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Abstract

:

Different ionization techniques based on different principles have been applied for the direct mass spectrometric (MS) analysis of crude oils providing composition profiles. Such profiles have been used to infer a number of crude oil properties. We have tested the ability of two major atmospheric pressure ionization techniques, electrospray ionization (ESI(±)) and atmospheric pressure photoionization (APPI(+)), in conjunction with Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS). The ultrahigh resolution and accuracy measurements of FT-ICR MS allow for the correlation of mass spectrometric (MS) data with crude oil American Petroleum Institute (API) gravities, which is a major quality parameter used to guide crude oil refining, and represents a value of the density of a crude oil. The double bond equivalent (DBE) distribution as a function of the classes of constituents, as well as the carbon numbers as measured by the carbon number distributions, were examined to correlate the API gravities of heavy, medium, and light crude oils with molecular FT-ICR MS data. An aromaticity tendency was found to directly correlate the FT-ICR MS data with API gravities, regardless of the ionization technique used. This means that an analysis on the molecular level can explain the differences between a heavy and a light crude oil on the basis of the aromaticity of the compounds in different classes. This tendency of FT-ICR MS with all three techniques, namely, ESI(+), ESI(−), and APPI(+), indicates that the molecular composition of the constituents of crude oils is directly associated with API gravity.
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1. Introduction


Crude oils provide the most important energy source in the world, and consist of a wide assortment of compounds containing mostly hydrocarbons, with and without heteroatoms, such as sulfur, nitrogen, and oxygen, which vary widely in molecular weight (MW), polarity, volatility, specific gravity, and viscosity [1]. Because of this highly complex chemical mixture, a detailed characterization of its constituents is essential in order to understand the underlying chemistry of crude oil refining, and to guide and improve the whole process [2].



The general parameters of crude oil quality are assessed by measuring its basic physical properties, such as boiling-point distribution, American Petroleum Institute (API) gravity, density, and viscosity [1]. API gravity is perhaps the most useful parameter, giving a broad general picture of the quality of the oil, and determining its market price [1].



The measurement of API gravity is considered, however, a preliminary assay, and in order to more comprehensively understand and characterize the many thousands of components that form the complex mixture of crude oils and their derivatives, a number of analytical techniques have been used, such as elemental analysis, gas chromatography/mass spectrometry (GC/MS), gas chromatography-flame ionization detector (GC-FID), comprehensive two-dimensional gas chromatography (GC × GC), infrared spectroscopy (IR), ultraviolet spectroscopy (UV), and thermogravimetry (TG). In particular, GC/MS and GC × GC [3,4] have been extensively used to obtain geochemical information, particularly from the specific biomarkers present in the non-polar fraction of crude oils [5]. However, these techniques are limited to the more volatile, less polar components with a MW < 400 Da [2].



In the last decade, ultrahigh resolution and accuracy mass spectrometry has offered a new tool to characterize crude oils and its derivatives, and its data has been found to directly correlate with the chemical composition of fossil fuels, as well as with their properties and reactivities [2,6]. Fourier transform mass spectrometry (FT-MS), performed either in ion cyclotron resonance (ICR) [7] or orbitrap mass spectrometers [8,9], and even additional non-Fourier transform (FT) techniques, such as high resolution time-of-flight mass spectrometry (TOF-MS) [10], have been used. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has been the most common, as it offers the highest available resolution and accuracy [2]. The FT-MS data for crude oils are translated to molecular formulas, generally represented by CcHhNnOoSs. The most common ionization technique that has been used is electrospray ionization (ESI), both in its negative and positive ion modes, which is particularly suitable for the gentle ionization of the polar (acidic and basic) components. ESI(±) FT-MS has been used in different applications, such as to characterize polar heteroatomic species before and after hydro-treatments [11], naphthenic acids [12], and heavy oil distillation cuts [13]. In addition, it has also been used for the evaluation of the biodegradation level in crude oils [14], and for the measurement of non-polar polyaromatic hydrocarbons and polyaromatic heterocycles in heavy crude oil asphaltenes [15].



But other atmospheric pressure techniques have also been used, and have been found to provide complementary information on the less polar or more volatile constituents, which may escape detection by ESI(±). For instance, atmospheric pressure photoionization (APPI) has been used to evaluate the aromaticity of asphaltenes [16], and atmospheric pressure chemical ionization (APCI) has shown to improve sensitivity [17], whereas both atmospheric pressure laser ionization (APLI) [18,19] and laser desorption ionization (LDI) [20] have been used to better characterize the aromatic hydrocarbons. Sometimes, the FT-ICR MS data obtained from two or more ionization techniques have been combined to give a more comprehensive composition profile. For instance, Cho et al. [21] have obtained an improved detection of highly unsaturated nitrogen compounds using LDI plus the APPI FT-MS data from shale oils. Gaspar et al. [22] have also compared the ability of several techniques (ESI, APCI, APPI, and APLI) to reveal the heteroatomic and non-heteroatomic content, as well as their double bond equivalent (DBE) trends for a heavy crude oil. Double bond equivalents indicate the number of double bonds and ring closing bonds in a molecule, and therefore are a value of hydrogen deficiency.



The FT-MS data obtained with techniques other than ESI(±) have also been found to directly correlate with the important physical and chemical properties of crude oils. For example, Hur et al. [23] found correlations of APPI(+) FT-ICR MS data with the elemental sulfur, nitrogen, nickel, and vanadium contents, as well as with the total acidity number (TAN) and API gravity for 20 crude oils. A correlation between the API gravity and sulfur content of crude oils from different origins, and the APPI(+) FT-ICR MS data, has also been found [24]. But, a comprehensive study correlating industrial bulk properties, like API gravity, with the molecular information obtained by ultrahigh resolution mass spectrometry using multiple ionization methods has not yet been reported.



In this work, the FT-ICR MS data obtained using two complementary atmospheric pressure ionization techniques were processed in terms of class, DBE, and carbon number, so as to try and find the parameters that would directly correlated to the API gravities of three crude oils. The main goal was to evaluate the capability of the FT-ICR MS analysis to understand, on a molecular level, the compounds that are associated with the level of aromaticity of crude oils in terms of different API gravities. ESI(+) was selected, as it should provide a broad profile of the more polar and basic components, such as the N and NO classes. Similarly, ESI(−) was selected in order to focus on the more acidic components, such as the N and O2 classes. Finally, APPI(+) was selected, as it has been shown to provide a quite broad description of the less polar components, particularly the aromatic hydrocarbons compounds. APPI(−) was not tested as it is known to provide a similar composition of polar components to that obtained by ESI(±) [16]. Three well-characterized crude oils with different API gravities, all from the Sergipe-Alagoas basin, were chosen [25,26]. In this case, emphasis was placed on the fact that the three crude oils originated from the same field and had the same geological history, but showed different API gravities. This meant that only three different oils could be compared.




2. Results and Discussion


2.1. Crude Oil Properties and Elemental Analysis


Table 1 lists the major physical and chemical properties, classification, and the elemental analysis ratio for the three crude oil samples studied. The API gravity classified the samples as light (API30), medium (API23), and heavy (API16) crude oils [27]. Note that, as expected [1], density inversely correlates to the API gravities. Table 1 also shows an interesting trend between API gravity and H/C ratios. Lower H/C ratios indicate higher aromaticity levels for crude oils. The same is true for the direct tendency between the N/C ratios and API gravities, whereas no tendency was found for the O/C and S/C ratios.




2.2. ESI(+) FT-ICR MS


Figure 1A illustrates the class distribution as determined from all of the ions with an assigned molecular formula, as detected by ESI(+) FT-ICR MS for the three crude oils (for an overview of the spectrum see Figure S1). From such a plot, it is clear that fairly similar class distributions of the most basic/polar components detected via ESI(+) are observed, regardless of the different API gravities. In this context, a class indicates the number of different heteroatoms within one molecular assignment. If, for example, one nitrogen atom is present in the elemental composition, this compound belongs to the N1-class. The assignments that contain only carbon and hydrogen belong to the HC-class.



This lack of correlation between the class distribution and API gravity has also been observed for the APPI(+) FT-ICR MS data [16,24]. But, when looking at the average DBE (Figure 1B), a direct trend was found using the most abundant N[H]-class, which varies from a DBE of 4 to 28. From the average DBE calculation that was described by Cho et al. [28], we found that the average DBE inversely correlates with the API gravities, and the following tendency was obtained: API16 > API23 > API30. Therefore, since the higher the DBE the higher the aromaticity, lower API gravities also indicate an inverse tendency with an aromaticity tendency order for the three crude oils analyzed. The intention here was to compare three crude oils from the same field with different API gravities. Despite some overall similarities, the differences in the data shown here are obvious, and a direct tendency to the bulk properties can be found.



The data obtained from ultrahigh resolution mass spectrometry can be of a high complexity. There are different ways to compare the depth of information that is hidden in all of the numbers and elemental compositions. Kim et al. demonstrated a nice way of comparing different data sets by introducing the planar limit model [29], which is calculated from the linear regression of the line constructed by taking the points of the highest DBE values for each class. It has been demonstrated that the slope increases and the intercept of such a linear regression defines the planar limit and decreases as a function of higher aromaticity [29]. In Figure 2, the data from the N[H]-class from each of the three crudes are compared and, indeed, the slopes increase and the intercepts decrease in either an inverse or direct trend with the API gravity, respectively. Hence, the aromaticity tendency order revealed from the average DBE is also confirmed by the slope and intercept trends obtained using the planar limit concept.




2.3. ESI(−) FT-ICR MS


Figure 3A illustrates class distribution from the ESI(−) FT-ICR MS data for the three crude oils (for the full spectrum see Figure S2). From such a plot that represents the most acid/polar components, no correlation with the API gravity is observed for the N[H]-class, but an inverse tendency is seen for the abundance of the O2[H]-class, whereas the abundance of the NO[H] and O[H] classes directly correlate with the API gravities.



The O2[H]-class, which represents mostly naphthenic acids, is known to be have the abundance of heavy crude oils [30,31], with consequently lower API gravities, due to high biodegradation [14]. Here, as demonstrated in Figure 3B, the same inverse trend of the API gravity with the average DBE is seen, as has been observed in Figure 1B.



The concept of planar limit was also applied to the ESI(−) FT-ICR MS data, more specifically to the most abundant O2[H]-class. The data from the O2-class, displayed in Figure 4, show that the slope inversely and the intercept directly correlate with API gravity, respectively. From the average DBE and planar limit data, the same tendency to a higher aromaticity in the order of API16 > API23 > API30 was found, as obtained from the ESI(+) and ESI(−) data.




2.4. APPI(+) FT-ICR MS


The APPI(+) favors non-polar compounds such as cycloalkane, hydrocarbon, and aromatic species with free electron pairs [16], and produces either protonated molecules [M + H]+ or radical molecular ions M+, or both [19]. APPI is often used with a dopant, which facilitates the ionization process and usually forms protonated molecules. Here, toluene and acetone have shown good results for different types of analytes [32].



For APPI(+) (full spectrum shown in Figure S3), as for ESI(+), no direct tendency with class distribution is noted (Figure 5A), which is in accordance with reports from Hur et al. [23], who were also unable to find a correlation between the class distribution and API gravities from the APPI(+) FT-ICR MS data. However, from the average DBE, the same inverse trend with the API gravity was found for the most abundant HC-class (Figure 5B).



Again, the planar limit concept was applied to the APPI(+) data (Figure 6), and both the slope and the intercept were found to either inversely or directly correlate with the API gravity, respectively, as was found from the ESI(+) and ESI(−) data. Here, the same tendency to higher aromaticity in the order of API16 > API23 > API30 was found, which means that the aromaticity level increases with a lower API gravity.




2.5. Combining ESI(±) and APPI(+)


To show how comprehensively and complementarily the ESI(±) and APPI(+) FT-ICR MS data capture the actual composition of the samples, we constructed Venn diagrams, as illustrated in Figure 7, for the heavy crude oil sample (API16). The number within each circle represents the amount of molecular formulas assigned for each technique, whereas the number within the overlap regions represents the amount of molecular formulas that have been co-assigned. Note that the majority of ion formulas (83%—6887 molecular formulas) were assigned individually and just a small fraction (17%—1451 molecular formulas) were co-assigned. This is in accordance with previous results [22]. Even though the co-assigned formulas were found using different ionization methods, this does not mean that the same compound was ionized. It is not possible to differentiate the different isomeric compounds by MS alone, and it has been shown that different ionization methods ionize different isomers [33]. APPI(+) also greatly surpassed both ESI(+) and ESI(−) in terms of comprehensiveness. This plot shows that the combination of ESI(±) plus APPI(+) provides a fairly broad coverage of the more polar (from medium to high) composition of crude oils, and should therefore provide the best means to look for correlations of chemical composition with physical chemical properties, such as the one we investigated herein.



A direct comparison of the different classes measured with the different ionization methods ESI(±) and APPI(+) is shown in Figure 8. Figure 8A shows that ESI(+) displays by far the best sensitivity for the N[H]-class, as well as the broadest DBE distribution. For the NO-class, however, as Figure 8B shows, the best abundances have been obtained by ESI(−), whereas the broadest DBE distribution is provided by ESI(+). For the O[H] (or O) class, ESI(−) is found to offer the highest abundances in the low DBE range, but the broadest DBE distribution associated with high abundances is provided by the APPI(+) data (Figure 8C). For the HC (or HC[H]) class, which represents the less polar aromatic hydrocarbons, APPI(+) far surpasses the others (Figure 8D), as is expected from its gas phase ionization mechanism [34]. In this section, we conclude the best ionization technique is attributed to the higher abundances or broadest DBE distribution for the N, N[H], NO, NO[H], O, O[H], HC, and HC [H] classes from the API16 analysis.





3. Materials and Methods


3.1. Chemicals and Samples


The three crude oil samples collected from the Sergipe-Alagoas basin were provided by Petrobras (Petróleo Brasileiro S/A, Brazil). Toluene (Merck S.A, Germany,) and methanol (J.T. Baker) were used as solvents with an HPLC quality and analytical grade (>99%), and were used without further purification. The crude oil analysis was performed by dissolving 1 mg of the samples in toluene in order to obtain a stock solution of 1 mg·mL−1, then the stock solution was diluted in methanol, obtaining a final solution of 0.3 mg·mL−1 in toluene:methanol (1:1 v/v). For ESI(+), formic acid was added to facilitate protonation of the basic compounds, hence to favor [M + H]+ ions. For ESI(−), methanolic ammonium hydroxide was added so as to facilitate the deprotonation of the more acidic components, in order to favor [M − H]− ions. For APPI(+), no additives were added, as the solvent toluene can act as a dopant for dopant assisted APPI.




3.2. Elemental Analysis


The analysis of the C, H, N, and S contents of the whole crude oil samples were performed using a Vario Elementar CHN-Analyzer (Elementar Analysensysteme GmbH, Hanau, Germany), and the O content was calculated using the difference.




3.3. FT-ICR MS Analysis


FT-ICR MS was performed using a 7 T linear trap quadrupole (LTQ) FT-ICR mass spectrometer (Thermo Fisher, Bremen, Germany) equipped with an ESI source operating in either the positive or negative ion modes, or an APPI(+) source. For ESI(±) FT-ICR MS, the following conditions were used: capillary voltage of +4.0 or −3.5 kV, tube lens +100 or −140 V, capillary temperature 275 °C and capillary voltage +35 or −40 V. Nitrogen was used as a nebulization gas with a sheath gas flow of 4 (arbitrary units), auxiliary gas flow and sweep gas flow of 1 (arbitrary unit) for both. The sample solutions were directly infused at a flow rate of 5 μL·min−1. For APPI(+) FT-ICR MS, the following conditions were used: a vaporizer temperature of 350 °C, capillary temperature of 275 °C, tube lens of +75 V, and a Krypton photoionization lamp. Nitrogen was used as a nebulization gas with a sheath gas flow in a range of 5–20 (arbitrary units), and an auxiliary gas flow and sweep gas flow of 5 (arbitrary unit). The flow rate of 10 μL·min−1 was used for the direct infusion of the sample solutions. The data were acquired using a 3 s transient, resulting in a mass resolving power of m/∆m50% = 400,000 at m/z 400, and 100 scans were averaged in each run. The data acquisitions were performed in the range of m/z 150–1400. The FT-ICR MS data were collected using the LTQ FT Ultra 2.2 (Thermo Fisher, Bremen, Germany) software.




3.4. Data Analysis


The unprocessed FT-ICR MS data obtained were processed and analyzed by Xcalibur 2.2 software (Thermo Fischer Scientific, Bremen, Germany), as described previously [15]. From the MS data, the peak lists were imported and converted to molecular formulas using Composer V1.5.0 software (Sierra Analytics, Modesto, CA, USA). To process and assign formulas in the MS data, the following parameters were applied: 0 ≤ H ≤ 1000, 0 ≤ C ≤ 200, 0 ≤ N ≤ 3, 0 ≤ O ≤ 3, 0 ≤ S ≤ 3, and 0 ≤ DBE ≤ 40, with a maximum mass error of 1 ppm, where the protonated, deprotonated molecules, or radical species were distinguished and assigned separately. Then, the list of molecular formulas processed was generated and transferred into Excel software (Microsoft Office Professional Plus 2010, Microsoft Excel 2010) using a lab-written tool, for further data evaluation.





4. Conclusions


We have performed a detailed characterization of crude oils with different API gravities on a molecular level from FT-ICR MS data, using different ionization techniques. Different data interpretations such as the average DBE from the DBE distribution plots, and the concept of planar limit from the DBE versus carbon count plots, demonstrated the existence of a trend between the molecular composition and API gravity. The molecular composition was obtained based on the most acidic (ESI(−)) and basic (ESI(+)) polar constituents of crude oils, as well as the less polar components, namely the aromatic hydrocarbons (APPI(+)), which shows the broadest composition of the crudes using FT-ICR MS analysis. An aromaticity tendency order was established in the following order, that is, API16 > API23 > API30, showing that the heavy crude oil presents a higher aromaticity level when compared with the medium and light crude oils, and that this trend can be properly revealed by applying direct FT-ICR MS analysis and a comprehensive set of ionization techniques. These results show that it is possible to correlate molecular information from mass spectrometric data sets with bulk parameters from a crude oil, such as the API gravity. Although the data obtained from ultrahigh resolution MS studies are extremely complex, they allow for a detailed characterization of such complex mixtures.
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