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Impact of deodorisation time and temperature on the removal of different MOAH structures: a lab-scale study on spiked coconut oil
Abstract
Vegetable fats and oils are prone to contamination by mineral oil hydrocarbons due to the lipophilic and ubiquitous character of the latter. As the aromatic fraction of these hydrocarbons, called MOAH, is associated with carcinogenicity, mutagenicity, and detrimental effects of foetal development, finding strategies to limit or reduce their contamination is highly relevant. Deodorisation (i.e., a refining step) has shown the ability to remove MOAH <C25 in vegetable fats and oils, but little discussion was present regarding the removed structures. Therefore, the present study investigated the impact of deodorisation conditions on the removal of different structures of MOAH in spiked coconut oil. An inscribed central composite design was built with time and temperature as variables (0.5-4h, 150-240°C), while pressure (3 mbar) and steam flow (1%w/h) were kept constant. The analysis of MOAH in the oil was performed using a fully automated liquid chromatography coupled with two parallel comprehensive bidimensional gas chromatography systems with flame ionisation and time-of-flight mass spectrometric detection. Response surfaces plotting the MOAH loss according to time and temperature were built for different MOAH fractions. The latter were defined based on the number of aromatic rings (>3 or ≤3) and the C-fraction (C16-C20, C20-C24, C24-C35, C35-C40). It resulted that from 200°C, compounds <C24, including weakly alkylated triaromatics, could be reduced below the limit of quantification, while at 230°C, it was possible to reduce >60% the C24-C35 fraction, including up to weakly alkylated pentaromatics. 
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Introduction
Mineral oil aromatic hydrocarbons (MOAH) are compounds of petrogenic origin that often contaminate vegetable fats and oils. This unintended presence can occur through different pathways, whether it is through environmental migration, incidental contact with machinery lubricants, or even during a solvent extraction process if the solvent happens to be contaminated (Brühl 2016). In terms of structure, MOAH regroup compounds having from one to seven fused aromatic rings, including structures interrupted by a partially hydrogenated cycle. These cycles may also be alkylated to a variable extent. In other words, MOAH refer to a family of thousands of closely related molecules with lipophilic properties, which, however, differ regarding their toxic potential. In fact, compounds with three or more aromatic cycles with a weak alkylation degree are suspected to have carcinogenic and mutagenic properties and pose a health concern for the consumer (Schrenk et al. 2023). 
To force the European food industry to keep MOAH levels low, the Standing Committee on Plants, Animals, Food and Feed (SCoPAFF) has released a statement in April 2022 (later confirmed in another statement in October 2022) requiring the edible fats and oils put on the market to have a MOAH content not exceeding 2 mg/kg (SCoPAFF 2022a; SCoPAFF 2022b). However, while setting preventive measures against the migration of MOAH is a good practice, it may not yield to their full elimination because of their ubiquitous and lipophilic character, but also because of the potential complexity of the vegetable oil processing chain. Therefore, studying possible mitigation strategies is relevant, and vegetable oils and fats refining is a candidate from that viewpoint. 
Refining vegetable fats and oils consists of a series of steps that enhance the oil's quality to render it suitable for human consumption and industrial purposes. This is achieved by minimizing the presence of naturally occurring undesirable compounds within the matrix, such as free fatty acids, phospholipids, pigments, and waxes, along with those generated through oxidation processes, such as peroxides, or introduced during production, like polychlorobiphenyls, dioxins, or pesticides (Gharby 2022). MOAH, too, seem to be reduced according to recent studies, particularly through the deodorisation step (Stauff et al. 2020; Bauwens, Cavaco Soares, et al. 2023). The latter involves vacuum steam distillation of the oil at temperatures typically ranging from 160 to 260°C, with key outcomes including the removal of volatile components, off-flavors and thermal destruction of pigments (Hénon et al. 1999; Chew and Nyam 2020; Greyt 2020; Matthäus and Pudel 2022).
In the study of Stauff et al. (2020), the identified critical deodorisation temperature for achieving noteworthy reduction of MOAH content under 18-27 mbar of pressure was 210 °C. It was also noted that MOH of higher volatility than n-C24 demonstrated effective removal (10 to 75% reduction), whereas those with higher carbon ranges persisted within the matrix. In a separate study, Zhang et al. (2022) reported that at a temperature of 200-220°C and a pressure of 10-3 mbar, MOH <C40 could be effectively reduced to up to 80%. However, the technique used was molecular distillation, which, unlike deodorisation, does not employ steam for stripping but rather goes much lower in pressures (<1 mbar), uses a different architecture of instrument (i.e., it is a short-path distillation), and is not a common refining technique (Mahrous and Farag 2022). 
Despite the acknowledged reduction of MOAH through deodorisation, the specific removal of different molecular structures remains poorly understood, while each of them may exhibit distinct toxicological properties (Schrenk et al. 2023). This lack of understanding is due to the limitations of the common chromatographic method used for MOAH analysis, which is liquid chromatography hyphenated with monodimensional gas chromatography (LC-GC) (Biedermann and Grob 2012; Sdrigotti et al. 2021). In fact, MOAH are composed of thousands of isomers which are poorly separated by the latter technique, giving rise to a “hump” in the obtained chromatogram (i.e., a broad chromatographic peak composed by thousands of unresolved peaks). As a consequence, when a non-polar GC column is used, a removal evaluation based on the volatility of the molecules can be achieved, while no information can be derived regarding how sub-fractions (defined by the number of aromatic rings of the compounds) were mitigated (Bauwens, Gorska, et al. 2023).
To address these limitations, it is necessary to resort to chromatographic techniques having a higher resolution power, such as those involving comprehensive bidimensional gas chromatography (GC×GC) (Sdrigotti et al. 2021; Bauwens, Gorska, et al. 2023). GC×GC offers insights into the number of aromatic rings and the degree of alkylation of compounds, although individual compounds remain not fully resolved. 
Recently a fully automated LC-GC×GC system with a dual flame ionisation-time-of-flight-mass spectrometric detection (LC-GC×GC-FID/TOFMS) was developed and validated (Bauwens et al. 2021; Bauwens et al. 2022; Bauwens, Barp, et al. 2023) to guarantee not only a better qualitative understanding on the presence of chromatographic interferences (i.e., a common issue during the analyses) and the MOAH sub-fractions distribution, but also to allow a robust quantification of the latter. Moreover, Bauwens et al. also used the LC-GC×GC-FID/TOFMS technique to delve into the effects of combining bleaching and deodorisation on both native and spiked MOAH content in crude coconut oil (Bauwens, Cavaco Soares, et al. 2023). It was observed that an approximate 66% reduction occurred in the initially present MOAH in the C16-C25 fraction following refining, while no significant alteration happened in the C25-C50 fraction. Conversely, for spiked compounds (namely, naphthalene and alkylated naphthalenes, along with benzo[a]pyrene and its alkylated homologous) the outcomes were somewhat distinct. Each of the added compound witnessed reductions exceeding 98.9%, even among those with more than 24 carbons in their structure, such as 3-decyl-, 7-pentadecyl-, and 7-eicosyl-benzo[a]pyrene. However, it is impossible to conclude whether this removal was due to the deodorisation or the bleaching step as they were performed in series and only one refining condition was explored. 
Given the literature gap regarding the exclusive impact of deodorisation on various MOAH structures, the present work aimed at investigating how different MOAH structures are removed from a vegetable fatty matrix at different time/temperature conditions of deodorisation using a lab-scale deodoriser and a fully automated LC-GC×GC-FID/TOFMS system for analysis.
Materials and methods
Solvents, standards and raw materials
Dichloromethane LiChrosolv®, and acetic acid (glacial) 100% anhydrous were provided by Merck (Darmstadt, Germany). n-Hexane and acetone for HPLC were purchased from Biosolve Chemicals (Dieuze, France).
The MOSH and MOAH internal standards (IS, Restek #31070), and the MOSH/MOAH retention time (RT) standard (Restek, #31076) were kindly provided by Restek (Neukirchen-Vlun, Germany). The IS consisted of 600 µg.mL-1 5-α-cholestane, 300 µg.mL-1 n-C11, 150 µg.mL-1 n-C13, 300 µg.mL-1 cyclohexyl cyclohexane, 300 µg.mL-11-methyl naphthalene (1MN), 300 µg.mL-1 2-methylnaphthalene (2MN), 300 mg.mL-1 tri‑tert‑butyl benzene (TBB), and 600 µg.mL-1 perylene in toluene. The RT standard contained n-C10, n-C13, n-C20, n-C24, n-C25, n-C35, n-C40, n-C50 at 100 µg.mL-1 in cyclohexane.
Refined coconut oil (MOAH content < 0.2 mg/kg) was kindly provided by Royale Lacroix (Flémalle, Belgium). Sternel motor oil (48%w MOAH) was found in a private home.
Matrix preparation for deodorisation
Spiked coconut oil (9 mg.kg-1MOAH) was prepared by weighing 0.104 g of Sternel motor oil and diluting it into 50.30 g of refined coconut oil. Then, to 3.08 g of the mother solution were added 330.0 g of unspiked coconut oil, giving a Sternel motor oil concentration of 19.1 mg.kg-1, which corresponds to a MOAH concentration of 9.2 mg.kg-1. Thirty grams of this mixture were then sampled before the deodorisation process and stored in 20 mL glass vials before analysis. 
Sample preparation for analysis
Analysis of vegetable oils
Four hundred milligrams of oil were weighed in a 2 mL volumetric flask, to which 2 µL of MOSH/MOAH IS were added. The mixture was brought to 2 mL with pure n-hexane. The injection volume into the LC-GC×GC-FID (2D analysis) was 90 µL.
Analysis of mineral oil (Sternel motor oil)
Sternel motor oil was analysed in six replicates (two batches of three replicates, each batch being prepared by a different operator), a 2 mL solution containing 10 mg.L-1 of Sternel motor oil and 2 µL of the MOSH and MOAH IS was prepared and analysed by LC-GC-FID (1D). One solvent blank was also prepared per batch. The injection volume was 100 µL both for 1D and 2D. A 2D analysis was also performed using similarly prepared samples (in triplicate) to define the 2D elution zone of the motor oil.
Deodorisation
Insert figure 1
The deodorisation was performed in a lab-scale deodorizer illustrated in figure 1. Once the flask containing 300g of coconut oil was installed inside the oven and connected to the columns, the system was set at a pressure of 15 mbar and the heating started. When the oil temperature reached 130°C, the peristaltic pump was switched on with a water flow rate of 0.3 g water/100 g oil per hour. At the target temperature, the vacuum was set at 3 (±0.5) mbar and the steam injection at 1 g water/100 g oil per hour. The timer was started when all the parameters were correctly set. Once the deodorisation time was over, the steam injection was stopped, the pressure was set at 6-8 mbar and the heating was turned off. When the oil reached 80°C, the system was vented, and the oil was sampled in glass vials (3×20 mL). The samples were then stored at 4°C before analysis.
Experimental design
An inscribed central composite design (CCD) was created to investigate how time and temperature impact MOAH reduction during deodorisation. The design involved three repetitions of the central point to gauge process repeatability, along with five tested levels per factor. Temperature ranged from 150 to 240°C, while time ranged from 0.5 to 4 hours. This resulted in a total of 11 experiments for a total of 25h. Response surface methodology (RSM) using the rsm package of R (version 2023.03.1+446) was then used for modelling the effect of time and temperature on MOAH loss. The best model was chosen based on the adjusted R² after fitting four different regression functions available in the rsm package (i.e., first order, first order with a two-way interaction, second order with and without the two-way interaction) (Lenth 2020).
LC-GC(×GC) analyses
A fully automated LC-GC×GC-FID/TOFMS platform was used for both the 1D and 2D analyses, for which a scheme is reported in (Bauwens et al. 2022). The instrument used for the LC part was an Agilent 1260 Infinity II LC. It was equipped with an isocratic pump G7110B that was modified by Axel-Semrau to ensure the minimisation of the dead volumes. For detection, it contained a Variable Wavelength Detector acquiring at 230 nm (Agilent Technologies, Waldbronn, Germany). The column was the Allure silica column 250 mm × 2.1 mm i.d. × 5 μm dp (Restek). The elution gradient, with A being n-hexane and B dichloromethane, was 0 min 100% A; 1.5–6 min 65% A 35% B at 0.3 mL.min-1. At 6.10 min the column was backflushed with 100% B for 9 min at 0.5 mL.min-1. The flow was then switched in forwarding mode to re-equilibrate the column with 100% A 10 min at 0.5 mL.min-1 and 5 min at 0.3 mL.min-1 until the following analysis.
The LC was connected to the GC part through two rotatory switching valves (VICI AG International, Schenkon, Switzerland), which guided the LC eluent from the LC into the GC. This eluent was then transferred into the GC through two on-column interfaces under the condition of partially concurrent eluent evaporation, using two parallel MXT 10 m × 0.53 mm siltek-treated retention gaps (from Restek) connected to two early solvent vapor exits (SVE) before the analytical columns. These two parallel lines allowed to transfer the MOSH and MOAH fractions simultaneously, one to the FID and the other to the MS. Regarding the LC-GC transfer conditions, the MOSH fraction was transferred from the LC column between 2 and 3.5 min and the MOAH between 4.4 and 5.9 min (corresponding to 450 μL each). During the transfer, the inlet pressure was reduced from 130 to 115 kPa for MOSH and from 110 to 90 kPa for MOAH. The SVE was opened 0.5 min prior to transfer and closed 0.3 min after the transfer of the fraction. The valves, the carrier gas, and the solvent vapor exit were controlled by CHRONECT LC-GC from Axel Semrau (Sprockhövel, Germany).
The GC and GC×GC system consisted of a Pegasus BT 4D GC × GC ToFMS (LECO, St. Joseph, MI, USA). The latter is composed of by an Agilent 7890A gas chromatograph, equipped with a secondary oven and a quad-jet dual-stage thermal modulator, a TOFMS and an FID detector. Both FID and MS lines were equipped with a Rxi-MXT-1 15 m × 0.25 mm i.d. × 0.25 μm df connected to a Rxi-PAH 1.3 m × 0.18 mm i.d. × 0.07 μm df for the FID line and Rxi-PAH 1.8 m × 0.18 mm i.d. × 0.07 μm df for the MS line (both from Restek). The GC oven temperature programs differed for the 1D and 2D modes of analysis. For 1D, the modulator was switched off and a 5 °C positive offset was applied to the modulator and the secondary oven. The program started at 60 °C for 8 min, increased to 350 °C at 20°C.min-1, and held 350°C for 5 min. For the 2D mode analysis, the oven program of the primary oven was 60 °C for 8 min, increased to 350 °C at 8°C.min-1, and held 5 min at 350°C. The secondary oven program was the same as the one of the primary oven, with a positive offset of 5 °C. A 15 °C positive offset was applied for the modulator. Modulation was performed every 10 s, applying variable hot and cold pulse durations. The used carrier gas was helium and was supplied in constant flow mode at 2.5 mL.min-1 for both the FID and the MS lines. The parameters of the FID were 30 mL.min-1 for the H2 flow, 300.0 mL.min-1 for the air flow, 25.0 mL.min-1 for the make-up gas flow, 360°C for the temperature. The parameters of the MS were 50-700 m/z for the acquired range, 340°C for the MS interface temperature, 250°C for the ion source temperature, and the ionisation mode was electron ionisation at 70 eV. The data acquisition frequency was 200 Hz in 2D and 20 Hz in 1D for both FID and MS.
Data acquisition, elaboration, and integration, both for 1D and 2D analyses, were performed using ChromaTOF Version 5 for MOSH/MOAH. The general procedure was similar to the one described by (Bauwens et al. 2021; Bauwens, Barp, et al. 2023) and followed the recommendations of the updated JRC guidance (Bratinova et al. 2023).
Verification of the method
The instrumental linearity and limit of quantification (LOQ) were assessed with a five-point internal calibration curve. Solutions containing 0.52, 1.03, 1.98, 4.98, and 9.62 mg.L-1 of MOAH (corresponding to 1.07, 2.15, 4.12, 10.40, and 20.00 mg.L-1 of Sternel motor oil) and 0.3 mg.L-1 of 2MN (corresponding to 1 µL.mL-1 of MOSH/MOAH IS) were prepared in pure hexane in triplicate, as well as three replicates of a solvent blank. 
The limit of detection (LOD) and LOQ of the method used for analysing coconut oil were determined based on the recommendations of the updated JRC guideline for MOSH/MOAH analysis (Bratinova et al. 2023). The LOD was calculated as the standard deviation of the signal obtained in the MOAH elution zone of a MOAH-free (< 0.2 mg/kg) coconut oil sample, after a solvent blank subtraction and trimming of the biogenic interferences. The LOQ was calculated as 3.3*LOD. 
The LOQ was calculated as ten times the standard deviation of the ratio of the MOAH area on the area of 2MN at the lowest concentration point and divided by the slope of the calibration curve.
Expression of results
The MOAH loss during deodorisation was calculated as follows: 

where wMOAH,post is the MOAH mass fraction after deodorisation, and wMOAH,pre is the MOAH mass fraction before deodorisation.
Results and discussion
Method verification, characterisation of the Sternel motor oil
The determination of the LOQ for MOH is not a straightforward procedure as it depends on the distribution of the hump. To study the impact of deodorisation on MOAH removal, Sternel motor oil was used for spiking the coconut oil. Therefore, the LOD/LOQ and linearity assessment were performed using the specific source of MOAH. The MOAH concentration in the Sternel was evaluated as 48 g/100 g (with a standard deviation of 2 g/100g estimated on 6 replicates) and the MOAH hump was characterised by GC×GC-MS to verify the coverage of the different rings number MOAH (figure 2C). The instrumental LOQ for the MOAH coming from the Sternel motor oil diluted in n-hexane was estimated for the 2D analysis at 0.1 mg.L-1 for an injection volume of 100 µL, corresponding to an injected mass of 10 ng of MOAH. The linearity of the FID response was confirmed by verification of the residual distribution and by the R² of the regression line, which reached 0.999. The LOD for MOAH spiked in coconut oil was estimated at 0.2 mg/kg MOAH, while the LOQ was of 0.5 mg.kg-1 MOAH .
Integration strategy
The analysis of the spiked coconut oil before and after deodorisation was done without performing any enrichment step (i.e., saponification) or auxiliary method to remove the biogenic interferences (i.e., epoxidation). In fact, as previously reported (Biedermann et al. 2009; Nestola and Schmidt 2017; Biedermann et al. 2020; Bauwens, Cavaco Soares, et al. 2023), epoxidation can cause the loss of up to ~35% of MOAH, with mainly the loss of the 3 and more rings MOAH. Saponification, on the other side, adds up to a 20% variability in the quantification due to a different partition of the internal standards (European Commission et al. 2023). Hence, to avoid bias in the interpretation of the effect of deodorisation due to the loss caused by epoxidation or the bias introduced by a different partition, it was preferred to avoid these additional steps. To cope with the present interferences, which amount can also increase during the deodorisation process itself, additional effort was made to establish an integration strategy that properly trimmed the interfering peaks using an algorithm recently developed by Bauwens et al. (Bauwens et al. 2021). To standardise the integration procedure, the unspiked coconut oil was first analysed in 2D to define the elution zones of the biogenic interferences that needed different trimming parameters (figure 2A). Then, a mask was defined by the number of aromatic rings (<3 rings and ≥3 rings MOAH) and according to the C-fractions defined by the elution of linear alkanes (n-C13, n-C20, n-C24, n-C35, n-C40) (figure 2B). Finally, the two masks were combined to harmonise the samples' integration (figure 2C). As all MOAH from the Sternel motor oil eluted after n-C13 and before n-C40, the C-fractions between n-C10 and n-C13 and after n-C40 were disregarded. It should be noted that coconut oil was selected as the model matrix for spiking after comparing it with alternatives such as triolein. The triolein had excessive amount of interferences. Therefore, coconut oil was chosen as the best compromise, meeting the criteria of low MOAH content and relatively low interfering compounds.Insert figure 2
Impact of deodorisation on the removal of MOAH
Among the different vegetable oil refining steps, deodorisation mostly (but not exclusively) helps in removing undesirable volatile components. The procedure consists of a steam distillation at high temperatures and under vacuum. Therefore, the tangible parameters which can be modified are temperature, pressure, gas flow, and time. The two first parameters, temperature and pressure, play a crucial role in separating compounds from the liquid matrix. They directly influence vapor-liquid equilibrium, determining when substances boil and, in turn, affecting how efficiently we can separate them. On the other hand, gas flow mainly impacts distillation kinetics by helping remove compounds that reach their boiling point. Time, on its side, impacts how much of these compounds can be distilled, and so the removal speed.
Regarding the chosen ranges of values, they were guided by commonly applied ranges of times and temperatures, with the consideration that the current tendency is to work at lower temperatures and pressures as high temperatures enhance the formation of unwanted processing contaminants such as glycidyl esters or 3-monochloropropanediol esters (Chew and Nyam 2020; Yung et al. 2023). In this context, it has notably been reported that below 240°C, the formation of those two latter compounds remains low (Matthäus and Pudel 2022). 
Considering that neither epoxidation nor enrichment through saponification were performed, the MOAH spiking concentration was chosen to significantly exceed the LOQ of the method (0.5 mg.L-1). Furthermore, a higher concentration was chosen to reduce uncertainty linked to measuring low MOAH amounts. The chosen concentration of 9 mg.kg-1, though higher than most of the currently reported contamination levels in edible fats and oils, remains realistic considering that levels of up to 13 mg.kg-1 were reported for olive pomace oil in the latest EFSA opinion (Schrenk et al. 2023).
The overall results of the experimental design, in terms of remaining MOAH is reported in table 1, divided into the C-fractions and within each C-fraction in <3 and ≥3 rings MOAH. Detailed quantitative data of the MOAH content before and after deodorization is provided in table S1 in the supplementary material. Starting from these results, different response surfaces were built (figure 3). A comparison of the MOAH chromatograms before and after deodorisation for the highest investigated temperature (240°C) is reported in figure 4.
Insert table 1
Insert figure 3
Insert figure 4
Looking at the 2D chromatographic plots, at first glance, it can be noticed that an important removal of the MOAH occurred not only <C24, but also in the C24-C35 range, although not complete. More specifically, all the compounds found in the C13-C20 and C20-C24 fractions could be effectively reduced to concentrations below the LOD. This reduction was achieved at temperatures slightly below 200°C for C13-C20 and around 220°C for C20-C24, aligning with previously published findings (Stauff et al. 2020; Bauwens, Cavaco Soares, et al. 2023).
For the C24-C35 fraction, a certain extent of removal was also possible (around 60%) for temperatures above 230°C, although the accurate quantification and characterisation of the lost compounds was partially hindered by the coelution of biogenic interferences (figure 4). 
Moving to the C35-C40 fraction, no model is present since no loss was observed for the investigated range of temperatures; it would have been probably necessary to go beyond 240°C, but this would negatively impact the quality of the final fat, inducing the formation of a severe amount of by-products. Other possibilities would have been to lower the system’s pressure or to increase the amount of stripping gas. These alternatives will be evaluated in future studies. Furthermore, the increased MOAH contents that are visible in table 1 for this fraction are possibly due to the formation of additional biogenic interferences during the deodorisation process (such as sterols, normally retained in the HPLC column, that dehydroxylate into sterenes which are not retained by the HPLC column anymore) (Grob et al. 1992; Biedermann et al. 2020) which may cause an overestimation (or anyway a high uncertainty) of the very low amount of MOAH, which correspond to only 4% of the total MOAH added (~0.4 mg.kg-1).
In general, and from a more systematic examination of the different response surfaces (showing the relative removal obtained in the total MOAH and the different sub-fractions), it can be clearly concluded that time and temperature play an important synergic role, having the maximum removal of the overall MOAH at 4h and 240°C (the maxima of the time and temperature ranges).
Considering now the structure-based separation, it can be seen that the number of aromatic rings (< or ≥3) does not significantly impact the removal efficiency of the compound, as long as it is found in the same C-fraction. The efficiency of removal is, in fact, mostly linked to the volatility, which is itself correlated (although not exclusively) to the molecular mass. Compounds with different numbers of aromatic rings might demonstrate similar volatilities if the alkylation levels compensate for the inherent differences in volatility between the non-alkylated aromatic compounds. It is, therefore, possible to conclude that deodorisation at temperatures of 200-240°C is able to remove or reduce the content of some MOAH of toxicological concern, i.e., those with 3 rings or more.
Since there is a logical pattern in the elution behaviour of alkylated forms of non-alkylated polycyclic aromatic compounds (PACs), it is possible to characterise the compounds that are found in each C-fraction based on the elution zones of standard PAHs (figure 5). In the case of an apolar × polar column set (as used in the present project), the alkylated versions of PACs elute at higher retention times in the first dimension (due to their greater weight and reduced volatility), and lower retention times in the second dimension (due to their diminished polarity) compared to the parent compound. 
Insert figure 5
Following the described logic, figure 6 was built to summarise the different types of aromatic compounds found in each C-fraction of the MOAH from the Sternel motor oil. A cutoff of 6C in the alkylation was selected based on recent findings on benzo[a]pyrene, showing that its overall metabolism was significantly reduced with an alkyl chain length of >C6 (Wang et al. 2022). A chromatogram illustrating the GC×GC elution pattern based on the degree of alkylation of MOAH compounds, which was used to construct the figure, is available in the supplementary material (figure S1).
Insert figure 6
In terms of removal of MOAH of higher toxicological concern, figure 6 provides the following insights. 
Starting from fraction C13-C20, for which the MOAH reached below-LOQ levels, already weakly alkylated triaromatic compounds are present, such as possibly some derivatives of anthracene and phenanthrene (C14H10). 
Regarding fraction C20-C24, which could also be removed at temperatures above 200°C, it contains MOAH up to four aromatic rings with a low alkylation degree, like some derivatives of pyrene (C16H10), and even benzo[a]anthracene and chrysene. 
Finally, the last fraction which could be reduced (but not removed) was the C24-C35, and, based on a visual assessment of the chromatograms, up to weakly alkylated pentaromatics were mitigated. Although the reduction was not complete for the assessed conditions, they are usually found at low concentrations in edible oils. For compounds of higher molecular mass, the reduction cannot be considered significant for the investigated conditions. It should be, however, highlighted that a high degree of alkylation of a PAC is correlated with a lower toxicity (Schrenk et al. 2023).
A last aspect investigated was the potential impact of the initial concentration of MOAH on their percentage of loss during deodorisation. In theory, the percentage of loss for a given deodorisation condition should remain constant, regardless of the initial concentration, as modelised by the “Bailey equation”, for which the expression and explanation may be found in (de Greyt 2020). To verify this theory, a MOAH interference-free zone was selected in the MOAH GC×GC chromatogram and delimited by two vertical lines defining a range of volatility (figure 7). This zone was then divided horizontally into two approximately equal parts. The upper part contained a lower concentration of MOAH, while the lower part contained a higher concentration. The percentages of MOAH loss for both areas were calculated and compared.
The results indicated that the percentages of loss were indeed similar for both the low-concentration and high-concentration MOAH zones, although not identical (table 2). The same was also observed when, for a given C-fraction, the removal was divided into <3 and ≥3 rings: a similar removal was observed for both areas, while the MOAH concentration was different (table 2). This was, however, only true for the areas not containing coeluting interferences (C13-C20 and C20-C24). For C24-C35, were a removal of MOAH also occurred, the percentages of loss differ slightly more between the <3 and ≥3 ringed MOAH. It is hypothesised this difference is a consequence of the presence of the interferences and the uncertainty linked with the peak trimming of these compounds. 
Insert figure 7
Establishing whether the percentage of loss remains constant regardless of the concentration is crucial, as it would enable predicting the final amount of MOAH achievable after the deodorisation process. Additionally, it would help determine the maximum tolerable concentration of MOAH before the deodorisation procedure. For instance, if the objective is to have a MOAH content below the maximum threshold set by SCoPAFF (i.e., 2 mg/kg), knowing that the deodorisation process reduces 50% of the MOAH would indicate a maximum allowable limit of 4 mg/kg. It is essential to consider that the percentage of loss may also be influenced by the MOAH profile, and the total percentage of loss for a given deodorisation condition may vary depending on the contamination source. The conclusions for different C fractions should, however, remain similar.
Insert table 2
Conclusion
The present work aimed at evaluating deodorisation as a mitigation strategy for various MOAH structures inside spiked coconut oil. Eleven experiments defined by a CCD, where deodorisation time and temperatures were varied from 0.5 to 4 h and 150 to 240°C, while pressure and stripping flow were kept constant, were performed using a lab-scale deodoriser. 
The discussion related to the MOAH mitigation efficiency was made according to both the carbon number of the compound (C16-C20, C20-C24, C24-C35, C35-C40) and to its number of aromatic rings (<3 or ≥3). Such characterisation was made possible thanks to the increased resolution power of GC×GC compared to monodimensional GC. 
The obtained results indicated that deodorisation could significantly reduce MOAH of higher toxicological concern, i.e., those with ≥3 aromatic rings with weak alkylation. In fact, from 200°C, compounds in the C13-C24 range, including weakly alkylated triaromatics, could be reduced below the LOQ, while at 230°C, it was possible to reduce more than 60% the compounds from the C24-C35 fraction, including up to weakly alkylated pentaromatic structures. The percentage of MOAH loss also showed to not be affected by the initial MOAH concentration, as expected, although the absolute loss, of course, is. 
These results, although obtained at lab-scale, give insight into the mitigation that could be achieved at industrial scale. However, the quantitative results obtained in the present study cannot predict what will be obtained at a larger scale, as the design, capacity, and operational complexity of industrial deodorization may largely differ. Pilot-scale evaluations would be a relevant step to perform for confirmation purposes. This would help determine if the same MOAH mitigation efficiency can be replicated and maintained in an industrial setting.
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Tables and figures legends
Table 1 – Remaining MOAH according to the number of aromatic rings and to the C-fractions at different deodorisation time and temperature combinations defined by a central composite design. CP: central point (i.e., 195°C, 2.25h)
Table 2 – MOAH loss (%) for high- and low-concentration zones (as defined in figure 7) and ratio of the two zones

Figure 1 – Scheme of the lab-scale deodorizer
Figure 2 – GC×GC chromatograms A) of the interferences from refined coconut oil; B) of the MOAH fraction from the Sternel motor oil with a division of MOAH based on their number of aromatic rings (<3 or ≥3) and on their C-fraction (C13-C20, C20-C24, C24-C35, C35-C40); C) of the MOAH fraction from refined coconut oil spiked with the Sternel motor oil (9.1 mg.kg-1 MOAH).
Figure 3 – Response surfaces showing the Total MOAH loss (%) according to time (h) and temperature (°C) and according to the number of aromatic rings and C-fraction.
[bookmark: _Ref141696641][bookmark: _Toc142395276][bookmark: _Toc142913559]Figure 4 – Comparison of the MOAH 2D chromatograms obtained before and after deodorisation (240°C, 2.25h).
[bookmark: _Ref142591761][bookmark: _Toc142913562]Figure 5 – GC×GC chromatogram of the MOAH fraction from refined coconut oil spiked with the Sternel motor oil (9.1 mg.kg-1 MOAH) and with polycyclic aromatic hydrocarbons.
Figure 6 – Visualisation of the distribution of the different MOAH structures (number of aromatic rings and level of alkylation in rows) present in different C-fractions (columns) of the Sternel motor oil. “-“ : no alkylation, “+” : weak alkylation (≤6 C), “++” : strong alkylation (>6 C). The coloured cases indicate the compounds that are present in the C-fraction.
[bookmark: _Toc142395285][bookmark: _Toc142913563]Figure 7 – Definition of high- and low-concentration MOAH zones in a GC×GC chromatogram of the MOAH fraction from refined coconut oil spiked with the Sternel motor oil (9.1 mg.kg-1 MOAH).
Figure S1 – GC×GC chromatogram of the spiked coconut oil showing the integration and interpretation strategy in terms of C fraction (orange rectangles), number of aromatic rings (dashed blue zones), and alkylation degree (white lines). The alkylation degree lines were determined using the elution zones of alkylated benz[a]pyrene, as indicated in the legend. The yellow line represents the retention trend of a parent polycyclic aromatic hydrocarbon (PAH) compound as its alkyl chain length increases (+1C indicates the addition of a methyl group to the parent PAH, +2C indicates the addition of an ethyl group, and so on).

Table S1 – MOAH content in the spiked coconut oil before and after deodorization at different times and temperatures (expressed in mg/kg) and percentage of MOAH loss (%)


