Mineral oil hydrocarbons (MOSH/MOAH) in tropical plants oils and removal of them by molecular distillation
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Abstract
Nowadays, tropical plants oils (e.g. palm oil and coconut oil) are extensively used in consumer products, especially in infant formulas. However, there is a lack of statistical data about the levels of mineral oil in tropical oils, including saturated hydrocarbons (MOSH) and aromatic hydrocarbons (MOAH). In this study, we reported a survey of MOSH/MOAH in tropical oils. Meanwhile, we provided an effective strategy to reduce the content of MOSH/MOAH. A total of 708 tropical plant oils were collected from five tropical countries for this survey. The highest quantifiable MOSH and MOAH concentrations were up to 455.99 mg kg-1 and 78.87 mg kg-1, respectively. Thereinto, MOSH was ubiquitous in almost all the tested samples. The distribution of sub-fractions for MOSH was centered at C25-C35 and C35-C40 for most crude and refined oils. After distillation, the MOH sub-fraction ≤C40 could be removed effectively, but there was no effect on the sub-fraction >C40.
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Introduction
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Mineral oil hydrocarbons (MOH) are a group of ubiquitous contaminants, which mainly consist of mineral oil saturated hydrocarbons (MOSH) and mineral oil aromatic hydrocarbons (MOAH), and minor amounts of nitrogen or sulfur compounds (EFSA CONTAM Panel 2012). Edible oils are easily contaminated by MOH as their lipophilic property. According to the previous literature, edible oils are mainly contaminated by paraffin, lubricating oil, diesel oil, and thermal oil et al., which are leaked from machines during oilseeds harvesting, oil manufacturing process, and transportation (Goh and Gee 1986; Moh et al. 2001; Neukom et al. 2002; Moh et al. 2002; Fiselier and Grob 2009).
[bookmark: OLE_LINK3]Recently, international organizations like the Joint FAO/WHO Expert Committee on Food Additives (JECFA), European Food Safety Authority (EFSA), and the German Federal Institute for Risk Assessment (BfR) provide several toxicological and risk assessment studies on MOH (FAO/WHO 2002, 2020; EFSA 2012; BfR 2009). A series of toxicity studies carried out in rodents have indicated that MOSH may accumulate and form microgranulomas in the spleen, liver, lymph nodes, and other tissues (Nygaard et al.2019; Griffis et al. 2010; Barp et al. 2017). However, MOAH, which contains mutagenic and carcinogenic substances, like polycyclic aromatic hydrocarbons (PAHs), may potentially cause genetic mutations and cancer (IARC 2010; EFSA 2012). Similar results have been found in human tissues. Barp et al. (2014) investigated that the mean concentrations of MOSH in the mesenteric lymph nodes, liver, spleen, and lung of 37 patients were 223 mg kg-1, 131 mg kg-1, 93 mg kg-1, and 12 mg kg-1, respectively. Especially, the maxima found in the spleen was 1400 mg kg-1. In the human milk, Noti et al. (2003) concluded that the mean concentration of mineral paraffin was 95 mg kg-1 fat, with the highest of 1300 mg kg-1. Meanwhile, the babies exposed to mineral paraffin were 1 mg kg-1 body weight (BW)/day through breastfeeding. In the study of Concin et al. (2008), it was shown that the concentrations of mineral paraffin in the 144 milk samples of day 4 were 10-355 mg kg-1, and the fat from day 20 kinds of milk contained <5-285 mg kg-1. The estimated dietary MOSH exposure ranged between approximately 0.03 and 0.3 mg kg-1 BW/day, with higher exposure in children in Europe (EFSA 2012). Tennant (2004) investigated that daily intakes of white mineral oils ranged 0.39-0.91 mg kg-1 and 0.75-1.77 mg kg-1 BW/day for adults and children in Europe, respectively. While, the total wax intakes ranged 0.08-0.19 mg kg-1 and 0.23-0.64 mg kg-1 BW/day for adults and pre-school children, respectively. Heimbach et al. (2002) calculated that the mean exposure to mineral hydrocarbons was 0.875 mg kg-1 BW/day in the United States.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK42][bookmark: OLE_LINK43]Numerous studies have investigated the concentrations of MOH in different types of edible oils like olive oil, sunflower oil, soybean oil et al. (Food Federation Germany 2020; Tranchida et al. 2011; Wrona et al. 2013; Brühl 2016; Heyst et al. 2018), there is a lack of statistical data of oils which have been extracted from tropical plants like palm oil and coconut oil. Nevertheless, considering the hazards of MOH, the removal of MOH from fats and oils has become an important topic for the industry. Wagner et al. (2001) investigated the variation of mineral paraffin during the oil refining process, which showed that bleaching had no effect on the paraffin, and deodorization could completely remove the sub-fraction ≤C23. The same results were obtained by Stauff et al. (2020) for MOSH during deodorization. Gelmez et al. (2016) researched the effect of molecular distillation on the removal of MOSH, preliminary, but not covered MOAH. 
 Therefore, the present investigation aimed to evaluate the levels of MOH in palm oil and coconut oil by the development and validation of the online LC-GC-FID method. Additionally, the effect of molecular distillation on the removal of MOH in palm olein was also evaluated.
Materials and methods
Chemicals, solvents, and instrumentation
[bookmark: OLE_LINK11][bookmark: OLE_LINK22][bookmark: OLE_LINK14][bookmark: OLE_LINK15]A certified mixture of MOSH and MOAH standard (dissolved in toluene), containing n-tridecane (C13) [150 μg mL-1], n-undecane (C11), n-pentylbenzene (5B), bicyclohexyl (CyCy), 1-methylnaphthalene (1-MN), 2- methylnaphthalene (2-MN), 1,3,5-tri-tert-butylbenzene (TBB) [300 μg mL-1], 5α-cholestane (Cho), perylene (Per) [600 μg mL-1], was purchased from Restek (Centre County, PA, USA). The mixture of n-alkane (C7-C40) in n-hexane was obtained from DiKMA Technologies Inc. (Massier Lane, CA, USA). Anhydrous sodium sulfate and sodium thiosulphate were from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 3-chloroperbenzoic acid (m-CPBA, ≤77%) was purchased from Sigma-Aldrich Corp. (Saint Louis, MO, USA). Alkaline aluminum oxide 90 (Alox 90, 0.063-0.200 mm) and silica gel 60 (particle size 0.063-0.200 mm) were from Merck Chemical Company (Darmstadt, Germany). n-Hexane and iso-octane were obtained from Honeywell (Morristown, NJ, USA). Dichloromethane (DCM) and ethanol were purchased from Merck Chemical Company (Darmstadt, Germany). A lubricant oil standard (Shell Gadus S2 V100) consisting of 68.7% MOSH and 12% MOAH was obtained from Proof-Acs GmbH (Hamburg, Germany).
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK20][bookmark: OLE_LINK21]The automated online LC-GC-FID, from Axel Semrau GmbH, consisted of the Agilent 1260 Infinity II high-performance liquid chromatography equipped with two pumps (bin and quat pump), and the 7890B gas chromatography equipped with two FID detectors, and a CTC Pal system. Meanwhile, the analytical system contains an online Alox column system and an automatic epoxidation system. The KDL-5 laboratory-scale short-range molecular distillation equipment was from UIC-GmbH (Alzenau, Germany) with the following parameters: (1) Vacuum degree: 1×10-3 mbar (2) Evaporation surface area: 0.05 m2 (3) Evaporation temperature: 200-220℃ (4) Feed rate: 1-3 kg h-1 (5) Scraper speed: 200 rpm (6) Raw oil and condensation temperature: 40℃ and 45℃.
Samples
[bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK30][bookmark: OLE_LINK31]A total of 708 tropical plant oils including crude palm oils (CPO), refined palm oils (RPO), crude palm kernel oils (CPKO), refined palm kernel oils (RPKO), crude coconut oils (CCNO), and refined coconut oils (RCNO), were collected from five tropical countries. Palm olein was obtained by fractionation for the molecular distillation. Reference material (P1917-RMPo2, palm oil) as a validated control material was obtained from Proof-Acs GmbH (Hamburg, Germany).
Sample preparation
All samples were analyzed according to EN 16995-2017. In brief, 300 mg of each sample (nearest 1 mg) were weighed into a 10 mL centrifuge glass tube, and 10 μL of mixed internal standards were added. Then, 700 μL of n-hexane was added. After the addition of 0.5 mL mCPBA solution, the sample was shaken and heated to 40℃ for 15 min. Afterward, 0.5 mL of ethyl alcohol and 2 mL of sodium thiosulfate were added, and the mixtures were shaken intensively for 15 s. The mixture was centrifuged, the hexane phase was transferred into a 2 mL sample vial and 100 μL of the solution was used for LC-GC analysis. 
To prevent contamination, all the glassware was washed with n-hexane and DCM several times, and heated in the muffle furnace at 450℃ for 8 hours. Periodically, a reagent blank like the sample was necessary.
Analysis of mineral oil
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]The samples were analyzed by an online coupled LC-GC-FID. Typically, 100 μl of the epoxidized sample was injected into an Allure Silica HPLC column (250×2.1 mm i.d., 5 μm; Restek Corp., Bellefonte, PA, USA), and the flow rate was 300 μL min-1 on the bin pump. The mobile phase was n-hexane and dichloromethane, which started with 100% n-hexane and changed to 65% n-hexane after 1.5 min. The MOSH fraction (450 μL) was eluted from 2.1 to 3.6 min in an LC retention window, which was transferred to the sample loop and held for 3 min. Then, the MOSH fraction was transferred to the online Alox column system to remove the biogenic n-alkanes. While the MOAH fraction (450 μL) was eluted between 4.2 min and 5.7 min. Subsequently, the LC column was back-flushed after 6.2 min with 100% dichloromethane until 15.2 min. Then, reconditioned with 100% n-hexane for 15 min to balance the column until the next run. Both fractions were transferred to the GC instrument through the T-piece interface, using a solvent vapor T-piece between an uncoated deactivated pre-column (MXT Siltek Guard column, 10 m×0.53 mm, Restek Corp.) and a separation column with a 0.25 μm film of MXT-1 (100% dimethyl polysiloxane, 15 m×0.25 mm, Restek Corp.). The MOSH and MOAH were analyzed simultaneously with the same GC program, and the carrier gas (hydrogen) was regulated at 83 kPa and 70 kPa of inlet pressure, respectively. The analyzed pressure was set to 150 kPa. The oven temperature was set initially at 60 ℃ (hold 8 min), then programmed at 15 ℃ min-1 to 120 ℃, and programmed at 25 ℃ min-1 to 370 ℃ (hold 8 min). The two FID was set to 380 ℃. Meanwhile, the gas flow rate of nitrogen, hydrogen, and the air was set to 25, 30, and 300 mL min-1, respectively.
Data analysis
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]The reported and quantified sub-fractions for MOSH and MOAH were according to the guidance of the European Union Reference Laboratory for Food Contact Materials (EU-RL) (JRC 2019). The internal standards for the quantitative of MOSH and MOAH were CyCy and TBB, respectively. Data processing was performed using the Clarity software (DataApex. Ltd.) and Microsoft Office Excel 2013.
Results and discussion
Method validation
To ensure the accuracy of the method, the limit of quantification (LOQ), recovery efficiency, precision, and repeatability were validated. 
A LOQ for MOSH and MOAH of 1 mg kg-1 were derived from a blank RPKO spiked 1 mg kg-1 lubricant oil (Shell Gadus S2 V100). The chromatograms of spiked and blank RPKO were shown in Fig. 1a and 1b. 
[bookmark: OLE_LINK29][bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK33][bookmark: OLE_LINK34]For accuracy and precision validations, a blank RPKO was fortified with 1, 5, and 10 mg kg-1 of lubricant oil in six replicates, respectively. Additionally, the precision of the method was evaluated by the relative standard deviation (RSD). The experimental results were shown in Table 1. Table 1 revealed that the mean recovery of MOSH and MOAH were 83.9%-107.4% and 93.4%-97.6%, respectively, which were regarded as acceptable. Meanwhile, RSDs of MOSH and MOAH were 1.73%-5.88% and 0.89%-6.32%, respectively (see Table 1).
To assess repeatability and stability, a reference material (P1917-RMPo2) was repeatedly analyzed consecutively in thirty days (see Fig. 2). The resulting standard deviations were 0.39 mg kg-1 (average value was 13.23 mg kg-1) and 0.32 mg kg-1 (average value was 6.63 mg kg-1) for MOSH and MOAH, respectively. While, the RSDs of MOSH and MOAH were 2.96% and 4.77%, respectively. In general, the results of reference oil were satisfactory and showed excellent stability of the method.
MOH in tropical plant`s oils
A total of 708 tropical plant`s oils, including CCNO (n=43), RCNO (n=195), CPO (n=107), RPO (n=297), CPKO (n=39) and RPKO (n=27) were analyzed. Meanwhile, each sample was detected twice to ensure accurate data. Table 2 revealed the total minimum, maximum, median, and average levels of MOSH and MOAH in 708 oils. As observed in Table 2, the highest quantifiable MOSH and MOAH concentrations were up to 455.99 mg kg-1 (CPO) and 78.87 mg kg-1 (RCNO), respectively. The levels of MOSH and MOAH in RCNO were significantly higher than those in CCNO. While 75% of RCNO had MOAH values above LOQ. Conversely, CPO contained MOSH characterized by the highest contamination level than the RPO. However, only 33% of CPOs had MOAH values above LOQ. Potential sources of such MOH include the environment, milling process, refining process, et.al. In the process of mechanically extracting oil from CNO and PO, anhydration was an essential step that contained sun drying, direct fire drying, hot-air drying et.al. which might increase the risk of MOAH contamination. (Canapi et al. 1996; Hashim et al.2012; Grundböck et al. 2010). The procedures of solvent extraction and refining might increase the possibility of MOH contamination. Meanwhile, the concentration of MOH in CPKO was characterized by the lowest contamination level, with an average value of MOAH only being 1.10 mg kg-1. As shown in Table 2, MOSH was ubiquitous in the oils and the positive above LOQ was at least 93%. While MOAH was only 28% above LOQ.
Fig. 3a showed the distribution of sub-fractions for MOSH in CCNO, which depicted that the MOSH hump was approximately ranging from C16 to C50, centered at the C25-C35. According to the research of Neukom et al. (2002), the sources of mineral paraffin were residues of heating and diesel oils which ranged from C16 to about C30, lubricating oils which centered on C27 to C29, and higher molecular hydrocarbons. The lubricating oil might be the predominant source of the contamination in CCNO. Meanwhile, diesel oil and higher molecular hydrocarbons might be a secondary source that might come from the harvest and processing. Similarly, CPO, RPO, CPKO, and RPKO showed the same results (Fig. 4a, Fig. 5a). In comparison, the MOSH hump was centered at the C35-C40 in RCNO, which might come from the refining process, and the source of contamination might be further investigated (Fig. 3a). As shown in Fig. 3a and Fig. 5a, the content of C35-C40 sub-fractions would be significantly increased after the refining process. For the sub-fractions of MOAH, the hump was fall into the C16-C50 fractions in CNO and PO (Fig. 3b, Fig. 4b). While the MOAH hump was contained in the C25-C50 range in PKO (Fig. 5b). 
Removal of MOSH/MOAH
[bookmark: OLE_LINK32][bookmark: OLE_LINK35]According to a large amount of survey data about tropical plant`s oils, MOSH/MOAH were ubiquitous in crude or refining oils (Table 2). Meanwhile, the distribution of sub-fractions was centered at the C25-C40. The procedures of expelling, solvent extraction, and refining might increase the MOH contamination because of the leakage of lubricating oil from the equipment. However, MOH might be diminished by the proper refining process (e.g. high-temperature deodorization). Stauff et al. (2020) investigated a significant reduction of MOH by the deodorization process, however, the content of sub-fractions (≥ C24) was not changed significantly.
[bookmark: OLE_LINK36][bookmark: OLE_LINK39]For further removal of MOSH/MOAH, molecular distillation was performed. Palm olein was spiked with lubricant oil standard (MOSH: 58.00 mg kg-1, MOAH: 10.35 mg kg-1) for the molecular distillation. The concentrations of MOSH/MOAH sub-fractions and the removal rates were shown in Table 3. After distillation, ΣMOSH/ΣMOAH could be removed effectively. In an optimized situation (220℃, 1 kg h-1), the removal rate of ΣMOSH and ΣMOAH was reached 83% and 89%, respectively. As the flow rate increased, the removal rate decreased gradually, due to the residence time of oil on the evaporation surface being shortened. The evaporator temperature was the key factor. With the increase of temperature by 10℃, the removal rate was increased by about 10% for ΣMOSH/ΣMOAH. Meanwhile, as the flow rate increased, the removal rate decreased gradually.
[bookmark: OLE_LINK40][bookmark: OLE_LINK41]In addition, the removal efficiency of different MOSH/MOAH sub-fractions by molecular distillation was significantly different. The MOSH/MOAH sub-fraction ≤C25 was reduced below LOQ among all treatments. Molecular distillation could effectively reduce the contents of MOSH/MOAH (C25-C35). For MOSH, the content of C25-C35 was decreased from 36.77 mg kg-1 to 1.66 mg kg-1 at 210℃ and 1 kg h-1, and the removal rate reached 95%. As the evaporator temperature was reached 220℃, the content of C25-C35 was eliminated below LOQ at the same feed rate. The same results were obtained for the MOAH (C25-C35). Under the same conditions, the removing efficiency of C35-C40, up to 80%, was lower than that of C25-C35. And further, the sub-fraction ≥C40 was basically not removed after molecular distillation. A similar phenomenon was also observed in sub-fraction C35-C50 of MOAH.
Conclusions
In this work, the online LC-GC-FID analytical method established by EN 16995-2017 was validated. The LOQs for MOH was 1 mg kg-1. The recoveries for MOSH and MOAH were in the range of 83.9%-107.4% and 93.4%-97.6%, respectively.
The established method was used to evaluate MOH concentrations in 708 tropical plant oils. The highest quantifiable MOSH and MOAH concentrations were up to 455.99 mg kg-1 (CPO) and 78.87 mg kg-1 (RCNO), respectively. Among these, PKO was the least affected by the contamination of mineral oil. MOSH was ubiquitous in almost all the tested samples. The distribution of sub-fractions for MOSH was centered at C25-C35 and C35-C40 for most crude and refining oils. 
[bookmark: _GoBack]For removal of MOSH/MOAH, molecular distillation was performed. After distillation, ΣMOSH/ΣMOAH could be removed effectively. For the sub-fractions of MOH, the sub-fraction ≤C40 could be removed effectively, especially ≤C35. However, molecular distillation was difficult to remove the sub-fraction >C40 at the current condition. More efforts were needed for the MOH removal of the larger carbon number. 
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