, Ag/AgCl (3 mol L~! KCl) as the reference electrode, and a 2 x 5mm Pt-plate
as the counter electrode. The glassy carbon electrode was carefully polished by a cloth con-
taining 0.05um alumina and 70% isopropanol. The polished electrode was activated by
cleaning surface active groups by cyclic voltammetry and rinsed with ethanol and distilled
water before each measurement. Furthermore, the reference and auxiliary electrodes were
also washed with distilled water prior to use.

Procedure

Differential pulse voltammograms were recorded for 10 mL of supporting electrolyte and
the antioxidant test solution. The electrodes were mechanically polished between
measurements.

The limits of detection and quantification were determined by 3S/b and 10S/b, respect-
ively, where S is the standard deviation of 10 voltammograms of the blank and b is the
slope of the calibration curve (Ziyatdinova, Khuzina, and Budnikov 2012). The limits of
detection and limits of quantification demonstrated that the sensitivity of the method
was satisfactory.

Samples and sample preparation

Fortified mineral and synthetic oil were prepared by the addition of a known amount of
antioxidant. Isolation of the antioxidants in the mineral and synthetic oil was performed
by extraction. This procedure involved the addition of 0.5 to 1.0g of oil to 10mL of
96% ethanol with sonication for 15min. The upper layer was isolated ensuring that the
antioxidants were free of oil residue, and 1 mL of the upper layer of the extracted antiox-
idants was added to the supporting electrolyte.

Results and discussion

As oil may contain various antioxidants, phenolic antioxidants and amine antioxidants
may better stabilize oils than only one type of stabilizer (Duangkaewmanee and Petsom
2011). Hence, the model mixtures to be studied here were butylated hydroxytoluene as a
representative of phenolic antioxidants and dinonyl diphenylamine as an example of amine
antioxidant.
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Table 1. Investigated differential pulse voltammetry parameters and their optimum values for the
determination of dinonyl diphenylamine.

Parameter Studied range Optimum value
Pulse amplitude (mV) 10-100 100
Modulation time (ms) 10-60 20
Scan rate (mV s~ 1) 10-30 20

Investigation of the electrochemistry of dinonyl diphenylamine

The relevant parameters for differential pulse voltammetry were optimized for the
determination of dinonyl diphenylamine. The evaluation criterion for the selection is that
the oxidation peak height of antioxidant is higher at the same concentration. The optimi-
zation of the parameters was investigated using 61.54 pgml~" dinonyl diphenylamine in
supporting electrolyte. The range of conditions and optimized values for differential pulse
voltammetry are listed in Table 1.

Differential pulse voltammetry was used to determine dinonyl diphenylamine, and the
results are shown in Figure 1. The peak oxidation potential of dinonyl diphenylamine was
at 780mV. A linear relationship was obtained between the concentration of dinonyl
diphenylamine and peak height that was given by

AI/pA = 0.9849 + 0.0220[dinonyl diphenylamine](c/ug mL™") (1)

where the limits of detection and quantification for dinonyl diphenylamine were 2.05 and
6.85ugmL ™", respectively.

The repeatability of differential pulse voltammetry was determined for this system.
Validation was performed by six differential pulse voltammetry measurements with the
glassy carbon electrode in the supporting electrolyte, as shown in Figure 2. The supporting
electrolyte was composed of 61.54 uygmL ™" of dinonyl diphenylamine. The standard devi-
ation was 2.20% for dinonyl diphenylamine. The reproducibility was evaluated for the
measurements collected over a period of 5 days. The relative standard deviation was 1.86%.

Current/pA

1 T T . T T T by T T
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Voltage/V vs. Ag/AgCIl(3.0M KCI)

Figure 1. Differential pulse voltammograms of various concentrations of dinonyl diphenylamine
(Mg mL™") at a glassy carbon electrode in supporting electrolyte: (1) 0, (2) 15.84, (3) 31.37, (4) 46.6,
(5) 61.54, (6) 90.57, (7) 118.52, (8) 132.11, and (9)160.



1530 Y. XIANG ET AL.

Current/pA
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Voltage/V vs. Ag/AgCI1(3.0M KCI)

Figure 2. Voltammograms of 61.54 ugmL™" dinonyl diphenylamine in supporting electrolyte.

Determination of dinonyl diphenylamine in mineral and synthetic oil

The method was used for determining dinonyl diphenylamine in fortified mineral and
synthetic oil. The concentration of dinonyl diphenylamine in the oil was reported as the
average of three replicates as shown in Table 2. Good accuracy was obtained with low
values for the relative standard deviation. As there were no differences between the mea-
sured values and added concentrations of dinonyl diphenylamine in mineral and synthetic
oil, the accuracy and precision of the specific voltammetric method are thus further
demonstrated. Hence, the developed procedure may be used for the determination of this
antioxidant in oil.

Simultaneous determination of dinonyl diphenylamine and butylated
hydroxytoluene

Caramit et al. (2015), Tomaskova et al. (2013), Chylkova et al. (2015), Freitas and Fatibello-
Filho (2010), and Medeiros, Rocha-Filho, and Fatibello-Filho (2010) have shown that the
type of working electrode and voltammetric method chosen are important for the simul-
taneous determination of antioxidants. Hence, the working electrode and voltammetric
method were selected for the simultaneous determination of dinonyl diphenylamine and
butylated hydroxytoluene. The dinonyl diphenylamine and butylated hydroxytoluene were
simultaneously determined by linear scan voltammetry with glassy carbon and gold disc
electrodes, as shown in Figure 3. The peak oxidation potentials for dinonyl diphenylamine
and butylated hydroxytoluene were too close by linear scan voltammetry with glassy car-
bon and gold disc electrodes. This interference hindered the simultaneous determination of
the antioxidants. Figure 4 shows the simultaneous determination of dinonyl diphenylamine
and butylated hydroxytoluene by differential pulse voltammetry method using glassy

Table 2. Determination of dinonyl diphenylamine in oil by differential pulse voltammetry (n=3).

Sample Fortified (g kg~") Found (g kg™ ") Relative standard deviation (%)
Mineral oil 10.56 11.354+0.37 3.26
Synthetic oil (1427) 10.44 9.61+0.29 2.99

Synthetic oil (1938) 10.40 10.42 +0.85 8.16
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Current/pA
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Voltage/V vs. Ag/AgCl1(3.0 M KCI)

Figure 3. Linear scan voltammograms of 72.73ugmL™" dinonyl diphenylamine and 72.73 ugmL ™"

butylated hydroxytoluene in supporting electrolyte on the (1) glassy carbon electrode and (2) gold disc
electrode.

carbon and gold disc electrodes. The peak oxidation potential between dinonyl diphenyla-
mine and butylated hydroxytoluene determined by differential pulse voltammetry was lar-
ger with the glassy carbon electrode compared with the gold disc electrode. Differential
pulse voltammetry gave peak oxidation potentials at 798 mV for dinonyl diphenylamine
and at 1045 mV for butylated hydroxytoluene. The 250 mV separation of the peak poten-
tials clearly facilitated the simultaneous determination of the analytes. Hence, differential
pulse voltammetry was used with a glassy carbon electrode for the simultaneous determi-
nation of dinonyl diphenylamine and butylated hydroxytoluene. The parameters for differ-
ential pulse voltammetry were optimized to include a pulse amplitude of 100mV, a
modulation time of 20 ms, and a scan rate of 20mV s~ .

Subsequently, differential pulse voltammetry was used to determine dinonyl diphenyla-
mine and butylated hydroxytoluene (Figure 5). Figure 5 shows that a linear calibration
relationship was observed from 15 to 145ugmL~" for dinonyl diphenylamine and

Current/pA
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Voltage/V vs. Ag/AgCI(3.0M KCI)

Figure 4. Differential pulse voltammograms for the simultaneous determination of 72.73ugmL™"
dinonyl diphenylamine and 72.73ugmL™" butylated hydroxytoluene in supporting electrolyte on the
(1) glassy carbon electrode and (2) gold disc electrode.
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Current/pA
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Voltage/V vs. Ag/AgCl(3.0M KCIl)

Figure 5. Differential pulse voltammograms on the glassy carbon electrode for various concentrations
of dinonyl diphenylamine and butylated hydroxytoluene (ugmL™") in supporting electrolyte. (1) 0,

(2) 15.69, (3) 30.77, (4) 59.26, (5) 72.73, (6) 85.71, (7) 98.24, (8) 110.34, (9) 122.03, (10) 133.33, and
(11) 144.26.

butylated hydroxytoluene. The relationships between the electrochemical signal and con-
centration were given by

AI/pA = 0.3529 + 0.0218[dinonyl diphenylamine](c/pg mL™") (2)
AI/pA = 0.3855 + 0.0448[butylated hydroxytoluene](c/pug mL™") (3)

The limits of detection and quantification for dinonyl diphenylamine and butylated
hydroxytoluene were 2.07 and 6.91 uygmL ", and 1.01 and 3.36 ugmL ™", respectively.

Further validation of repeatability was performed by 10 differential pulse voltammetry
measurements with the glassy carbon electrode in supporting electrolyte containing
85.71 ugmL ™" of dinonyl diphenylamine and butylated hydroxytoluene. These measure-
ments provided relative standard deviations of 3.86 and 2.92%, respectively (Figure 6).

10
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& ;= -1 e
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U v T - 3 T ¥ T ¥ T - 3 T ¥
0.2 0.4 0.6 0.8 1.0 1.2 14
Voltage/V vs. Ag/AgCI(3.0M KCI)

Figure 6. Voltammograms of 85.71 ugmL™" of dinonyl diphenylamine and butylated hydroxytoluene
in supporting electrolyte.
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Table 3. Simultaneous determination of dinonyl diphenylamine and butylated hydroxytoluene in oil
by differential pulse voltammetry (n =3).

Sample Analyte Fortified (g kg~') Found (g kg~") Relative standard deviation (%)
Mineral oil Dinonyl diphenylamine 6.00 6.32+0.41 6.50
Butylated hydroxytoluene 4.80 4.65+0.07 1.50
Synthetic oil (1427) Dinonyl diphenylamine 5.04 5141034 6.63
Butylated hydroxytoluene 5.33 5.63 +£0.36 6.45
Synthetic oil (1938) Dinonyl diphenylamine 5.05 492+0.14 295
Butylated hydroxytoluene 471 4.64 £0.07 1.51

The reproducibility of the method was subsequently evaluated by measuring the oxidation
current values within 8 days, which gave relative standard deviations of 4.01 and 6.05% for
dinonyl diphenylamine and butylated hydroxytoluene, respectively.

Simultaneous determination of dinonyl diphenylamine and butylated
hydroxytoluene in mineral and synthetic oil

The developed method was used to analyze fortified mineral and synthetic oil mixed with
dinonyl diphenylamine and butylated hydroxytoluene. The results are shown in Table 3.
Low relative standard deviation values were achieved with good agreement between the
added and measured values of dinonyl diphenylamine and butylated hydroxytoluene.
The accuracy and precision of the voltammetric method demonstrates its application for
the simultaneous determination of these antioxidants in oil.

Conclusion

Differential pulse voltammetry was used for the determination of dinonyl diphenylamine
individually and simultaneously with butylated hydroxytoluene in oil. The method was
used with a glassy carbon working electrode to provide suitable precision for the oxidation
in supporting electrolyte that included sodium dodecyl sulfate, ethanol, and diluted H,SO,.
The extraction of antioxidants from the oil samples involved the addition of 0.5-1.0 g of oil
into 10 mL of 96% ethanol with ultrasonic treatment for 15 min followed by separation of
the upper layer to isolate the antioxidants from the oil residue.

The results for the determination of dinonyl diphenylamine separately from supporting
electrolyte suggested that the method was suitable for the analysis of mineral and synthetic
oil. For the simultaneous determination of dinonyl diphenylamine and butylated hydroxy-
toluene, differential pulse voltammetry gave peak oxidation potentials for dinonyl dipheny-
lamine at 798 mV and for butylated hydroxytoluene at 1045 mV. The separation of the peak
potential by 250 mV allowed the simultaneous determination of both analytes with low
relative standard deviations, good recovery, good sensitivity, and suitable precision and
accuracy.

In conclusion, the method reported in this study was used to rapidly determine dinonyl
diphenylamine alone and in the presence of butylated hydroxytoluene with satisfactory
accuracy and precision. Moreover, comparison of differential pulse voltammetry with chro-
matography methods suggests that the former is simpler to operate and uses less expensive
instrumentation. The results show the developed method may be used for the analysis of
petroleum products and monitoring the degradation of oil.
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