Deeper investigation of oxygen-containing compounds in oleaginous feedstock (animal fat) by preparative column chromatography and comprehensive two-dimensional gas chromatography coupled with high-resolution time-of-flight mass spectrometry
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Abstract
    	The production of renewable fuels as biodiesel and bio-jet fuel is usually originated by the transformation and processing of oleaginous feedstocks, mainly composed of triacylglycerols. Currently, a significant part of the triacylglycerol production relies on grassy oil crops or other woody oil plants, representing more than 120 million metric tons every year. Considering that the worldwide triacylglycerol demand is expected to rise in the future, alternative routes are necessary to ensure a sustainable biodiesel industry and limit diesel price volatility. In this context, the use of animal fats could be an interesting alternative for biodiesel production as the pro- duction of animal byproducts represents nearly 17 million tons per year in the European Union only (2020). Animal fats, however, contain large amounts of no-esterified fatty acids and other oxygen compounds, reducing the yield of 
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biodiesel. Therefore, a specific pretreatment is needed before the trans-esterification process. The setup of such appropriate pretreatments requires detailed upstream characterization of the minor components present in the feedstock. For this purpose, the minor component profile of animal fat was investigated by comprehensive two-dimensional gas chromatography coupled with high-resolution time-of-flight mass spectrometry. This was preceded by an innovative sample fractionation and focalization of these minor components by a preparative liquid chromatographic column method. The overall method permitted to extract different levels of information from the two-dimensional chromatograms, leading to a tentative identification of more than 150 compounds, mainly oxygenated, belonging to different chemical classes.

Introduction

	The replacement of selected petrochemical products by biomass feedstocks in energy production is provoking interest to limit the de- pendency on fossil-based energy sources in the medium/long term. Indeed, the continuing global energy demand due to the increase of the world population makes biomass feedstock one of the most promising resources to meet more sustainable and greener energy challenges [1,2]. The International Energy Agency reported that bioenergy must increase up to 25% until 2025 and continue to grow, and is estimated to reach 30% of the world’s road transport fuel mix by 2050 [3]. Biodiesel pro- duction normally takes place from the transformation and processing of oleaginous feedstock (triacylglycerols) into fatty acid alkyl esters (FAAEs) (in particular methyl esters, MEs). The lipid sources are mainly composed of crude and used vegetable oils and non-edible oils but recently, animal waste fats have been also introduced as biomass feed- stock in US and European countries.
Compared to vegetable oils, the use of animal fats is considered a promising alternative because of the low raw material cost and the higher stability to oxidation due to the lower amount of polyunsaturated fatty acids. However, animal fats are characterized by higher viscosities, they are solid at room temperature and have poor vaporization characteristics due to their higher content of saturated fatty acids [4]. Before the trans-esterification process during biodiesel production, a pretreatment is often necessary due to the high amount of no-esterified fatty acids (NEFA) and other corrosive species that can reduce the biodiesel yield [5]. Animal fats, as well as vegetable oils, besides triacylglycerols contain a wide range of minor components, which can affect the technical properties of the raw fat feedstock. For example, higher acid content can cause severe corrosion in the fuel supply system of engines, impacting the catalytic transesterification process, while the possible condensation of aldehydes and ketones could lead to the formation of gums [6,7]. An exhaustive upstream characterization of the minor components (representing about 1–5% of the entire fat composition) present in the oleaginous feedstock is fundamental for performing the most appropriate pretreatment. In particular, the characterization of the oxygen containing compounds plays a crucial role since they can compromise the final quality of biofuels due to their corrosion and poison activity to the catalytic processes during the transformation of the biomass into biofuel [7–9]. For this purpose, two-dimensional (2D) comprehensive gas chromatography (GC × GC) was applied in the investigation of oxygen-containing compounds in the animal fat feed- stock. The separation power enhancement and increased sensitivity compared to the mono-dimensional GC, together with the structured chemical patterns of compounds over the chromatographic 2D plane, make GC × GC one of the most powerful chromatographic techniques today available [10,11]. Moreover, the hyphenation of GC × GC with mass spectrometry (MS) can significantly increase the level of exploitable information [12,13].
The characterization of minor components (mainly sterols fraction) in lipid matrices by GC × GC-MS has been performed by few groups [14]. Mondello and coworkers studied the unsaponifiable fraction of different lipid samples (milk [15], human plasma [16], and vegetable oils [17,18]) after a traditional saponification step, while Xu and co- workers focused on the determination of free steroidal compounds in vegetable oils after the isolation of the fraction of interest by solid-phase extraction (SPE) [19]. As far as we know, only three reports extended the classes of minor compounds (FAAEs, waxes, tocopherols, alcohols, and sterols) analyzed in a single GC × GC-MS run by performing column chromatography to isolate the fraction without any saponification [20–22].
In this contribution, GC × GC was applied in combination with high-resolution time-of-flight (HRTOF)MS to investigate the minor components present in an animal (pig) fat feedstock sample. The lipid sample was subjected to a derivatization step to silanize active hydrogens in polar groups [23], followed by a column chromatography pre-separation to isolate the fraction of interest from triacylglycerols (TAGs), which represent over 95% of the sample [24]. Four levels of identification, namely 2D-GC plot localization, linear retention indices (LRI), MS%, and mass accuracy (MA), led to the determination of more than 150 minor components, mainly composed by oxygen-containing compounds, in animal fat feedstock belonging to 8 different main chemical classes (acids, alcohols, aldehydes, ethers, esters, monoglycerols, tocopherols, and sterols)
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[bookmark: 2.1_Chemicals]CHEMICALS AND SAMPLES

	Pig fat was provided by Total Energies company (Lyon, France). The procedure to extract the pig fat has been not provided by Total Energies due to the secrecy of their activities. n-Hexane, diethyl ether, and pyridine of Pestanal grade were purchased from Sigma-Aldrich (St Louis, MO). Alkanes mixture (from n-C6 to n-C32) and N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) with 1% of trimethylchlorosilane (TMCS) and α-cholestanol (Cho, ⩾95%) were purchased from Merch (Bellefonte, PA, USA).

[bookmark: 2.2_Samples_and_sample_preparation]SAMPLES AND SAMPLES PREPARATION 

[bookmark: 2.2.1_Samples]FATTY ACID METHYL ESTERS PREPARATION

	Fatty acid methyl esters (FAMEs) were obtained according to a previously applied procedure in other lipid-based samples [25–28]. Briefly, FAMEs fraction from pig fat was obtained as follows: 10 mg of pig fat were transferred in a Pyrex tube adding 0.5 mL of hex (n-hexane) and 0.5 mL of a mixture composed of hex, methanol (MeOH), and BF3 (20/55/25 v/v/v). The solution was heated at 70 ◦C for 1.5 h. After cooling, 0.5 mL of NaCl saturated solution in distilled water and 0.2 Ml of anhydrous sodium sulfate were added to the mixture. After 5 min, 8 mL of hex was added, agitating the mixture for about 1 min. The supernatant was transferred and dried under a gentle nitrogen flow to approximately 1 mL, then transferred to a 2.0 mL vial (Supelco, Milan, Italy) and stored at 4 ◦C before analysis.
[bookmark: 2.2.2_Deep_eutectic_solvent_preparation]COLUMN CHROMATOGRAPHY FRACTIONATION

	Sample preparation was carried out using a combination of two different methods, according to the International Olive Council (IOC) method for FAAEs and wax esters determination (International Olive Council, 2012 [24]). Briefly, 100 mg of sample were treated adding 150μL of BSTFA +1% TMCS and 150 μL pyridine; it was left to react for 30 min at room temperature [23], before performing a silica column purification [24]. Briefly, silica gel (60–200μm mesh, Supelco) was placed in a muffle oven for at least 4 h at 500 ◦C. After cooling, 2% water was added and the silica was stirred for at least 1 h and then left to equilibrate for 12 h. The deactivated silica (3 g) was used to pack a glass column. The prepared column was washed with 10 mL of n-hexane and the derivatized oil sample (in 1 mL of hex) was loaded. The n-alkanes naturally present were first eluted with 12 mL of n-hexane, then the fraction of interest (containing FAAEs, free alcohols and sterols as TMS derivatives, and esterified sterols) was eluted with 45 mL of an n-hexane/diethyl ether (99:1, v:v) mixture. In general, the exact volume of elution used in this purification step has to be adjusted and/or verified for each different batch of silica and solvents used. Fig. 1 shows a schematic procedure of the sample preparation methodology applied in this work.

GC x GC-LRTOFMS ANIMAL FAT FAMEs ANALYSIS

	A Pegasus 4D (LECO Corp., St. Joseph, MI, U.S.A.) GC × GC-TOFMS instrument with electron impact ionization (EI) interface operating at 70 eV, equipped with flow modulator and conventional (non-polar × polar) column set, composed by a non-polar Rxi-5MS (30 m × 0.25 mm i. d. × 0.25 μm df, Restek Corp.) in the first dimension (1D) and a mid- polar Rxi-17Sil MS (1.4 m × 0.1 mm i.d. × 0.1 μm df, Restek Corp.) in the second dimension (2D), was used for the FAMEs analysis of animal fat. The modulation period (MP) was set at 3 s. Data processing of GC × GC-EI-TOFMS was performed on ChromaTOF ver. 4.72 (LECO Corp.). Putative identification was based on the combination of the MS simi- larity with the NIST17 library (800/1000) with the confirmation using experimental linear retention index (LRI) within a ±20.

GC x GC-HRTOFMS PIG FAT MINOR COMPONENTS ANALYSIS

	The GC × GC analyses of anima fat minor components were con- ducted on a GC (7890B, Agilent Technologies, Wilmington, DE, U.S.A.) equipped with a Zoex II thermal modulator (Zoex Corp., Houston, U.S. A.). A TOFMS with EI interface at 70 eV (JMS-T200GC “AccuTOF GCx- plus”, JEOL Ltd., Tokyo, Japan) was coupled to GC × GC. The GC × GC column set consisted of a conventional (non-polar × polar) configura- tion. 1D column was a non-polar Rxi-5MS (30 m × 0.1 mm i.d. × 0.1 μm df, Restek Corp.), while 2D column was a mid-polar Rxi-17Sil MS (1.3 m × 0.25 mm i.d. × 0.25 μm df, Restek Corp.). The modulation period was 6 s. The GC × GC data were processed using GC Image ver. 2.5 (Zoex Corp., Houston, U.S.A.). Putative identification was based on the com- bination of the MS similarity with the NIST17 library (800/1000) with the confirmation using experimental linear retention index (LRI) within a ±20.
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Fig. 1. Schematic workflow of the minor components (MCs) fractionation of oleaginous animal feedstock after trimethylsilyl (TMS) derivatization. Briefly, triacylglycerols (TAGs) are retained into the chromatographic column after the n-alkanes (n-Alk) and MCs fraction elution by using the n-hexane (n-hex) and a mix of n-hex/ethyl ether (99:1 v/v) as mobile phases, respectively. MCs fraction is then dried and injected into the 2D-GC-MS system.

Results and discussion

[bookmark: 3.1_Optimization_of_extraction_procedure]GC x GC ANALYSIS 

	A non-polar × medium-polar column set of high thermal stability was chosen considering the high boiling points of many constituents of animal fat. The criteria for the tentative identification by GC × GC- TOFMS based on (i) mass spectral EI database matching at 70 eV (≥800/ 1000. Online MS database and spectrum interpretation when MS% < 800/1000); ii) LRI window in the ±20 rang, based on the 1D LRI in- formation reported in the NIST database; iii) accurate mass deconvoluted spectra (±3 ppm); (iv) chemical class 2D plane locations as support. Except for the identification of few compounds (n=2) where only the MS ≥ 800/1000 criterium was considered, the identification of the other componds were carried out considering at least the combination of two out of four criteria. For calculation of The LRIs, an n-alkanes solution (C7–C33) was employed.


FATTY ACIDS PROFILE

	After injecting the FAME solution obtained after the derivatization of pig fat, 38 different FAMEs were tentatively identified. Table S1 reports the FAME identification according to their carbon atom number and the number of double bonds (CN:DBNs), the retention times in both dimensions, LRI, library match and abundance. FAMEs with the same CN: DBN can have very similar fragmentation under EI-MS. Indeed, EI interface cannot distinguish the double bond position of mono- and di- unsaturated FAMEs due to the continued migration of the double bond on the FAMEs backbone during EI ionization [29–31] Only FAMEs with 3 not-conjugated double bonds (e.g. linolenic acid, C18:3n3) EI can generate diagnostic fragments to distinguish the double bond(s) posi- tion, but this phenomenon is more emphasized using lower EI energies (e.g. 20 eV) rather than the standard 70 eV [32,33].
The LRI cutoff value was fixed at ± 20. Among the 38 FAMEs putative identified, the most intense belong at the C18 and C16 families, in particular, Me.16:0 > Me⋅C18:1n9 > Me⋅C18:0. Table S1 reports the FAMEs composition of the total lipid fraction of oleaginous animal feedstock, while Fig. S1 reports the GC × GC-TOFMS chromatogram.

ALKANES FRACTIONS

	Although the characterization of the fraction containing n-alkanes was not part of the aim of this work, the fraction was investigate to control the performance of the column separation. Thus the fraction was injected in GC × GC-HRTOFMS, showing no presence of other analytes of interest rather than alkanes (Fig. S2). No further investigations were done on this fraction.

GC x GC FINGERPRINT OF MINOR COMPONENTS

	They main advantage of the sample preparation procedure proposed is that minimize the sample treatment, limiting to the derivatization of the active hydrogen to convert the different species into GC amenable compounds. Therefore, it allows to obtain a better fingerprinting of the minor components present in the sample. NEFAs were identified as TMS derivatives, together with homologous series of free alcohol TMS derivatives. FA alkyl esters (AEs) were also present, in particular the methyl-, ethyl-, propyl-/isopropyl-, and butyl-/isobutyl-esters of the most abundant FAs, namely oleic (C18:1n9), palmitic (C16:0), and stearic (C18:0). A kind of short-chain waxes, composed of medium/short fatty acid and short fatty alcohols, were also detected, as well as sterols, alcohols, aldehydes, and ketones. The chromatographic trend of the main classes of the oxygen compounds present in the animal fat feedstock sample is shown in the 2D-GC chromatogram of Fig. 2.
Regarding each detected compound class, it can be affirmed as follows: 
· Alcohols (n=27): mainly present as linear saturated aliphatic com- pounds TMS derivatives in the range from C8 (1-octanol)- to C28 (1-octacosanol), with only 9-octadecen-1-ol, (Z)-, (C18:1) as mono- unsaturated one. Phytol (3,7,11,15-tetramethyl-2-hexadecen-1-ol), a derivative of chlorophyll, was also present below the linear alcohols in the 2D-GC plot. TMS derivative of mono-aromatic alcohols (phenylethyl alcohol, thymol, m-cresol), together with a no derivatized one (butylated hydroxytoluene), were also detected.
·  Poly-alcohols: poly-alcohols-(n)TMS derivative are located just above the line of the siloxane in the 2D-plot (at the bottom of Fig. 2). Thirteen out of 21 detected were successfully identified in a CN range of C3–C6 and hydroxyl number range of (-OH)2 to (-OH)6.
· Monoacyl/alkyl-glycerols (MAGs) (n=9): composed by the most abundant FAs (reported in Table S1) bonded with the glycerol backbone, present as 2TMS derivatives (MAG-C18:1n9; 1, MAG-C16:0, MAG-C18:0, and MAG C14:0). A C14:0 and a C18:0 monoalkylglycerols were also detected as 2TMS derivatives ((1-O-tetradecylglycerol 2,3- ditrimethylsylil ether and 1-O-octadecylglycerol 2,3-ditrimethylsylil ether, respectively (the last one known also as batyl alcohol, 2TMS derivative)).
· Aldehydes (n=24): three kinds of aliphatic aldehydes were found, i.e. linear, iso- and mono-unsaturated. The linear ones are present in the C6–C18 range, while the iso- and the mono-unsaturated ones were found the C14–C18 and C10–C18 range, respectively. Linear aldehydes are eluted in the same 2D-plot area of the TMS-alcohols, but well separated from them. Iso- and mono-unsaturated aldehydes are eluted below and above the linear ones, respectively, according to their CNs.
· Ketones (n=9): most of them were present as 2-alkyl ketones (C6–C18), with only one branched (2-pentadecanone, 6,10,14-tri- methyl-). A diketone (2,5-cyclohexadiene-1,4-dione, 2,6-bis(1,1- dimethylethyl)-) and a hydroxy-ketone (2,6-di-tert-butyl-4-hy- droxy-4-methylcyclohexa-2,5-dien-1-one) were also identified.
-	Esters (n=28): FAAEs were the most abundant, mainly composed by a combination of methyl-, ethyl-, propyl-/isopropyl-, butyl-/iso- butyl- and octyl-/isooctyl-groups with the most abundant FAs pre- sent in the sample, namely oleic (C18:1n9), palmitic (C16:0), stearic (C18:0), and myristic (C14:0). Among FAAEs, very short FAs (C8–C10) were esterified with ethyl group, with FA-C8:0 esterified also with a dodecyl group (octanoic acid, dodecyl ester). FAAEs are mainly spread in the central part of the 2D-GC plot. A very short FA was also found esterified with hydroxytoluene (butylated hydroxytoluene, C15H24O)
· Di-esters: four out of 27 esters identified were di-esters of dicarboxylic acids. Two aromatics (dibutyl phthalate and bis(2- ethylhexyl) phthalate), and two aliphatic (glutaric acid, butyl isobutyl ester, and 2,2,4-trimethyl-1,3-pentanediol diisobuty- rate). 2,2,4-trimethyl-1,3-pentanediol diisobutyrate (TXIB) is used as an intermediate in the manufacture of plasticizers, surfactants, pesticides, and resins and widely applied in food pack- aging. We cannot exclude that these di-esters compounds may be contaminants derived from the container of the sample or from other sources.
· NEFA (n=21): The FA belonging to this class reflected the total FAMEs profile previously investigated. Indeed, NEFA TMS derivatives have almost the same FAMEs range in term of CNs (C6–C18 vs C6–C22). The lack of very-long-chain FA-TMS (C20–C22) is probably due to their very-low concentrations (below the limit of detection).
· Tocopherols (n=2): the “gamma” and “alpha” types were identified according to both the LRI and the MS data (MS% > 800/1000).
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Fig. 2. GC × GC-HR-EI-TOFMS chromatogram and main chemical classes identification of minor components fraction of oleaginous animal pig feedstock. Lines represent the chromatographic 2D behavior of the main chemical classes.

· Sterols (n=18): among all chemical classes, sterol was the class of compounds that benefit more from the higher identification capability of HRMS. Indeed, an acceptable MS database match (≥800/ 1000) was found only for few compounds, while an accurate-mass deconvoluted spectrum was common for almost all the sterols detected. This class of compounds was composed of free sterols TMS derivatives, sterol esterified with very short fatty acids (the elution of sterols esters with medium/long fatty acids is out of the range of the proposed GC × GC methodology), and oxidated sterols. Cholesterol, as TMS derivative, was the most abundant constituent of the entire fraction. Several cholesterol isomers (C27H46O-TMS) were also detected (cholest-5-en-3-ol, (3α) and cholest-9(14)-en-3-ol, (3β,5α)). Desmosterol (immediate precursor of cholesterol in the Bloch pathway of cholesterol biosynthesis), campesterol (plant sterol), and fucosterol (sterol normally present in algae) were also identified. The most retained sterol identified was lup-20(29)-ene-3beta,28-diol, a pentacyclic triterpenoid with pharmacological activity. Eluting at a high-temperature ramp, this class of compounds is located on the top right of the 2D-GC plot, from 115 to 135 min in 1D column separation with an evident wrap-around of some sterols. (i.g. cholest-4-en-3-one and cholesta-4,6-dien-3-one).
A complete list of each compound tentatively identified in the animal fat feedstock is reported in Table S2.

Limitation and future perspectives

	Although column chromatography represents one of the most conventional methods to fractionate biomass-based samples, the consumption of a large amount of solvent together with its low throughput limit its use. Future researches will be devoted to transfer the column chromatography methodology into automated high/ultra-performance LC systems, coupled in off-line and possibly in on-line mode with GC- MS systems.
From a chromatographic point of view, the use of a short column in 1D together with a 2D oven offset (+25/30 ◦C) can facilitate the elution of high boiling compounds in a reasonable time (about 60 min rather than 150 min) [20,21].
The use of EI-HRMS at 70 eV (together with the 2D-GC location) allowed the identification of several sterol compounds, but it fails in the determination of compounds where the molecular ion (or related molecular ions) were not expressed due to the extensive fragmentation. In future studies, the application of photoionization (PI) interface (a soft ionization technique) in a GC × GC-PI-HRTOFMS system will be combined with the EI-HR-MS information to determine both the molecular ion and possible diagnostic fragments [34,35]).
Moreover, using a double detection system FID/MS after the GC × GC separation, the proposed methodology could be effective not only for qualitative but also for obtaining quantitative information [13].

Conclusion

	The off-line column chromatography-GC × GC-HRTOFMS method herein proposed can be considered as a very powerful analytical tool for the profound analysis of oxygen-containing compounds in oleaginous biomasses, with the intent to open a new analytical door in the field.
One of the main advantage of such a sample preparation method is that it is possible to characterize fatty acids in their original form. In fact, coupling the characterization performed using a preliminary column chromatography fractionation with the overall fatty acid profile (transesterification reported in section 3.1.1), it could be possible to know the amount and identity of the fatty acids present as alkylesters other than triglycerols (e.g., MAG, methyl-FA, ethyl-FA, etc.) and as free fatty acids.
The characteristic 2D plots obtained applying a derivatization step before the GC × GC-HRTOFMS analysis provided a sort of chemical fingerprint composed of different chemical classes from which different levels of information can be extrapolated. Due to the GC × GC- HRTOFMS methodology, more than 150 oxygen compounds, belonging to 8 main chemical classes (in alphabetic order: acids, alcohols, aldehydes, esters, ketones, monoglycerides, tocopherols, and sterols) were identified, combining up to 4 different levels of identification, namely MS library match ≥800/1000 (online MS database and spectrum interpretation when MS% < 800/1000), LRI (±20), mass accuracy (±3ppm), 2D-GC location. The proposed analytical methodology (with slight modification according to the needs) can be easily applied for the investigation of oxygen-containing compounds (or minor components in general) in oleaginous biomass samples from different origins (crude vegetable oils, refined vegetable oils, not edible oils, etc.). Moreover, considering the lipid species have different roles and implications in living and non-living organisms, it is the opinion of the authors that this analytical approach can be successfully applied in different scientific fields (e.g. food chemistry, clinical chemistry, pharmaceutical).
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