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Abstract

:

Samples of gasoline engine oil (SAE 5W20) that had been exposed to various oxidation times were inspected with a UV-Visible (UV-Vis) spectrophotometer to select the best wavelengths and wavelength ranges for distinguishing oxidation times. Engine oil samples were subjected to different thermal oxidation periods of 0, 24, 48, 72, 96, 120, and 144 hours, resulting in a range of total base number (TBN) levels. Each wavelength (190.5 – 849.5 nm) and selected wavelength ranges were evaluated to determine the wavelength or wavelength ranges that could best distinguish among all oxidation times. The best wavelengths and wavelength ranges were analyzed with linear regression to determine the best wavelength or range to predict oxidation time.
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1. Introduction


Engine manufacturers have tended to extend the interval between engine oil changes. Improved engine oil additive packages and, in some cases, additional engine oil capacity have allowed this extension of operating time between oil changes.



In the absence of system failures that lead to other contaminants, oxidation is the primary process that degrades [1] and shortens engine oil life [2]. Oxygen and heat accelerate oxidation [3]; oxygen-free radicals interact with hydrocarbons breaking down hydrocarbon molecules and form acidic compounds [1,4,5,6] that cause corrosion and deposits on metal surfaces.



A small amount of oil can make it past the intake valve stem seals and enter the combustion chamber, but most oil that enters the combustion chamber tends to bypass the rings on the pistons [7,8]. The set of metallic rings on the pistons are intended to prevent gases from leaking out of the combustion chamber into the crankcase, transfer heat from the pistons into the cylinder walls which are typically cooled by a liquid cooling system, reduce friction between the pistons and cylinders by maintaining a liquid film of oil between them, and prevent oil from entering the combustion chamber. This last requirement is probably the main culprit behind oil entering the combustion chamber [9,10,11]. A small amount of oil may be left on the cylinder walls in normal driving as the engine decelerates, creating a negative pressure in the combustion chamber that draws oil into it. However, this may worsen as piston rings and cylinders become worn or damaged, and blow-by gasses can push some of this oil back into the crankcase [7]. With modern automobile manufacturers seeking to improve fuel economy, engine operating temperatures have increased [12,13], piston ring tensions have decreased, and engines, including their oil sumps, have been reduced in size. This has led to an increased exposure time per unit of oil with blow-by gases leading to oil oxidation [13].



Engine oil may consist of up to 30% (v/v) of additives added to the base oil stock [14]. Antioxidants and detergents within these additives hinder the oxidation and slow the acidifying of the oil. The antioxidants retard the oxidation by reacting with free radicals, forming stable molecules to avoid hydrocarbon breakdown [15]. A secondary defense against oxidation is provided by the added detergents that neutralize acidic compounds [16]. An increase in oil viscosity [6] arises after consuming these antioxidants and detergents, leading to sludge formation [4], vastly degrading the oil’s use as an adequate lubricant.



A Digital Twin for Friction Prediction in Dynamic Rubber Applications with Surface Textures.



An indicator of useful engine oil life is the total base number (TBN), a measure of the reserve alkalinity in units of mg KOH/g [17]. This indicates the detergent content and the ability to neutralize acidic compounds [5]. When the TBN reaches 50% of fresh engine oil, it would be rejected as a viable engine lubricant [18].



Various sensors have been proposed for measurements of antioxidants, alkalinity, acidity, water contamination [2,6,19,20,21,22,23,24,25,26,27,28,29]. These include viscosity sensors [19], mass sensors [21], cyclic voltammetry [23], carbon nanotube sensors [25], and photoacoustic detection [28]. Other methods have included Fourier-transform infrared (FT-IR) spectroscopy [1,30,31,32,33,34,35], to determine oxidation [30,31,36] and water contamination [33,34,37], and terahertz time-domain spectroscopy [38,39].



While several regions in the infrared spectrum have been identified as related to engine oil oxidation, far fewer UV-Vis studies have been found to address the issue of oil oxidation, with many of those focusing on oxidized vegetable oils or biodiesel [40,41,42,43]. UV-Vis has also been previously evaluated as an alternative to human eye assessment of the color index of transformer oil [44] as it ages due to oxidation and as a means to quantify soot in engine oil [45]. However, a study by Chevron used a liquid chromatography system coupled with a UV-Vis detector to differentiate between base stock oils used in engine lubricants and correlated those base oils with their analysis of oxidation stability that was found by measuring the time taken to react with a given amount of oxygen in the presence of an oxidation accelerator and an inhibitor [46].



The purpose of this study was to evaluate a relatively new and easy-to-use UV-Vis spectrophotometer to distinguish engine oil oxidation periods. An established norm in oxidation analysis is the use of infrared spectroscopy that can yield a plethora of detailed information about oxidation, nitration, additive depletion, and water/coolant infiltration. However, recent research using FT-IR analysis on real-world oil degradation under usual driving conditions indicated that most degradation overtime was due to oxidation [47]. Suppose a relatively inexpensive, easy-to-use method that requires only a 1 𝜇L sample can yield relatively easy to interpret oxidation results that are comparable to those obtained by FT-IR analysis. In that case, spectral analyses of oil degradation could become more ubiquitous. This could save engines from excessive wear and reduce unnecessary oil changes.




2. Materials and Methods


2.1. Thermal Oxidation


Gasoline engine oil (4.73 L; Pennzoil, Houston, TX, USA, API SN, SAE 5W-20) was purchased at a local retailer in Carbondale, IL, USA. All oil samples in this study originated from this single container. This oil grade was selected due to its common use in gasoline automotive engines.



In the previous publication Ref [36], the sample preparation and experimental setup were described in detail. A reactor (model 4838, Parr Instrument Company, Moline, IL, USA; Figure 1) was used to oxidize oil samples thermally [33]. The reactor featured a 1200 mL stainless steel cylinder with a bolt-on cylinder head. The cylinder head had a thermocouple well, exhaust opening, and input opening with a dip tube. The included temperature controller was used to control oil temperature in the cylinder to 180 °C [48,49,50]. Fresh oil (500 mL) was poured into the cylinder, and the cylinder head was attached. Heating was initiated and monitored. At 150 °C, an electromagnetic air pump (AC0-002,Yuting, Zhoushan, Zhejiang, China) was initiated to supply 1 L/min of regulated (FL-2013 acrylic flow meter, Omega Engineering, Norwalk, CT, USA) airflow through the input opening dip tube to the bottom of the oil cylinder. The air traveled through the oil and was vented through the exhaust opening at the top of the cylinder. Over 1–1.5 hours, the oil temperature increased to 180 °C and was controlled at that level ±1 °C for the duration of the desired oxidation period. Six fresh oil samples were each thermally oxidized for a different period of 24, 48, 72, 96, 120, and 144 h. The 0-hour sample was fresh engine oil. A 100 mL portion of each oxidized sample plus a fresh oil sample was sent to a commercial oil analysis lab (Blackstone Laboratories, Fort Wayne, IN, USA) for viscosity measurements at 40 °C and TBN, who use ASTM standards modified for production. Eight mL of each sample was separated for UV-Vis analysis.




2.2. UV-Vis Analysis


A UV-Vis spectrophotometer (NanoDrop OneC, Thermo Scientific, Wilmington, DE, USA) with a wavelength range of 190-850 nm was selected for this study. The NanoDrop spectrometer is typically used for very rapid microvolume absorbance measurements of proteins, DNA, RNA, etc. in the ultraviolet and visible light spectrum. The accompanying user interface is specifically designed for ease of use with these applications. However, the custom setting allowed for absorbance measurements for other applications, and a resolution of 0.5 nanometers was used in this experiment. The pedestals were initially cleaned, and a 1  μ L droplet of distilled water was pipetted onto the spectrophotometer’s lower pedestal, the upper arm closed, and the system would take a light intensity reference measurement of the “blank” sample within about a minute. This was then wiped away with an extra low-lint optical disposable wipe, and a 1  μ L oil drop would be placed on the pedestal, the upper arm closed, and the measurement of the oil sample taken within about a minute. The lower pedestal and upper arm pedestal were cleaned with acetone on an extra low-lint wipe, immediately followed by a cleaning with 1–2  μ L of distilled water, which was wiped away to remove any residual acetone. The process was then repeated with a distilled water blank, blank removal, testing of the sample, and cleaning for a total of at least twelve individual sample replications of each oxidation level (0, 24, 48, 72, 96, 120, and 144 h).



The blank and the testing sample need to create a liquid column, through surface tension, in the gap between the two pedestals through which light can pass. Distilled water was chosen as the blank sample since it does not share strong, common bonds with fresh or oxidized oil. The intensity spectrum of distilled water is roughly equivalent to that of the intensity of the lamp alone. With the similarities between the lamp and distilled water intensities, it can be seen through the absorbance equation:


  Absorbance =   − log      Intensity   of   Sample     Intensity   of   Blank       



(1)







The oil spectra are well preserved and are not limited to displaying the mere differences between fresh oil and oxidized oil. This allows for fresh oil with zero hours of oxidation to be included in the overall oil trend.




2.3. Data Preprocessing and Analysis


Prior to statistical analysis, the baseline of each whole spectrum was adjusted to minimize the effects of baseline shifting between UV-Vis measurements. The graphs were very well behaved and relatively consistent within oxidation groups. The extent of data preprocessing before performing ANOVA calculations was minimal and consisted of shifting the entire graph of each spectrum such that its minimum value (typically above 800 nm) was not less than zero and dropping the very first and very last data points.



The twelve UV-Vis absorbance measurements of each sample were submitted to analysis of variance (ANOVA; α = 0.05) by wavelength. Mean separation tests of Tukey’s highly significant difference (HSD) and Fisher’s least significant difference (LSD) were used to determine differences among oxidation times. Wavelengths and wavelength ranges with significant differences among each oxidation time were selected based on Tukey and Fisher results. For all ranges, ASTM E2412-10 [51] was followed by using the integrated area of wavelength ranges.





3. Results and Discussion


Results of the TBN and kinematic viscosity analysis by a commercial lab are summarized in Table 1. TBN decreased with oxidation time, indicating the antioxidant additives were being depleted. TBN of fresh oil was 7.2 and reduced to 1.8 after 144 h. After 120 h, the engine oil had reached the rejection level of 50% reduction in TBN [18]. The thermal oxidation process successfully generated oil samples with increasing levels of oxidation corresponding to the oxidation time.



3.1. Selection of Wavelengths and Wavelength Ranges


The UV-Vis system reported absorption for each wavelength from 190.5–849.5 nm in 0.5 nm increments for 1319 wavelengths. The mean absorbance for each oxidation time was depicted in Figure 2. Absorbance curves among the oxidation times are most distinct in the ultraviolet range, with distinctiveness disappearing in the green range at about 540 nm. There were highly significant differences (F(6,77), p < 0.01) among the seven thermal oxidation times at each of the wavelengths. However, many of these wavelengths resulted in only part of the oxidation times being significantly different from the others. Based on Tukey’s HSD, each of the oxidation times was significantly different from all the others in the ranges of 223–270 nm, 311–506.5 nm, and 509–511 nm. As expected, more wavelength ranges had each oxidation time significantly different from all the others based on Fisher’s LSD with ranges of 222.5–270 nm, 310.5–514.5 nm, 515.5–519 nm, 520.5 nm, 531.5–534 nm, and 539.5 nm.



Figure 3 provides a better view of the 220–310 nm range. The 95% confidence interval bands above and below the mean also indicate the ranges previously mentioned in which all oxidation times were significantly different from each other. Up to about 270 nm, the longer oxidation times had higher absorbance values, but, starting at about 270 nm, a partial inversion occurs with the three most extended oxidation times. This inversion was reminiscent of the complete inversion that occurred in the range of 1030–1047 cm−1 wavebands (correlated with known additives of antioxidants and sulfonate detergents) when using Fourier Transform-Infrared (FT-IR) spectroscopy on the same samples as shown in Figure 4 [36].




3.2. Comparison with Infrared Spectra


Some studies have looked at using the 400–1100 nm range with Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) spectroscopy to study oil properties [52,53]. One such study attempted to measure insoluble compounds created with double conjugate bonds due to the oxidation process and obtained an r2 value as high as 0.876 [52]. Interestingly, a study using a low-cost IR sensor operating in the range of 800–1100 nm demonstrated that the device could match oxidation degradation with an R2 value as high as 0.8459 and had an R2 value of 0.9139 when comparing their device to a commercially available UV-Vis-NIR spectrometer over a similar range [54]. Others have classified oxidation in the Mid-IR, approaching the NIR, with wavenumbers from 3600–3700 cm−1 associated with antioxidant depletion [47]. Studies of engine oil oxidation using mid-infrared (Mid-IR) spectra have commonly looked at the carbonyl region of the spectrum (1670 cm−1 to 1800 cm−1). Some studies particularly look at the wavenumber 1710 cm−1 in that region for identifying increases in oxidation as more carbonyl compounds form in the oil, such as carboxylic acids [55,56]. One study in particular compared a low-cost IR sensor to a commercial-grade FT-IR spectrometer to measure the oxidation at ~1710 cm−1 and got an R2 value of 0.9866 when comparing the results of the two instruments [56].



In a previous FT-IR study of the same samples used in this study, the absorbance of wavenumbers in the ranges of 1061–1234 and 1570–1734 cm−1 showed excellent separation of all oxidation times [36].



Absorbance for wavenumbers in the range of 1570–1734 cm−1 were charted as shown in Figure 5. This region includes nitration, olefinic absorption, carbonyl compounds, and oxidation [36,48,49,51,57,58].



Absorbance generally increased with oxidation time across this entire region, and three ranges (1572–1593, 1612–1682, and 1711–1730 cm−1) met the criteria for significant differences among all oxidations times. Similar to Figure 4, the relative peaks centered near 1605 and 1705 cm−1 wavenumbers were excluded from the ranges with significant differences among all oxidation times. The 1612–1682 cm−1 region between peaks is of particular interest due to the clear separation of 95% confidence interval bars (see Figure 5).



All twelve replications within each set of oxidation times were remarkably similar to one another over most of the pertinent regions of interest, as shown in Figure 6; an exception to this was that of the noise encountered at the lower limit of the instrument. In Figure 6, a magnified region shows one area of slight variability in the data for the 120 h of oxidation.



The average spectra were Gaussian fitted over the active regions, shown in Figure 7. Figure 8a showing a comparison of the Gaussian curves centered on ~260 nm, and Figure 8b shows a comparison of the Gaussian curves.



Clear separations in all the oxidation levels, along with an increase in amplitude with an increase in oxidation time, are present in the Gaussian curves centered on approximately 260 nm, as shown in Figure 8a. This region in the ultraviolet spectrum is common with aromatic rings, common to lubricating base oils and antioxidant additives [59]. In Figure 8b, the beginning of the inversion is evidenced in the same pattern shown in the actual spectra. However, it is clear that there is a blue shift in the spectra with increasing oxidation rates, which should be attributed in part to the n– π * transition from a decrease in the oxidized samples’ pH is also evident in the TBN of Table 1. As oxidation times increased, multiple conjugated bonds could be broken down, leading to a blue shift in the spectra and a decrease in the absorbance seen in the top three oxidation times.




3.3. Predicting Oxidation Time


In the previous FT-IR study, linear regression was applied to each of the selected individual wavenumbers to predict oxidation time based on absorbance. Each of the models was a strong fit with R2 > 0.95. The best model was at wavenumber 1624 cm−1 with R2 = 0.994 and RMSE = 3.70 [39]. RMSE units were hours between oxidation times.



The wavelength ranges with significant differences (per Tukey) among each oxidation time in this UV-Vis study also produced strong models with R2 > 0.95. Wavelength ranges of 259.5–261 nm, 259.5–261.5 nm, 259–262 nm, and 260–261.5 nm around the best single wavelength (260.5 nm) were also evaluated. Of all the wavelength ranges, 260–261.5 nm produced the best model with the highest R2 of 0.9966 with the lowest RMSE of 2.84 (Figure 9). While all of the models were considered very strong, the wavelengths with the best linear models were in the UV-C region.





4. Conclusions


Infrared spectroscopy yields very useful information regarding oil degradation due to oxidation, nitration, additive depletion, and water/coolant infiltration. Since oxidation has been indicated as the leading cause of routine oil degradation, it would be ideal for conducting oxidation measurement inexpensively, easily, and quickly with a clear interpretation of comparable results to typical FT-IR analyses. This could lead to a reduction in excessive engine wear and a reduction of unnecessary oil changes.



Based on this study’s results, correlated with similar findings of a previous FT-IR study on the same oil samples, the use of UV-Vis spectrometry could be employed to distinguish between oxidation levels. Due to the inversion occurring after 270 nm, the distinction would become more complicated with bands in the 270–310 nm region. However, a very distinct separation appears within 245–265 nm, with absorbance directly corresponding to an increase in oxidation time. The narrow range of 260–261.5 nm yielded an R2 value of 0.9966 with a RMSE of 2.84. By comparison, the best model from the previous FT-IR study on the same samples had an R2 value of 0.994 with an RMSE of 3.7.



Due to the relatively low cost, small footprint, lack of sample preparation, quick spectral acquisitions of repeated measurements, and the minuscule sample needed (1    μ  L) to perform tests on the oxidized samples, it could be conceivable that a micro-volume UV-Vis spectrophotometer might be employed more ubiquitously to conduct regular oxidation tests, perhaps even with in-situ monitoring. Additional studies should be conducted to determine the ability to reliably delineate among samples with closer oxidized values and determine the detection limits. Nevertheless, the results are very promising, especially considering the similarity of results between the FT-IR spectrometer and the UV-Vis micro-volume spectrometer.
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Figure 1. Depiction of equipment used to oxidize fresh engine oil thermally. 






Figure 1. Depiction of equipment used to oxidize fresh engine oil thermally.



[image: Lubricants 09 00037 g001]







[image: Lubricants 09 00037 g002 550] 





Figure 2. Mean absorbance values from UV-Vis spectrophotometer for each oxidation time, with 95% confidence intervals of shaded bands, across the entire wavelength range of 190.5–849.5 nm. The spectra were compressed after 450 nm since it is of little interest beyond that wavelength. 
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Figure 3. Absorbance means of seven oxidation times, with 95% confidence intervals of shaded bands, across the 220–310 nm range. 
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Figure 4. Absorbance means of seven oxidation times, with 95% confidence intervals, across the 825–1080 wavenumber range [36]. 
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Figure 5. Absorbance means of seven oxidation times, with 95% confidence intervals, across the 1570–1734 cm−1 wavenumber range that includes several ranges of significance among each of the oxidation times [36]. 
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Figure 6. Spectra of all 12 replications of each oxidation time plotted together to demonstrate the similarity of each replication with a magnified region. 
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Figure 7. Gaussian curve fitted spectra of 144 h of oxidation. The solid lines under the dashed red line curve are the Gaussian curves, and the dashed red line is the summation of these curves, approximating the given spectra. 
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Figure 8. (a) Gaussian curves centered on ~260 nm (known for aromatic rings) for the different oxidation times. (b) Gaussian curve fitting for the different oxidation times. Error bars were deemed inconsequentially small even at 120 h. 
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Figure 9. Absorbance at 260.5 nm wavelength predicting oxidation time with a linear model. 
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Table 1. Commercial analysis of oxidized engine oil with testing lab expecting repeatability of results to be ±10%.
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	Oxidation Time (h)
	TBN (mg KOH g−1)
	Viscosity (mm2 s−1)





	0
	7.2
	44.98



	24
	6.4
	47.67



	48
	5.0
	46.04



	72
	4.5
	49.38



	96
	3.9
	49.68



	120
	3.4
	49.25



	144
	1.8
	53.27
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