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Abstract
[bookmark: _Hlk161952250][bookmark: _Hlk161952149][bookmark: _Hlk161952283]Background: Mineral oil aromatic hydrocarbon (MOAH) analysis is a major analytical challenge. Its quantification is associated with a high uncertainty linked to data interpretation derived from insufficiently efficient sample preparation. Recently, an updated ISO method for the analysis of mineral oil in fats and oils and a standard operating procedure for infant formula analysis have been published, reporting significantly different (up to 1.25) distribution of the internal standards used for quantification (i.e., tri-tert-butyl benzene (TBB) and 2-methyl naphthalene (2MN)) due to the saponification step necessary to reach the desired sensitivity. 
Results: In this work, a microwave-assisted saponification and extraction method was optimized for MOAH analysis to solve the problem related to the MOAH internal standards partition. The paper examines the impact of the solvent mixture used, the concentration of KOH on the partition of TBB and 2MN, and the effect of the matrix and the washing step to extract the unsaponifiable fraction containing the mineral oils. 
Significance: The optimized procedure achieved a TBB/2MN ratio in the 1.05±0.01 tested in five different fats and oils, namely, sunflower, rapeseed, coconut, palm, and extra virgin olive oils. The method can significantly contribute to reducing the uncertainty of the MOAH quantification.
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1. INTRODUCTION
Mineral oil hydrocarbons (MOH) are complex mixtures of petrogenic-origin contaminants that have gained attention since 2008/2009 [1,2], although known since the 90s [3]. MOH consists of two main classes, namely the MO saturated hydrocarbons (MOSH) and the MO aromatic hydrocarbons (MOAH). MOSH and MOAH present different toxicological impacts and analytical challenges [4]. For this reason, in 2009, Biederman and Grob developed a robust hyphenated liquid-gas chromatography-flame ionization detection (LC-GC-FID) method to separate MOSH from MOAH (and both from the coextracted compounds) and quantify them separately [5]. This method has been updated until its implementation as the reference method in routine analysis [6,7]. This method uses a series of internal standards (ISs) to control the different steps of the analytical workflow and for the final quantification of the MOSH and the MOAH, based on their presence and relative ratio. The mixture of internal standards includes cholestane (Cho), cyclohexyl-cyclohexane (Cycy), C11, C13, tri-tert butyl benzene (TBB), pentylbenzene (5B), 1- and 2-methyl naphthalenes (MNs), and Perylene (Per). Cho was used as a marker of the end of the elution of the MOSH fraction from the LC column, but it was later shown that Cycy is a better marker for this purpose [6,8]. TBB and Per bracket the LC elution band of the MOAH, with TBB marking the beginning of the MOAH elution. Di(2‐ethylhexyl) benzene (DEHB) was proposed as a better marker, but its elution in a crowded area of the GC chromatogram has prevented its routine use.. The alkane C11 and 5B are used as watchdogs for volatile losses (particularly during the online transfer between the LC and the GC and evaporation steps) of MOSH and MOAH, respectively. Finally, Cycy and C13 for the MOSH and, 1- and 2- MN are used for verification and quantification purposes. The control is based on the specific ratio between them that has to be respected in each sample. 
The use of the FID, a nonspecific and not highly sensitive detector, requires that only highly purified fractions reach the detector for reliable quantification; additionally, enrichment steps are often needed to achieve the required sensitivity. Therefore, extensive sample preparation steps are often applied before the LC-GC-FID analysis to enrich the extract (e.g., saponification) and remove interferent compounds (e.g., epoxidation or purification on aluminum oxide). [9–12]Despite the very wise design of the method, which uses several ISs to control the different steps of the analytical workflow and to quantify the MOSH and the MOAH, the uncertainty of the results remains, indeed, rather high. The main source of variability is due to data interpretation and integration, which has been estimated to account for more than 20 % of the total variability [9–12]. Several tools have been developed and made available to support analysts, among which the use of GC×GC, which is gaining attention to support the interpretation and facilitate the integration [13–15] and a guidance to support chromatogram interpretation (at least on infant formula) was published by the Joint Research Center (JRC)[16]. However, interpretation and integration variability are tightly linked to the significant variability associated with the sample preparation step (i.e., extraction/enrichment and purification – typically epoxidation for MOAH). In 2019, and updated in 2023, the JRC published a Guidance on sampling, analysis, and data reporting aiming for harmonization [8,17]. A decision tree was reported in the attempt of harmonizing the analytical workflow and support analysts in deciding whether to apply or not the enrichment or purification step. Nevertheless, it appeared evident that this was not enough, as high variability among laboratories was still present, as shown in some interlaboratory trials organized by the JRC for infant formula and edible oils reporting even up to 60% of intermediate precision [18,19], and that standardization of the analytical method was necessary. A very limited number of official methods are indeed available. The UNI-EN 17517 for MOSH and MOAH in animal feeding stuff was approved in 2022. In 2017, the first official method (i.e., EN 16995:2017 for the determination of MOSH and MOAH in oils and vegetable fats [17]) was released. This was recently updated to lower the quantification limit (LOQ) from 10 mg/kg to 3 mg/kg for the MOSH fraction and 2 mg/kg for the MOAH [20]. The JRC also validated a standard operating procedure (SOP) for the determination of MOAH content in infant formula (IF) products [21,22]. In these methods, to reach the sensitivity required, an enrichment step is mandatory, and the most efficient procedure involves the use of saponification to simultaneously extract the MOSH and MOAH and remove the triglycerides that represent the limiting factor in increasing the sensitivity. In fact, the presence of triglycerides limits the amount of samples that can be injected in the LC-GC-FID system to 20 mg of fat. The removal of triglycerides before injection allows for an increase of up to 5-times in the sample that can be injected, thus reducing the LOQ proportionally [23]. Although highly necessary, the saponification step has been shown to contribute additional variability related to an uneven distribution of the MOAH internal standards (namely TBB and MNs, which should have a ratio of 1.0) in the different solvent phases [8,24]. This issue was highlighted by Menegoz Ursol et al. [24] (who suggested correcting for the recovery or using the average of the two standards) and during the recent interlaboratory trials performed for updating the EN 16995 and standardizing the SOP for the IF. In the JRC report for the infant formula validation study [25], the authors discussed the high variability observed among the laboratories in the TBB/MN ratio (in the 0.9-1.4 range) and how similar data were also reported by the interlaboratory trial to update the EN16995 method, having an average ~13% lower MOAH results using TBB. Finally, the recently updated JRC Guidance, taking into account this issue, suggested the use of TBB rather than MNs for the quantification of the MOAH when the ratio is not respected (as claimed to be better extracted than the MNs), without explicitly setting a maximum acceptable ratio, but reporting that a ratio around 1.15 is commonly found [8]. In the updated EN 16995 method (DGF/ISO-20122) the suitability test requires that TBB/2MN ratio should be ≤ 1.25. The rationale behind this selection was that TBB has a higher degree of alkylation and thus better mimics the MOAH extraction [20]. This situation does not contribute to reducing the uncertainty of the results, first due to the different “tolerance” reported in the official documents (i.e., max TBB/2MN equal to 1.15 and 1.25), and secondly, because an intrinsic uncertainty of up to 25 % on top of the variability due to the interpretation and integration of the chromatograms aforementioned is accepted in the sample preparation step.
This work aims to optimize a saponification method to reduce this variability by assuring an ISs ratio, notably between TBB and MN, as close as possible to 1. The focus was on the MOAH fraction extracted from fats and oils and the use of a simultaneous microwave-assisted saponification and extraction (MASE) method to increase the overall throughput.
2. MATERIAL AND METHODS
2.1. Reagents and standards
MOSH and MOAH internal standards (#31070), containing  n-C11 (0.3 mg/mL), n-C13 (0.15 mg/mL), cyclohexyl cyclohexane (CyCy, 0.3 mg/mL), 5-α-cholestane (Cho, 0.6 mg/mL),n-pentyl benzene (5B, 0.30 mg/mL), tri-tert-butyl benzene (TBB, 0.3 mg/mL), 1-methyl naphthalene (1-MN, 0.30 mg/mL), 2-methylnaphthalene (2-MN, 0.30 mg/mL) and perylene (Per, 0.6 mg/mL) in toluene, and the MOSH/MOAH retention time standard, containing a standard mixture of n-alkane (C10, C11, C13, C16, C20, C24, C25, C30, C35, C40, and C50), 50 mg/L each (#31076) were kindly provided by Restek (Neukirchen-Vlun, Germany). 3-chloroperbenzoic acid (mCBPA), aluminum oxide, sodium thiosulfate, and dichloromethane LiChrosolv® were all from Merck-MilliporeSigma (Darmstadt, Germany). Ethanol 99.8% (EtOH) for HPLC was from Thermo Scientific (Waltham, MI, USA), and n-hexane (C6), dichloromethane (DCM), and acetone HPLC grades were purchased from Biosolve Chemicals (Dieuze, France).
n-Hexane was distilled before use. The glassware was carefully washed and rinsed before use with acetone and n-hexane.
2.2. Samples and Sample Preparation
The oils and fats tested were provided by different collaborators and consisted of extra virgin olive oil (EVO) palm oil (Palm), crude coconut oil (CCNO), sunflower oil (SFO) and rapeseed oil (RSO). 
Spiked samples were obtained using Omala obtained from AxelSemrau at 62.5 mg/kg (corresponding to 18.5% ±1.5% of MOAH and 59.9% ± 2.2% of MOSH) for the first trials. Then the samples were spiked with Gravex obtained from AxelSemrau at 18.5 mg/kg (22.8% ± 1.4% of MOAH and 71.1% ± 2.8% of MOSH) and QC10 from the JRC ILC at 8.1 mg/kg (34.5% ± 1.2% of MOAH 60.1% ± 2.4% of MOSH). The profiles of the pure mineral oil hydrocarbons used for spiking are reported in Supplementary Figure S1.
2.2.1. Saponification methods
Samples underwent different saponification procedures to define the optimal, which are explained in the result and discussion section. Here, the official DGF/ISO method, tested as a reference, and the final proposed method are described. The microwave-assisted saponification and extraction (MASE) was performed in an ETHOS X system equipped with an SR-12 eT TFM rotor (Milestone Srl, Bergamo, Italy). The extracts underwent a purification step to remove the interferences (i.e., epoxidation).
DGF/ISO- 20122 method for fats and oils [20]:
3 g of oil was weighed and dissolved into 30 mL of C6/EtOH (1/1 v/v) with 20uL of IS. 10 mL of this solution was then taken and mixed with 3 mL of KOH in H2O (8.9M), resulting in 8 mL KOH in EtOH/H2O (5/3 v/v) (3.3M). The saponification method consisted of 30 min at 60°C. After cooling down, 5 mL of C6 and 5 mL of wash solution (EtOH/H2O 1/1 v/v) were added. The organic phase was recovered. A second extraction was performed with 5 mL of C6 and mixed with the first extract. The extracts were first purified by a silica column. Then, after elution, the extract was evaporated and redissolved in 1 mL of C6 before the epoxidation and, finally injected. 
The final method proposed:
1 g of oil was weighed and dissolved into 10 mL of C6, and 10 mL of KOH 2M in a mixture of EtOH/H2O (1/1) was added along with 5 µL of IS. The microwave-assisted saponification and extraction (MASE) method consisted of 30 min at 60°C with 5 min of preheating. The content of the vessel was then washed with 20 mL of H2O. After shaking and resting for 20 minutes in the fridge, a small amount of EtOH (0.5 mL) was added in the case of an emulsion, and the hexane phase was recovered. A second extraction was performed by adding 5 mL of C6 in the microwave vessel, shaking, and waiting for phase separation (addition of EtOH may be necessary) before collecting the upper layer and adding to the previous extract. 
2.2.2. Epoxidation method
The unsaponifiable extracts were purified by a silica column and reconcentrated in 1 mL of C6 before epoxidation. Epoxidation was performed according to the protocol recently validated in the updated version of the EN 16995:2017 for the MOSH and MOAH determination in oils & fats [20] (DGF/ISO-20122) [20]. Briefly, the unsaponifiable fraction was previously purified in a 3 g silica gel-packed cartridge covered with 1g of sodium sulfate. 1 mL extract was loaded in the cartridge and directly collected, followed by 15 mL of n-hexane/DCM (7/3, v/v). After the addition of 2 drops of bis(2-ethylhexyl)maleate as a keeper, the solution was concentrated to 1mL at 35 °C under vacuum. One mililiter of ethanolic mCPBA (100 g/L in EtOH) solution was added, and the solution was stirred for 20 min at 40 °C at, e.g., 500 rpm. Then 500 μL of ethanol and 2 mL of deactivation solution (50 g/L of Na2S2O3 and 50 g/L of NaCO3 in H2O) was added, and the vial was shaken for about 1 min at about 750 rpm to deactivate any excess mCPBA. The upper hexane phase was transferred to a fresh sample vial, and a spatula tip of sodium sulphate was added to remove possible residual water before the injection of 90 μL into the LC-GC-FID system.

2.3. LC-GC -FID Analysis
The LC-GC -FID analyses were carried out in a fully integrated platform as described in [13], but only the monodimensional mode was used. Briefly, consisting of an Agilent 1260 Infinity II LC (Agilent Technologies, Waldbronn, Germany), with an isocratic pump (G7110B) modified by Axel-Semrau to ensure the dead volumes minimization. The detector was a Variable Wavelength Detector constantly set at 230 nm. The GC(×GC) system was a Pegasus BT 4D GC×GC FID (LECO, St. Joseph, MI, USA), including an Agilent 7890A gas chromatograph, equipped with a secondary oven and a quad-jet dual-stage thermal modulator and an FID detector. The LC and GC were connected through two rotatory switching valves (VICI AG International, Schenkon, Switzerland). The interface was controlled by CHRONECT LC-GC from Axel Semrau (Sprockhövel, Germany). Data was acquired and elaborated by ChromaTOF Version 5 for MOSH/MOAH.
All the chromatographic and acquisition conditions are as reported in previous papers [13]. 
3. RESULTS AND DISCUSSION
As mentioned in the introduction, one of the main problems of the MOSH and MOAH analysis is the uncertainty associated with the measurement. This uncertainty is linked, on the one hand, to data interpretation and integration, which is rather tricky and demands trained analysts (see JRC report on integration [16]), and, on the other hand, to sample preparation variability. Obviously, the reduction of the variability during sample preparation and better purification can only positively impact the overall interpretation, reducing the uncertainty.
The goal of this work is to address the variability linked to the saponification step encountered by Menegoz Ursol et al 2022 [24] and also highlighted during the interlaboratory trials performed for edible oils and fats and infant formula [8], which led to the highly variable accepted discrepancy of the ratio of TBB and MNs discussed in the introduction, which translates to an intrinsic uncertainty of up to 15-25% (depending to the document to which we refer to). We considered this value too high; therefore, we worked on the saponification step to reduce the extraction discrepancy among the two standards.
3.1. Preliminary considerations on the internal standards partition in solvent mixtures
Different conditions can be found when looking into different saponification methods for fats and oils. The concentration of KOH and the solvent or mixture of solvents where the KOH is diluted differ in the general method used for MOSH and MOAH analysis, as well as an official method for unsaponifiable analysis in edible oil is considered (Supplementary Table S1 reports a summary of the different methods [20,24–27]). All these variables significantly can affect the partition coefficient of MOAH and the related ISs during the unsaponifiable extraction. Therefore, preliminary tests were performed to evaluate their impact on the partition of the MOAH ISs into the hexane phase used for extracting the unsaponifiable fraction. The rationale behind the different conditions tested was based on the conditions used in the reference literature reported in Supplementary Table S1. The conditions were then slightly adapted, as explained below.
The solvents/solvent mixtures to test were chosen based on the following considerations. Menegoz Ursol et al. 2022 used pure MeOH to extract olive oil, while the IOC method uses EtOH/H2O 8/2 v/v. The JRC method for infant formula uses a mixture of EtOH/H2O (1/1 v/v) added to reconstituted infant formula with 5mL of H2O, which corresponds to an EtOH/H2O solution of 6/4 (v/v), while the DGF/ISO 20122 used ~9 M KOH in pure water, but then added to a mixture of hexane/EtOH 1/1, which means a saponification solution of about 5/3 v/v of EtOH/H2O. Therefore, to evaluate possible trends in the ISs distributions based on the different solvent proportions, the following solvents or mixtures were used: pure MeOH, EtOH/H2O 8/2, 1/1, and 2/8 v/v. 
Regarding the concentration of KOH, a first test was performed to evaluate the necessary amount of KOH for efficient saponification. The AOCS official method (AOCS Official Method Cd 3-25 [28]) was used to calculate the saponification value, which corresponds to the mg of KOH needed to saponify 1 g of fats at the specified conditions. The test was performed on olive oil, palm oil, and coconut oil. Palm oil and olive oil gave very similar results (~205 mg KOH/goil, CV: <2.7 %), except for coconut, for which the highest value was obtained, i.e., 275 mgKOH/goil with a CV of 2.5 %. Based on these considerations, a 10 mL solution of KOH 0.5 M (corresponding to 250 mg in 10 mL) should have been enough to saponify 1 g of fat, significantly lower than all the concentrations used previously. Therefore, the concentrations of KOH to test were selected as follows: 2M as in the IOC method [27] (slightly higher than Menegoz Ursol et al [24]); the JRC Infant Formula SOP (~4.8 M) [26], saturated conditions with MeOH [26], finally 0.5 M was used only for the solution considered the most promising. 
Two microliters of IS were mixed with 2mL of C6 and 2 mL of different KOH solutions described above, vortexed for 1 min, and let the phases separate. The distribution of the ISs between the two phases was evaluated by injecting the hexane solution directly into the LC-GC-FID system and evaluating the profile of the ISs normalized against 5B in order to evaluate the partition of TBB and MNs independently one from the other (Figure 1). To facilitate the comparison, the ratio Per/5B, supposed to be equal to 2 was divided by 2 in order to have all the ideal ratios equal to 1. 
The worst distribution resulted with the use of MeOH saturated solution and the EtOH/H2O 8/2 (v/v) solution with a much higher extraction of TBB in the hexane solution and lower of the 1-, 2-MN, and Per. Moreover, using MeOH showed several drawbacks with real-world samples, as a strong emulsion, with sometimes multiple phases (mainly with palm oil) and not repeatable saponification efficiency, showing different residual amounts in different replicates. This effect was also reported in Menegoz Ursol et al. [24] for olive oil and was solved using 1.5 M of KOH instead of a saturated profile. In this study 2M resulted also suitable for olive oil, but inconsistency with the other oils. Much more regular profiles (ratios closer to 1) were obtained with the other mixture, with the best results obtained using EtOH/H2O 1/1 (v/v) with KOH 2M. The partition of Per was also significantly impacted by the different conditions tested. Surprisingly, the use of EtOH/H2O 1/1 (v/v) with KOH 4.8 M showed a significantly lower recovery for Per, around 80%. The partition using 0.5 M KOH in EtOH/H2O 1/1 (v/v) was also tested to verify the possibility of reducing the amount of KOH in the final procedure. A slightly lower recovery of TBB was observed, and Per was heavily impacted, as for the use of 4.8M of KOH, showing a clear salting in and out effect depending on the ionic strength of the solution. Therefore, it was decided to continue with EtOH/H2O 1/1 (v/v) with 2M KOH to verify the impact of the matrix in the partition of the ISs. 
 
[image: ]Figure 1. Ratios of the MOAH internal standards against 5B obtained from the partition in hexane from different solvent mixtures at different KOH concentrations. Error bars express the standard deviation of three replicates.



3.2. Preliminary recovery tests using microwave-assisted saponification and extraction
The preliminary tests were performed in duplicates on four oil samples (EVO, SFO, CCNO, and Palm) spiked with Omala using the MASE method with the conditions used in Menegoz Ursol et al. [24](i.e., 120 °C for 20 min) but replacing the 1.5 M KOH in MeOH with 2M KOH in EtOH/H2O (1/1 v/v). In the first preliminary tests, no washing step after saponification was applied in order to evaluate just the effect of the saponification conditions on the MOAH partition. Moreover, the saponified extract was analyzed directly and after epoxidation to evaluate the possible impact of epoxidation on the ISs partition. The recoveries were calculated using both TBB and 2MN. Apart from the Per, which is well known to be impacted by epoxidation, the other ISs showed comparable results before and after epoxidation; therefore, the average of the four replicates (2 with and 2 without epoxidation) were pulled together in Figure 2A. In the case of EVO, the peaks of the ISs without epoxidation resulted deformed, most probably due to the overloading of squalene in the retention gap (Supplementary Figure 2), thus, only the replicates obtained applying epoxidation were considered.
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Description automatically generated with medium confidence]Figure 2. Comparison in different fat samples of A) the ratios of the MOAH internal standards against 5B obtained from the partition in hexane after saponification with 2M KOH in EtOH/H2O (1/1 v/v); and B) the recoveries. Error bars express the standard deviation of four replicates.

The results of the ISs ratios are shown in Figure 2A. Interestingly, the partitions of the ISs in the blank (consisting of performing all the procedures of saponification, extraction and both epoxidation and non without the presence of the matrix) were not impacted (green bar in Figure 2A), being almost 1 for all the ISs, the situation changed when the fat sample was added. The TBB was more represented in the hexane phase, while contrarily MNs were less extracted. Consequentially, lower recoveries were obtained by quantifying using TBB (Figure 2B). These results suggested that, differently from what was claimed in DGF/ISO-20122 protocol, the partition of MNs better reflected the partition of MOAH (in this particular case of Omala, particularly rich in highly alkylated MOAH) compared to TBB. 
Nevertheless, these results were considered not satisfactory as too much discrepancy between the ISs was observed. In fact, the primary goal is to solve the inaccuracy derived by the choice of the IS and also to exclude the fact that different MOAH distributions may behave differently. Some washing tests, changing the EtOH/H2O proportions (i.e., 1/4, 3/7, 2/3, 3/2, 7/3, 4/1 v/v), were performed (mostly in single, so data not shown). The MN/TBB ratio value closer to 1 was obtained with EtOH/H2O 1/4 (v/v). It was so decided that different washing procedures should be tested directly on the sample, including the letter. These are described in the next paragraph.
3.3. Comparison of different saponification solvents and washing procedures 
It was decided to test the conditions of time and temperature reported in the DGF/ISO-20122 method (i.e., 60°C for 30 min), which also guarantees a faster cooling time and an overall higher throughput. Nevertheless, the KOH solution was maintained at 2 M as a better partition was observed in the preliminary trials discussed in section 3.1, especially regarding Per (and also because robust data are available on the ISs partition from the interlaboratory trials [20]), while both EtOH/H2O solution 5/3 (v/v) (as for the DGF/ISO-20122 method, named here “Sap 1”) and the 1/1 (v/v) as for the method we propose here (named “Sap 2”) were compared. Moreover, three different washing procedures for each saponification method were compared. The conditions tested are summarized in Table 1. These comparisons were performed only on olive oil for simplicity and to directly compare the results with the one reported by Menegoz Ursol et al. [24].



Table 1. Saponification and washing procedures tested with olive oil.
	Sap  1
	Sap  2

	2M EtOH/H2O (5/3 v/v) + 10 mL C6 
	2M EtOH/H2O (1/1 v/v) + 10 mL C6

	    Wash 1                              (as for DGF/ISO-20122) 
	Wash 2                      
	Wash 3  

	Add 5 mL of C6 + 5 mL EtOH/H2O (1/1 v/v). 
	5 mL of EtOH/H2O (1/4) 
	20 mL of H2O  



After saponification, the washing solutions were added directly to the vessel and shaken, and the hexane layer was collected. Then, in all cases, 5 mL of hexane is added to perform a second extraction as suggested by the DGF/ISO-20122 method [20]. The washing procedures were as follows:
Wash 1 corresponds to the washing procedure performed in the DGF/ISO-20122 method [20]. 
Wash 2 was based on some preliminary tests on olive oil where different proportions of EtOH/H2O were used in the washing step, from which the use of 5 mL of EtOH/H2O (1/4 v/v) was selected. 
Wash 3 consisted of the addition of 20 mL of H2O in the vessel to have a final ratio of H2O/EtOH of around 5. This ratio guarantees a complete phase separation between hexane and EtOH, as used in the procedure for paperboard extraction [29]. Indeed, Menegoz Ursol et al. hypothesized that part of the hexane remained trapped with EtOH in water [24]. It was so hypothesized that improving the phase separation would have enhanced the partition of the ISs as well. However, an emulsion was observed after shaking, still present after letting the vessel rest for 20 min in the fridge; therefore, about 0.5 mL of EtOH was added to break this emulsion.  
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Description automatically generated]Figure 3. Comparison of the ratios of the MOAH internal standards against 5B obtained from the partition in hexane after saponification and washing according to the methods reported in Table 1.

Figure 3 shows the same profile of the ISs despite the washing step used (except for Sap 2 wash 2 for which a technical issue occurred), while the saponification methods had a more significant impact on the ISs profile. Sap 2 showed a closer to 1 ratio for both TBB/5B and 2MN/5B. The discrepancy between TBB and MN was about 20% using Sap 1, while results closer to 1 for both standards were obtained using Sap 2, either wash 1 or wash 3. 
Therefore, it was decided to compare Sap 1 with wash 1 (the closest conditions to the DGF/ISO-20122 method) and Sap 2 with wash 3 (consisting of 20 mL of water, so greener and cheaper) on the different fat samples. In this case, the ratio TBB/2MN was directly considered as the verification required by the JRC Guidance [8]. 
Using Sap 2 and wash 3, the ratio TBB/2MN was consistently around 1.05±0.01, which means significantly lower than the 1.15 or 1.25 admitted by the JRC Guidance and the DGF/ISO-20122 method, respectively. This means that using the Sap 2 and wash 3 conditions, the intrinsic error is reduced from ~25 % to ~5 % (Figure 4). A t-test was performed to confirm the significance of the observation. A p-value largely below 0.05 was found for all the different oils, except EVO, due to the high variability obtained with the Sap 1 wash 1 method.
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Description automatically generated with medium confidence]Figure 4. Comparison of the TBB/2MN ratio obtained when using the specific conditions reported in Table 1 and compared to the tolerance level admitted in the DGC/ISO-20122 method [20] and JRC Guidance [8].

Finally, the proposed method was validated in terms of recovery on 5 different edible oils spiked with two different MOAH sources (namely Gravex and QC-10), covering a broader range of MOAH distribution than Omala (Supplementary Figure S1). The results for the MOSH, the total MOAH, and the separate information regarding the Gravex and QC-10 recoveries for the different edible oil tested are reported in Figure 5. All the data fall into the 80-110% recovery required by the JRC Guidance. As the discrepancy between the TBB and 2MN is below 5% (Figure 4), the difference according to the IS used for quantification followed into this range, so largely below the variability due to the extra purification step (i.e., epoxidation), which can be assumed to be the main responsible for the variability observed in the recovery’s values. 
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Description automatically generated with medium confidence]
Figure 5. Recoveries (%) of MOSH and MOAH [Total (7.0 µg/kg), Gravex (4.2 µg/kg), and QC-10 (2.8 µg/kg) separately] obtained with the proposed procedure in different edible oils. SFO: Sunflower oil; CCNO: Crude coconut oil; RSO: Rapeseed oil; Palm: Palm oil; EVOO: Extra Virgin Olive Oil.


4. Conclusion
The final method proposed in this work addressed the uncertainty issue related to MOAH determination in fats and oils, linked to the discrepancy ratio observed between TBB and 2MN when saponification was applied. TBB and 2MN are both reported as the recently validated ISO/DGF-20122 method, in fact, allows for a ratio up to 1.25 (instead of 1) of TBB and 2MN, finally suggesting using TBB for quantification as a better representation of the partition of MOAH in hexane. In this work, the partition behavior of the MOAH ISs in different saponification and following washing step conditions was evaluated, and finally, a procedure that assured a ratio of maximum 1.05±0.01 of TBB/2MN was optimized and validated in five different edible oils, proving a better robustness than the DGF/ISO-20122 method. It was shown as 2MN better mimics the MOAH behavior, but anyway, a difference of 5% in the TBB and 2MN distribution minimally affected the selection of the IS to use for quantification, thus hopefully leading to a lower variability among laboratories. 
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Figure and Table Legend
Figure 1. Ratios of the MOAH internal standards against 5B obtained from the partition in hexane from different solvent mixtures at different KOH concentrations. Error bars express the standard deviation of three replicates.
Figure 2. Comparison in different fat samples of A) the ratios of the MOAH internal standards against 5B obtained from the partition in hexane after saponification with 2M KOH in EtOH/H2O (1/1 v/v); and B) the MOAH recoveries. Error bars express the standard deviation of three replicates.
Figure 3. Comparison of the ratios of the MOAH internal standards against 5B obtained from the partition in hexane after saponification and washing according to the methods reported in Table 1. Error bars express the standard deviation of three replicates.
Figure 4. Comparison of the TBB/2MN ratio obtained when using the specific conditions reported in Table 1 and compared to the tolerance level admitted in the DGC/ISO-20122 method [20] and JRC Guidance [8]. Error bars express the standard deviation of three replicates.
Figure 5. Recoveries (%) of MOSH and MOAH [Total (7.0 µg/kg), Gravex (4.2 µg/kg), and QC-10 (2.8 µg/kg) separately]  obtained with the proposed procedure in different edible oils. SFO: Sunflower oil; CCNO: Crude coconut oil; RSO: Rapeseed oil; Palm: Palm oil; EVOO: Extra Virgin Olive Oil. Error bars express the standard deviation of three replicates.

Table 1. Saponification and washing procedures tested with olive oil.

Table S1. Summary of the reference methods considered in this paper.
Figure S1. LC-GC-FID MOSH and MOAH profile of the pure mineral oil hydrocarbons used for spiking, namely QC-10, Gravex and Omala.
Figure S2. LC-GC-FID MOAH profile of the EVO without epoxidation (pink) and with epoxidation (black).
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