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Abstract
Surface-active trace compounds present in diesel fuels protect pumps and injectors against premature wear through boundary lubrication. Due to the vast number of hydrocarbon compounds found in petroleum distillate fuels, it is difficult to quantify lubricity-enhancing compounds in neat diesel fuel samples. We report herein the direct measurement of trace polycyclic aromatic hydrocarbons (PAH) in diesel fuels through 1H and 13C nuclear magnetic resonance spectroscopy and relate the PAH content with fuel lubricity measured with a high-frequency reciprocating rig (HFRR). Carboxylic acids and nitrogen heterocyclic polyaromatic hydrocarbons (NPAH) were not detected in the diesel fuels tested. The data provides further evidence that surface-active PAH compounds improve the lubricity of diesel fuels.
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1. Introduction
Combustion of sulfur compounds in motor fuels can poison catalysts used in emission control systems. Growing concern over air pollution has led to increasingly stringent limits on sulfur content in diesel fuels: in North America, ultra-low sulfur diesel (ULSD) fuel must contain no more than 15 parts per million (ppm) sulfur,1 whereas in Europe, the sulfur content in ULSD fuel is limited to 10 ppm.2,3 Refineries employ hydrodesulfurization, a process where sulfur compounds present in the crude petroleum are converted to hydrogen sulfide gas in the presence of hot hydrogen gas and catalysts, to meet these clean fuel requirements.4 Hydrotreatment is known to decrease diesel fuel lubricity, a measure of the fuel’s ability to reduce friction, wear, or scuffing in fuel pumps and injectors.5 The reduction in fuel lubricity is due to the removal of surface-active compounds present in crude petroleum that provide boundary lubrication at metallic sliding contacts.6
Petroleum distillates are complex fluids containing a vast number of hydrocarbon compounds. It is difficult to identify and quantify trace surface-active compounds present in neat diesel fuels for this reason. Past studies of diesel fuel lubricity used column chromatography to fractionate fuel components by polarity for testing in high-frequency reciprocating rigs (HFRR).7,8 The HFRR test (described in ASTM D6079) is a model tribosystem that physically replicates the plasticity-dominated wear mechanisms at steel-on-steel sliding contacts in the boundary lubrication regime.9 The surface-active compounds are thought to include polycyclic aromatic hydrocarbons,7 along with polar oxygen- and nitrogen-containing compounds.8
Boundary lubrication by surface-active linear alkyl polar compounds (e.g. fatty acids) on oxide surfaces is well documented in the tribology literature.10-12 The role of polycyclic aromatic hydrocarbons in boundary lubrication is less well understood. Heavy aromatic compounds were first reported to improve lubricity in aviation turbine fuels.13 Aromatic hydrocarbons have delocalized π-orbitals capable of interacting with conduction electrons in metallic surfaces,14 and studies of graphene-metal surface interactions have shown strong chemisorption through donation/back-donation bonding through this mechanism.15 PAH compounds containing three or more aromatic rings are structurally similar to graphene, which has been reported to be an effective boundary lubricant for steel surfaces in sliding contact.16 
Previous investigations of diesel fuel lubricity either fractionated fuel samples to concentrate surface-active compounds,7,8 or added surface-active model compounds to neat diesel fuels for HFRR testing.17-19 We report for the first time direct measurement of trace PAH compounds in diesel fuel samples through nuclear magnetic resonance (NMR) spectroscopy, and compare the PAH content of each sample to their respective average wear scar diameters derived from HFRR testing.
2. Materials and Methods
2.1. Materials
Lubricity Fluid A (DFA11), a low-sulfur diesel fuel, and Lubricity Fluid B (DFB11), a hydrotreated ultra-low sulfur diesel fuel, were purchased from the ASTM Test Monitoring Center. The n-hexane solvent used in gas chromatography was purchased from a commercial supplier and determined to be approximately 99 % (mass/mass) pure through gas chromatography with mass spectrometric detection (GC-MS). Deuterated chloroform (CDCl3) with a stated minimum isotopic purity of 99.8 % was also purchased from a commercial supplier, and used without further purification for NMR spectroscopy.
2.2. Fuel composition variation through simple distillation
Figure 1 illustrates the simple distillation apparatus used to generate composition variation as a function of boiling point for Lubricity Fluid A. The process simulates compositional differences typical of distillation (i.e., thermophysical) processes employed in petroleum refineries; importantly, the process conserves the trace compounds present in the diesel fuel, changing only their concentration in the resultant samples. We used heating rates and fluid quantities specified in a standard test method for distillation of petroleum products at atmospheric pressure (ASTM D-86).20 200 mL samples were used in the distillation process.
First, the diesel fuel was heated to its initial boiling point (IBP), or the temperature observed when the first drop of condensate is collected in the receiving flask. After the fluid temperature reached 10 °C above its IBP, the receiving flask was removed and replaced with an empty flask. This process was repeated at 10 °C intervals until the fluid temperature reached 50 °C above its IBP. Four blends of the distillate and residual fractions were prepared as specified in Table 1. Due to the narrow boiling range of Lubricity Fluid B, its composition was not amenable to variation through simple distillation, and the fluid was subjected to further testing in its neat state.
2.3. Gas chromatography with mass spectrometric detection (GC-MS)
Small aliquots (10 μL) of neat diesel fuels, distillates, or blends were diluted by addition to a fixed quantity of n-hexane (approximately 1 mL) inside an autosampler vial. The diluted aliquots were analyzed through temperature-programmed gas chromatography (30 m column with a 250 μm film of 5 % phenyl-95 % dimethylpolysiloxane, with helium carrier gas at 48 kPa or 7 psi inlet pressure, a split ratio of 50:1, and a temperature program starting at 70 °C, with a hold period of 2 minutes followed by a fast ramp-up to 140 °C at a heating rate of 15 °C/min).21 The column was cleared between measurements by increasing its temperature to 300 °C at a heating rate of 30 °C/min, and held for 8 minutes at that temperature. Mass spectrometric detection was used to identify and quantify compounds present in the distillate. The retention times of n-alkanes in an algae-derived hydrotreated paraffinic diesel fuel,22 measured using the same temperature program and column, were used to calculate the temperature-programmed retention indices as a function of absolute retention time.	
2.4. Capillary viscometry
A modified Ostwald-type glass capillary viscometer (Cannon-Fenske geometry, size 75) was used to measure the kinematic viscosity of the fluid samples at 20 °C and 60 °C. The recommended measurement range of the viscometer is 1.6 to 8 mm2/sec (cSt). The combined expanded uncertainty of the viscometer is estimated to be 0.22 % of the measurand. The viscometer was allowed to come to thermal equilibrium at the bath temperature prior to the start of each measurement. The viscometer constant was calculated at 20, 40, 60, and 100 °C using a standard fluid of known viscosity.
2.5. High-frequency reciprocating rig (HFRR) testing
Fluid lubricity was measured using a high-frequency reciprocating rig (HFRR) test (ASTM D-6079).9 A 6 mm diameter hardened AISI E-52100 steel ball is brought into contact with a 10 mm diameter annealed AISI E-52100 steel disk immersed in 2 mL of the test fluid. The ball was placed under a load of 1.96 N and placed in linear reciprocating motion against the stationary disk with a stroke length of 1 mm at 50 Hz for 75 minutes. The test fluid was maintained at a temperature of 60 °C. After the test was completed, the average wear scar diameter (WSD) on the test ball was measured using an optical microscope, where WSD is the average of the major and minor axes of the wear ellipse. Figure 2 shows a representative image of a typical wear ellipse.
We note some variations between the HFRR outlined in ASTM D-6079 and the HFRR used in this study. The test disks have diameters of 9.525 mm instead of 10 mm. This change is not expected to affect the test outcome, as the 1 mm reciprocating wear track is at the center of the disk. Furthermore, the HFRR is controlled and monitored by an operator, as opposed to an automated control system. The linear electromagnetic motor is driven by a sinusoidal waveform from a function generator. The operator monitors the stroke length with an accelerometer attached to the reciprocating rod, and makes adjustments by varying the amplitude of the input signal. The friction force between the ball and disk is measured with a piezoelectric force transducer as a function of time.
The fluid temperature was controlled with an aluminum heating block joined to the stainless steel fluid reservoir. A resistance temperature detection (RTD) sensor placed 5 mm below the sliding contact and two 30 W cartridge heaters inserted into the aluminum heating block were connected to a proportional-integral-derivative (PID) temperature controller. Testing was not started until the fluid temperature was verified independently with a separate K-type thermocouple.
2.6. Nuclear magnetic resonance (NMR) spectroscopy
A commercial 600 MHz NMR spectrometer with a cryoprobe, operated at 150.9 MHz for 13C, was used to obtain all of the spectra. The samples were maintained at 25 °C for all of the NMR measurements. 1H NMR spectra were referenced to the chloroform-D (CDCl3) peak at 7.24 ppm, and 13C NMR spectra were referenced to the CDCl3 peak at 77.0 ppm.
Samples for quantitative 1H NMR spectroscopy were prepared by dissolving 20 µL of the fluid of interest (e.g. neat Lubricity Fluid A or B, distillates, or blends) in 1 mL of CDCl3. Quantitative 1H NMR spectra were obtained with a 30° flip angle and a long interpulse delay (5.0 s acquisition time, 5.0 s relaxation delay). A sweep width of 12019.23 Hz (−4 ppm to 16 ppm) was used. After 256 scans the spectra had signal-to-noise ratios of about 1 × 105.
Samples for quantitative 13C NMR spectroscopy were prepared by mixing 0.5 mL of the fluid of interest with 0.5 ml of CDCl3; this NMR solvent contained 1.0 M of the relaxation agent chromium(III) acetylacetonate, Cr(acac)3. Therefore, the final concentration of Cr(acac)3 in the NMR sample was 0.05 M, which is comparable to concentrations conventionally used.23-25 Quantitative 13C NMR spectra were obtained by use of inverse-gated waltz-16 proton decoupling and a relaxation agent (see above). An acquisition time of 0.909 s, a relaxation delay of 10.0 s, and a sweep width of 36057.69 Hz (−20 ppm to 220 ppm) were used. After 512 scans the spectra had signal-to-noise ratios of about 2000. The effectiveness of these parameters for producing quantitative 13C spectra was verified by collecting spectra for three test compounds under the same conditions. For the test compound iso-cetane (2,2,4,4,6,8,8-heptamethylnonane), integral areas within 3 % of predicted values were produced for the quaternary carbons, and integral areas within 2 % of predicted values were produced for the other types of carbon. For the test compound tetralin (1,2,3,4-tetrahydronaphthalene), integral areas within 7 % of predicted values were produced for the quaternary aromatic carbons, integral areas within 6 % of predicted values were produced for the aromatic CH carbons, and integral areas within 1 % of predicted values were produced for the CH2 carbons. For the test compound 1-methylnaphthalene, integral areas within 8 % of predicted values were produced for the quaternary aromatic carbons and integral areas within 7 % of predicted values were produced for the aromatic CH carbons.
By use of a literature method,26 the relative amounts of various types of hydrogen and carbon were determined by the integration of spectral regions in the quantitative 1H and 13C NMR spectra. Some minor changes in the previously reported integral regions were made for these samples. First, integral regions were sometimes truncated so as not to include large sections of baseline with no peaks. That is, the integral regions reported in the tables are the maximum intervals; the actual intervals integrated may be smaller (this was done to minimize the contribution of baseline drift to the integral value). Second, for the 13C spectra, the cutoff between quaternary aromatic carbons and aromatic CH carbons was changed to 131.0 ppm (instead of 129.0 ppm). This change was based on the results of the 13C DEPT-90 spectrum obtained for the ASTM Lubricity Fluid A (see below), which showed a clear break between the two types of carbon at 131.0 ppm. Third, for the 1H spectra, the solvent peak for CDCl3 was cut out of the respective integral regions by removing the interval 7.26–7.22 ppm. Fourth, for the 1H spectra, the cutoff between the paraffinic CH2 and paraffinic CH3 regions was changed to 1.0 ppm (instead of 1.09 ppm) to correspond to the observed spectral minimum. Fifth, for the 1H spectra, the two olefinic CH2 regions were combined.
Three sources of uncertainty were considered for the peak integrals obtained from the quantitative 1H and 13C spectra: incomplete relaxation and residual nuclear Overhauser effects (NOE), which are significant only for the 13C NMR spectra; repeatability; and the effect of baseline drift on the integration. The magnitude of the influence of incomplete relaxation and residual NOE was determined from the spectra of test compounds (see above). For aromatic carbons the relative integral areas were found to be as much as 8 % lower than the areas for CH2 or CH3 carbons in the same molecule. The repeatability has been determined elsewhere from replicate determinations on an aviation turbine fuel sample (Jet A).27 The contribution of baseline drift to the uncertainty of integration was determined by the integration of regions of noise in the spectra. The estimated values for these sources of uncertainty were added in quadrature to arrive at the reported combined uncertainties. The relative uncertainties are larger for the 13C NMR spectra than for the 1H NMR spectra. This is primarily due to the lower signal-to-noise ratios for the 13C NMR spectra, which results in a larger uncertainty due to baseline drift.
Semi-quantitative 13C NMR spectra with high signal-to-noise ratios were obtained for the neat Lubricity Fluid A, its first distillate fraction (sample 2), and its residual fraction (sample 11). The NMR samples for these experiments were prepared by mixing 0.5 mL of CDCl3 (without a relaxation agent) with 0.5 mL of the fraction in question. All of these spectra were obtained with an acquisition time of 0.909 s, a relaxation delay of 2.0 s, and a sweep width of 36057.69 Hz (−20 ppm to 220 ppm). These three spectra had signal-to-noise ratios of about 1 × 105.
A 13C DEPT-90 spectrum with a high signal-to-noise ratio was obtained for the neat Lubricity Fluid A. The NMR sample was prepared by mixing 0.5 mL of CDCl3 (without a relaxation agent) with 0.5 mL of the low-sulfur diesel fuel. For the DEPT experiment, a coupling constant (JC-H) of 160 Hz was used because this coupling constant produces the best results for aromatic carbon.28 An acquisition time of 0.909 s, a relaxation delay of 2.0 s, and a sweep width of 36057.69 Hz (−20 ppm to 220 ppm) were used. The spectrum had a signal-to-noise ratio of 1.2 × 104, which is smaller than the other semi-quantitative spectra (see above) because the large CH2 and CH3 peaks have been suppressed. The DEPT-90 spectrum only produces signals for carbon atoms bonded to a single hydrogen atom. It was used to distinguish aromatic CH carbons from quaternary aromatic carbons. 
3. Results and Discussion
3.1. NMR measurement of trace PAH compounds
With the proper choice of experimental parameters, NMR spectra can be obtained in which the peak areas are directly proportional to the number of nuclei that give rise to each peak. This makes NMR spectroscopy very useful for the analysis of complex mixtures such as fossil fuels and their derivatives because the relative concentrations of the components can be determined without calibration.26,29-34
For hydrocarbon samples, it is useful to collect both 1H and 13C spectra. 1H NMR spectroscopy gives high signal-to-noise spectra in a short time period. Achieving quantitative peak integrals is also straightforward because 1H relaxation times are short, and decoupling is not necessary. The combination of these two advantages leads to relatively small uncertainties for 1H NMR peak integrals. 1H NMR spectroscopy also readily distinguishes polyaromatics, monoaromatics, and olefins (which have overlapping peak ranges in 13C NMR spectra). This makes 1H NMR spectroscopy particularly useful for analysis of the unsaturated fraction of a mixture.26 One advantage of 13C NMR spectroscopy is that it has a broad chemical shift range, which means that many different types of carbon can be distinguished. Additionally, the comparison of integral areas is simplified by the fact that most structural moieties have a defined number of carbon atoms (e.g., an olefin always has two olefinic carbon atoms but may have zero to four olefinic hydrogen atoms). A related advantage for hydrocarbon mixtures is that carbon makes up the majority of the mass of such samples, so the integral areas, which are proportional to the mole fraction of carbon in the sample, also approximate mass fraction. On the other hand, NMR spectroscopy is much less sensitive to 13C than to 1H, 13C has a low natural abundance, and 13C nuclei have long relaxation times, all of which lead to larger uncertainties in the integral values from 13C NMR spectra.
Our primary approach for the NMR analysis of the diesel fuel samples, their distillate fractions, and blends was based on a literature method in which regions of each spectrum are integrated and compared.26 The advantage of this approach is that it allows for a simple, rapid comparison of related samples, such as the distillate fractions considered herein.26,29,32  The disadvantage of this approach is that some of the integral regions contain more than one type of hydrogen or carbon (see below).
Table 2 shows a comparison of the integral values for 1H NMR spectral regions for neat, distillate fractions, and blends of Lubricity Fluid A. The integrals in Table 2 have not been normalized for the relative number of hydrogen atoms per carbon. That is, the integrals in Table 2 still reflect the fact that a paraffinic CH3 group has three times the signal intensity that an aromatic CH has. Another caveat for the data in Table 2 is the obvious lack of a category for paraffinic CH, because peaks for this type of hydrogen are not well separated from the other spectral regions. The paraffinic CH peaks are expected to be mostly subsumed into the large paraffinic CH2 integral,35 where their relative effect is minimized.
Several general observations about Lubricity Fluid A and its distillate fractions can be made from the data in Table 2. First, the aromatic fraction is mostly monoaromatic, although the ratio (monoaromatic CH)/(polyaromatic CH) decreases substantially in the heavier distillate fractions. Second, none of the fractions contained detectable olefin (≤0.01 mole % olefinic hydrogen). Third, the aromatic rings tend to be heavily substituted in all samples, which can be seen by a comparison of the integrals for aromatic hydrogen with the integrals for “α-to-aromatic” methylene (CH2) and methyl (CH3). These integrals correspond to CH2 or CH3 groups that are directly bonded to an aromatic ring. The methylene groups could be part of an alkyl side-chain (such as the CH2 in an ethyl or isopropyl side-chain) or part of an aliphatic ring (such as in tetrahydronaphthalene, which contains two α-to-aromatic CH2 groups). Fourth, and not surprisingly, paraffinic CH2 and paraffinic CH3 make up the large majority of the hydrogen in all of the samples.
Some simple calculations allow the estimation of useful ratios.29 For example, one can estimate the average number of side-chains on an aromatic ring from a 1H spectrum. First, the 1H integral values are normalized by dividing by the number of hydrogen atoms attached to each carbon (i.e., CH integrals are divided by 1, CH2 integrals are divided by 2, and CH3 integrals are divided by 3). Then, one simply compares the normalized integrals for aromatic CH, α-to-aromatic CH2, and α-to-aromatic CH3. (It should be noted that the integral region given as α-to-aromatic CH2 likely contains some amount of α-to-aromatic CH and α-to-aromatic CH3, and that this estimate ignores bridgehead carbons between aromatic rings.29) One can quickly see that for the neat Lubricity Fluid A, there is an approximately 1:1 ratio of methyl side-chains to larger side-chains (including aliphatic rings) on aromatic rings. The ratio of alkyl side-chains to aromatic protons is also approximately 1:1, which means that an average monoaromatic ring would have three side-chains, with approximately equal numbers of methyl groups and longer alkyl groups.
1H NMR of Lubricity Fluid B failed to detect any aromatic content in the hydrotreated diesel fuel. The region from 0.0 - 1.0 ppm (paraffinic CH3) was 64.632 mole %. The region from 1.0 - 2.0 (paraffinic CH2) was 35.314 mole %. The region from 2.0 - 2.4 (α-to-aromatic CH3) was 0.050 mol %, which may be due to tailing from paraffinic CH2 region because all other regions had integral areas that were below detection limit (< 0.01 mole %).
Table 3 shows a comparison of the integral values for 13C NMR spectral regions for the Lubricity Fluid A and its derivatives. As discussed in the Experimental section, the integral values for the 13C NMR spectral regions have relatively large uncertainties. Nevertheless, some useful observations can be made directly from the data in Table 3. To begin with, the mole % of aromatic carbons in each sample is simply the sum the integrals for the aromatic CH carbons and the quaternary aromatic carbons (i.e., aromatic carbons without a hydrogen attached). For neat Lubricity Fluid A, about 10 % of the carbon atoms are aromatic. One of the most obvious trends in Table 3 is the rapid decrease in the mole % of aromatic carbon over the first few distillate fractions, which is consistent with a similar decrease seen in the 1H NMR data. Clearly, a disproportionate fraction of the aromatics in this fluid are relatively light.
We also performed two types of 13C NMR experiments to check for the presence of organic acids or nitrogen-containing aromatics—two classes of compounds that are known to affect lubricity even at low concentrations. First, 13C NMR spectra with signal-to-noise ratios of about 1  105 were collected for samples 1, 2, and 11 to check for the presence of organic acids. The parameters used to collect these spectra were chosen to maximize the signals, not to give quantitative peak integrals (see the Experimental section for details). These spectra showed no detectable peaks in the carbonyl region of the spectra (around 200 ppm).35 If one assumes that the detection limit is a signal-to-noise ratio of 10, then these three samples contained <0.01 mol % of carbonyl carbon (i.e., from organic acids, esters, or ketones). Second, in an attempt to detect nitrogen-containing aromatic compounds, we took a closer look at the 13C spectrum between ~140 ppm and ~160 ppm. In nitrogen-containing aromatic rings, the two carbon atoms adjacent to the nitrogen atom produce peaks in this region of the spectrum. Such carbon atoms may or may not have attached hydrogen atoms; for example, pyridine has two aromatic CH groups adjacent to the nitrogen, while acridine has two quaternary aromatic carbon atoms adjacent to the nitrogen. The difficulty is that quaternary aromatic carbons with long alkyl side-chains can also produce peaks in this region of the spectrum. In order to differentiate this type of carbon from nitrogen-attached aromatic CH groups, a high signal-to-noise 13C DEPT-90 spectrum was obtained for the neat Lubricity Fluid A. The 13C DEPT-90 experiment suppresses peaks for all types of carbon except CH groups. Hence, any peaks observed in the 13C DEPT-90 spectrum between ~140 ppm and ~160 ppm can be assigned to nitrogen-attached aromatic CH groups. However, no such peaks were observed within the experiment’s detection limit, which means that <0.01 mol % of the carbon in Lubricity Fluid A is nitrogen-attached aromatic CH groups. This does not definitively rule out the presence of nitrogen containing aromatics above the detection limit because in some molecules both of the carbon atoms adjacent to the nitrogen are quaternary carbons (as in the case of acridine), but it does put an upper limit on most nitrogen-containing aromatic compounds.
3.2. Composition variation and estimated PAH concentration
Figure 3 shows the variation in composition in the neat diesel fuel (Lubricity Fluid A), as well as its derivatives (i.e., distillate fractions, residual fraction, blends). The temperature-programmed retention index of an unknown compound is calculated based on its retention time, relative to the retention time of linear paraffinic compounds (n-alkanes). For example, an unknown compound eluting between n-hexadecane (16 carbons) and n-heptadecane (17 carbons) has a temperature-programmed retention index between 1600 and 1700. A broad unresolved complex mixture (UCM) peak with an average retention index of 1673 is observed for Lubricity Fluid A. The presence of an unresolved complex mixture peak is commonplace in gas chromatographs of complex fluids, where numerous compounds with similar boiling points and polarity reach the detector at the same time. A bimodal distribution is observed in the neat diesel fuel and the first three distillates, with a smaller unresolved complex mixture peak present around 1300. These compounds are completely removed through distillation at 40 °C above the IBP of Lubricity Fluid A. The residual fraction (sample 11) appears to have a skew-normal distribution, which also appears in blends that contain it (samples 7-10).
We calculated the number of polyaromatic CH carbons using both 1H and 13C NMR data. PAH compounds with three rings (e.g., anthracene and phenanthrene) each contain 10 polyaromatic CH carbons and 4 quaternary aromatic carbons. Using the NMR data and the number of carbons present in these two compounds, we estimated the upper limit of PAH molecules present in each sample. The number of paraffinic compounds is estimated using the balance of carbon atoms and an average molecular mass that is proportional to the weighted average of the respective temperature-programmed retention indices in each sample. The weighted average of each UCM peak is calculated by fitting a normal (Gaussian) or skew-normal distribution to the total mass spectrometer signal in each chromatogram. In a paraffinic fluid, the average molecular mass is proportional to the ratio of methylene to methyl carbon ratio. Figure 4 shows a strong positive correlation between the weighted average of UCM peaks obtained through gas chromatography and the paraffinic CH2 to CH3 carbon ratio measured through 1H NMR spectroscopy. The estimated PAH concentration is reported in Table 4.
3.3. Effect of alkane chain length on viscosity
The viscosity of a hydrocarbon fluid is a function of its average molecular mass. As noted previously, the ratio of methylene to methyl carbons in a paraffinic fluid is directly proportional to its average molecular mass. Figure 5 shows a strong positive correlation between the kinematic viscosities of diesel fuel samples with their CH2 to CH3 carbon ratios, which are proportional to their average molecular mass. The Ubbelohde-Walther equation was used to interpolate the kinematic viscosity of the diesel fuel samples at 40 °C from values reported in Figure 5,36 as kinematic viscosity of the diesel fuel is an important variable in modeling wear in HFRR tests (Table 5).
3.4. Effect of kinematic viscosity on diesel fuel lubricity
Viscosity is known to be positively correlated with lubricity, as an increase in viscosity leads to a thicker lubricant film in hard elastohydrodynamic lubricated sliding contacts.37 It is necessary to account for the improvement in fuel lubricity due to increased viscosity when determining the contribution of PAH compounds to fuel lubricity. Wei et al. tested a series of pure hydrocarbon fluids in a lubricity study on gasoline, and noted a linear relationship between kinematic viscosity and HFRR wear scar diameter.38 A similar linear relationship between kinematic viscosity and HFRR wear scar diameter was noted by Barbour et al. in their study on the lubricity of diesel fuels without PAH compounds.8 Figure 6 provides a summary of published HFRR wear scar values as a function of kinematic viscosity.8,38,39 Linear regression analysis of the literature data yields the following wear equation:
WSD = 835.5 - 69.4 ν					(1)
where the wear scar diameter is given in μm, and ν  is the kinematic viscosity (in mm2/s) measured at 40 °C (i.e., KV40). The confidence interval of the model is 76.2 μm in the viscosity range (0 to 8  mm2/s) at the 95 % confidence level. We note that HFRR testing of Lubricity Fluid B (hydrotreated ultra-low sulfur diesel fuel), which has a kinematic viscosity of 2.71 mm2/s at 40 °C and contains no more than 0.01 % PAH compounds by 1H NMR analysis, resulted in an average WSD of 606.8 μm. The WSD measured for the ULSD sample is consistent with previously published data summarized in equation 1.
3.5. Effect of PAH content on diesel fuel lubricity
After accounting for the kinematic viscosity contribution to lubricity with equation 1, we note that there is a statistically significant decrease in wear scar diameter for Lubricity Fluid A samples due to the boundary lubricating effect of trace PAH compounds. Figure 7 plots the observed wear scar diameters normalized against the predicted wear scar diameters as a function of PAH concentration. We note that HFRR testing of Lubricity Fluid B, which contains no observable PAH compounds, results in a wear scar diameter that is consistent with equation 1. The measured wear scar diameter falls within the normalized uncertainty range of the predicted value. A drop in the normalized wear scar diameter is evident between 1 and 1.5 mole % PAH content, and cannot be explained solely by the viscosity of the samples (i.e. equation 1). The dashed line in Figure 7 shows the normalized confidence interval for the wear equation based on sample viscosity, and most of the samples containing trace PAH compounds have wear scar diameters that are significantly lower. The data suggests a threshold around 1.2 % (mole/mole) PAH concentration for lubricity enhancement, consistent with prior literature. Wei and Spikes previously reported that the PAH content must exceed a threshold concentration (~0.25 %, mass/mass) before an increase in fuel lubricity is observed.7 Interestingly, a survey of fuel composition performed through supercritical fluid chromatography also found that found that fuels containing more than 1.25 % (mass/mass) PAH compounds provided adequate lubricity under HFRR testing.40
Table 6 summarizes the friction and wear data obtained through HFRR testing of diesel fuel samples in this study. We note that the coefficients of friction for samples derived from Lubricity Fluid A are statistically significantly lower than the coefficient of friction measured for Lubricity Fluid B, despite the lower viscosity of Lubricity Fluid B for all but the first three distillate fractions of Lubricity Fluid A (samples 2-4). In a lubricated sliding contact, the amount of energy dissipated typically increases with fluid viscosity. The decrease in the coefficient of friction in Lubricity Fluid A samples compared with Lubricity Fluid B provides further evidence for the presence of a boundary lubricant film formed by PAH compounds.
4. Conclusions
Diesel fuels distilled from petroleum contain surface-active polycyclic aromatic hydrocarbons capable of forming boundary lubricant films on steel surfaces. Nuclear magnetic resonance spectroscopy is capable of measuring trace PAH compounds present in neat diesel fuels without chromatographic fractionation; moreover, NMR spectroscopy is also useful in detecting the presence of heteroatom (nitrogen- and oxygen-containing) heavy aromatic compounds down to the instrument detection limit, in this case less than 0.01 mole %. Heteroatom heavy aromatic compounds were not detected in any of the samples studied. High-frequency reciprocating rig testing confirmed that a positive linear relationship exists between kinematic viscosity and fuel lubricity; moreover, HFRR data shows that lubricity is further improved when the concentration of PAH compounds exceeds 1 to 1.5 mole %. 
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Abbreviations and Acronyms
AISI 		American Iron and Steel Institute
ASTM 	American Society for Testing and Materials, now known as ASTM International
GC-MS	gas chromatography with mass spectrometric detection
HFRR		high-frequency reciprocating rig
IBP		initial boiling point
NMR		nuclear magnetic resonance
NPAH		nitrogen heterocyclic polyaromatic hydrocarbons
PAH		polycyclic aromatic hydrocarbons 
PID		proportional-integral-derivative 
ppm		parts per million
RTD		resistance temperature detection
UCM		unresolved complex mixture 
ULSD		ultra-low sulfur diesel 
WSD		wear scar diameter 
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Table 1. Initial boiling point (IBT), final boiling point (FBT), and volumes of distillate and residual fractions (samples 2-6, 11) derived from ASTM Lubricity Fluid A. Four blends (samples 7-10) of the distillate fractions were prepared as a method of generating compositional variation between samples. The IBT and FBT of the neat diesel fuel (sample 1) are also reported for comparison.
	
	Volume
	IBT
	FBT
	blends (%, volume/volume)

	fractions
	(mL)
	(°C)
	(°C)
	7
	8
	9
	10

	2
	24.0
	208
	218
	14.3
	
	
	

	3
	25.2
	218
	228
	14.9
	17.4
	
	

	4
	26.3
	228
	238
	14.6
	17.0
	20.6
	

	5
	25.7
	238
	248
	13.7
	16.0
	19.4
	24.4

	6
	24.1
	248
	258
	42.4
	49.5
	60.0
	75.6

	11 (residue)
	74.7
	268
	324
	

	1 (neat fuel)
	200
	208
	324
	





DRAFT
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Table 2. Integral values for 1H NMR of ASTM Lubricity Fluid A, in mole % 1H. The solvent signal at 7.24 ppm was excluded from the integral for monoaromatic H. The integral value for olefinic CH and CH2 were below the detection limit (≤ 0.01 %). The paraffinic CH2 value also contains the water peak. The expanded uncertainty (U) in the integral values is reported with a coverage factor (k) of 2.
	
	
	neat
	distillate fractions
	blends
	resid
	

	

ν / ppm
	Hydrogen Type
	1 
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	U

	10.7 - 7.4
	polyaromatic H
	0.52
	0.58
	0.58
	0.52
	0.41
	0.39
	0.49
	0.46
	0.47
	0.51
	0.47
	0.04

	7.4 - 6.2
	monoaromatic H
	2.31
	4.49
	3.39
	2.17
	1.49
	1.45
	1.79
	1.57
	1.46
	1.50
	1.45
	0.05

	6.2 - 5.1
	olefinic CH
	below detection limit (≤ 0.01)
	‒

	5.1 - 4.3
	olefinic CH2
	
	‒

	4.3 - 2.4
	α-to-aromatic CH2
	2.71
	3.57
	3.02
	2.42
	2.11
	2.09
	2.63
	2.57
	2.63
	2.92
	2.75
	0.18

	2.4 - 2.0
	α-to-aromatic CH3
	4.35
	9.17
	6.80
	4.13
	2.48
	2.42
	3.05
	2.57
	2.30
	2.31
	2.23
	0.09

	2.0 - 1.0
	paraffinic CH2
	58.50
	51.72
	54.67
	58.00
	60.60
	60.70
	60.38
	61.14
	61.66
	62.08
	62.04
	0.19

	1.0 - 0.0
	paraffinic CH3
	31.63
	30.47
	31.55
	32.77
	32.91
	32.95
	31.67
	31.70
	31.48
	30.68
	31.08
	0.24





Table 3. Integral values for 13C NMR of ASTM Lubricity Fluid A, in mole % 13C. The olefin region from 115.5 ppm to 100 ppm is not listed because peaks in this region were below the detection limit (≤ 0.5 %). The expanded uncertainty (U) in the integral values is reported with a coverage factor (k) of 2.
	
	
	neat
	distillate fractions
	blends
	resid
	

	ν / ppm
	Carbon Type
	1 
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	U

	170.0 - 131.0
	quaternary aromatic C
	4.61
	8.81
	6.71
	3.45
	2.72
	2.78
	3.68
	2.38
	2.20
	1.91
	2.38
	1.13

	131.0 - 115.5
	aromatic CH
	5.03
	9.24
	7.68
	4.13
	3.07
	3.06
	3.79
	2.95
	2.98
	2.67
	3.21
	0.92

	70.0 - 45.0
	paraffinic CH
	3.68
	2.40
	1.91
	3.83
	3.47
	3.35
	3.06
	2.64
	3.59
	3.65
	3.77
	1.15

	45.0 - 32.7
	paraffinic CH 
and CH2
	24.45
	19.51
	22.17
	25.36
	25.27
	25.01
	23.00
	26.09
	26.73
	28.07
	28.86
	1.73

	32.7 - 30.8
	chain γ-CH2, 
β-to-aromatic CH2
	8.48
	8.01
	8.92
	8.86
	8.96
	8.93
	9.17
	9.57
	10.05
	10.04
	10.50
	0.33

	30.8 - 28.5
	chain δ-CH2, 
α-to-aromatic naphthenes, aromatic attached ethyl CH2
	16.11
	12.65
	15.14
	15.80
	17.00
	17.06
	16.65
	19.94
	19.45
	20.80
	21.66
	0.45

	28.5 - 25.0
	cycloparaffin CH2
	9.16
	8.36
	8.84
	9.32
	9.89
	9.96
	10.51
	9.95
	9.86
	9.42
	8.91
	0.45

	25.0 - 21.9
	chain β-CH2, α to ring CH3
	9.73
	9.54
	10.02
	10.32
	10.25
	10.22
	8.00
	10.18
	8.96
	9.74
	9.26
	0.33

	21.9 - 17.6
	α to ring CH3
	9.37
	11.21
	10.26
	9.53
	9.28
	9.34
	11.64
	8.72
	9.17
	7.73
	7.13
	0.63

	17.6 - 14.7
	aromatic-attached ethyl CH3
	1.48
	1.76
	0.78
	1.38
	1.45
	1.47
	1.66
	0.45
	0.45
	0.03
	-0.67
	0.90

	14.7 - 12.3
	chain α -CH3
	6.14
	6.81
	6.52
	6.39
	6.32
	6.35
	5.96
	5.99
	5.42
	5.27
	4.85
	0.78

	12.3 - 0.0
	branched-chain CH3
	1.77
	1.69
	1.07
	1.63
	2.33
	2.46
	2.88
	1.14
	1.14
	0.68
	0.16
	0.97



Table 4. Estimated upper limit of PAH concentration in diesel fuel samples calculated from their polyaromatic CH carbon content and the average molecular weight of paraffinic compounds present in the unresolved complex mixture peak. The polyaromatic CH carbon conent is calculated using 1H and 13C data. The average molecular weight for samples 1-6 are determined directly from the mean (μ) of the normal distribution used to fit the UCM peak in each gas chromatogram; for samples 7-8, weighted averages are calculated instead to account for the standard deviation (σ) and skewness (α) of the distribution.
	
	polyaromatic CH
	μ
	σ
	α
	estimated PAH concentration

	sample
	(mole %)
	(IT)
	(IT)
	
	(mole %)

	1 (neat fuel)
	0.918
	1673
	160
	
	1.55

	2
	1.054
	1485
	195
	
	1.62

	3
	1.116
	1527
	171
	
	1.75

	4
	0.793
	1583
	132
	
	1.26

	5
	0.658
	1627
	112
	
	1.07

	6
	0.650
	1632
	113
	
	1.06

	7
	0.810
	1615
	204
	0.93
	1.37

	8
	0.664
	1609
	215
	1.31
	1.13

	9
	0.721
	1616
	229
	1.98
	1.25

	10
	0.673
	1632
	240
	3.02
	1.18

	11 (residue)
	0.783
	1645
	251
	3.80
	1.40





Table 5. Kinematic viscosity of Lubricity Fluids A and B at 20 °C (KV20) and 60 °C (KV60) and their expanded uncertainties (U) with a coverage factor (k) of 2. Kinematic viscosities for the samples at 40 °C (KV40) are calculated by interpolating the measured values using the Ubbelohde-Walther equation. Values marked with an asterisk exceed the recommended measurement range for the viscometer. KV40 for the residue fraction was not calculated because its KV20 value greatly exceeds the recommended measurement range for the viscometer.
	
	KV20
	U(KV20)
	KV60
	U(KV60)
	KV40
	U(KV40)

	sample
	(mm2/s)
	(mm2/s)
	(mm2/s)
	(mm2/s)
	(mm2/s)
	(mm2/s)

	1 (neat fuel)
	4.64
	0.01
	2.13
	0.01
	3.00
	0.03

	2
	1.93
	0.03
	1.10
	0.03
	1.42
	0.08

	3
	2.53
	0.05
	1.34
	0.01
	1.78
	0.11

	4
	3.37
	0.03
	1.73
	0.01
	2.33
	0.06

	5
	4.65
	0.12
	2.13
	0.01
	3.01
	0.25

	6
	6.18
	0.04
	2.66
	0.02
	3.86
	0.09

	7
	6.57
	0.07
	2.92
	0.07
	4.19
	0.19

	8
	7.73
	0.06
	3.13
	0.03
	4.66
	0.13

	9
	8.94*
	0.02
	3.38
	0.01
	5.18
	0.05

	10
	10.41*
	0.03
	3.74
	0.01
	5.86
	0.06

	11 (residue)
	19.30*
	0.05
	6.09
	0.02
	
	

	B
	4.03
	0.01
	1.97
	0.01
	2.71
	0.02




Table 6. Coefficient of friction (μ) and average wear scar diameter (WSD) measured during HFRR testing of Lubricity Fluids A and B at 60 °C. Expanded uncertainties (U) with a coverage factor (k) of 2 are reported in the table.
	
	μ
	U(μ)
	WSD
	U(WSD)

	sample
	
	
	(μm)
	(μm)

	1 (neat fuel)
	0.215
	0.007
	397.4
	  9.5

	2
	0.219
	0.006
	451.0
	  7.3

	3
	0.209
	0.005
	421.3
	51.8

	4
	0.220
	0.006
	399.3
	19.1

	5
	0.209
	0.004
	407.5
	16.4

	6
	0.207
	0.011
	387.3
	55.5

	7
	0.190
	0.004
	366.0
	18.2

	8
	0.189
	0.001
	365.8
	40.9

	9
	0.183
	0.002
	366.3
	  6.4

	10
	0.176
	0.002
	347.5
	41.8

	11 (residue)
	0.172
	0.004
	351.3
	39.1

	B
	0.304
	0.014
	606.83
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Figure 1. Schematic diagram of simple distillation apparatus.
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Figure 2. Elliptical wear scar on hardened steel ball from a HFRR test of ASTM Lubricity Fluid B. The major (M) and minor (N) axes of the wear are marked in the optical micrograph; the wear scar diameter (WSD) is calculated by taking the average of the two values.


Figure 3. Relative abundance (sum of mass spectrometer signal) of hydrocarbon compounds present in low-sulfur diesel fuel (Lubricity Fluid A, sample 1), its distillate fractions (samples 2-6), residual fraction (sample 11) and blends thereof (samples 7-10), plotted as a function of temperature-programmed retention index. See text for further discussion.
[image: C:\Users\hsiehp\Local Documents\papers\NMR_lubricity\figure2a.png]
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Figure 4. Weighted average temperature-program retention index of unresolved complex mixture peaks measured through gas chromatography as a function of their methylene (CH2) to methyl (CH3) carbon ratios measured through 1H NMR spectroscopy.

[image: ]




Figure 5. Kinematic viscosity of diesel fuel samples plotted as a function of their methylene (CH2) to methyl (CH3) carbon ratios measured through 1H NMR spectroscopy. Viscosities of diesel fuel samples derived from Lubricity Fluid A are plotted as circles at 20 °C (●) and 60 °C (○); Lubricity Fluid B viscosities are plotted as squares at 20 °C (■) and 60 °C (□). The expanded uncertainties of the kinematic viscosities are typically smaller than the plotting symbol used.
[image: ]


Figure 6. Average wear scar diameter from HFRR testing of hydrocarbon fluids without PAH compounds as a function of kinematic viscosity at 40 °C. Linear regression model of the wear scar diameter is plotted as a solid line, while the confidence interval for the model at the 95 % confidence level is plotted as dashed lines. Literature data from Wei et al. (◇),38 Barbour et al. (○),8 Knothe (□),39 are plotted along with the WSD for Lubricity Fluid B measured in this study (●). Expanded combined uncertainties are plotted for literature data when they are available. 
[image: ]


Figure 7. Average wear scar diameters from HFRR testing of Lubricity Fluid A and its derivatives (●), as well as Lubricity Fluid B (○), normalized against the predicted wear scar diameter based on their kinematic viscosities. Error bars show the expanded combined uncertainties at a coverage factor of 2. The dashed line indicates the normalized uncertainty of the wear scar diameter model at the 95 % confidence level.
[image: ]
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