Lipase-mediated synthesis of oleoyl ethanolamide starting from high-oleic sunflower oil soapstock
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[bookmark: _Hlk123030345]ABSTRACT: This work describes the lipase-mediated synthesis of oleoyl ethanolamide, a dietary supplement for body weight loss recently approved by FDA. The target compound is prepared by conversion of the oleic acid contained in a mixture of fatty acids recovered by enzymatic hydrolysis of soapstock, a side-product of high oleic sunflower oil refinement. The use of a packed-bed reactor (a glass column loaded with a suitable amount of the commercial lipase Lipozyme® 435) in continuous flow mode improves the space-time yield of the reaction and the catalyst productivity. The non toxic, bioderived and renewable solvent limonene is used in the reaction medium. At the end of the reaction, after more than 157 h of continuous operation, only oleoyl ethanolamide crystallises from the reaction mixture. Thus, it is collected by simple filtration of the outlet solution in 53% isolation yield, showing 99% chemical purity, while all the by-products of the reaction were left behind in the mother liquors. 
INTRODUCTION
[bookmark: _Hlk113205687]Fatty amides are widespread in Nature, in both animal and plant tissues.1 In the last decade, they have received increasing interest as bio-based, biodegradable emulsifiers and surfactants with no remarkable adverse side effects, particularly suited for cosmetic, pharmaceutical and food applications,2 and represent useful sustainable substitutes for common petroleum-based compounds. Some of them also belong to the class of endogenous lipid mediators showing specific biological functions in the immune, cardiovascular, and central nervous systems.3-6 For example, oleoyl ethanolamide 1 (Figure 1) is an analogue of the endogenous cannabinoid anandamide (also known as arachidonoyl ethanolamide), which plays an important role in lipid metabolism and food intake control. In 2015, amide 1 was approved by the FDA as a dietary supplement for body weight loss and marketed under the name of RiduZone.7 Several studies have demonstrated that this molecule is able to bind with peroxisome proliferator-activated receptor α, thus influencing energy homeostasis and the synthesis of satiety signaling molecules.8 Considering the side effects of other approaches used for the treatment of obesity, such as antiobesity drugs and surgery, the supplementation of oleoyl ethanolamide as a novel efficient and FDA-approved pharmaceutical agent would be clearly advantageous. Indeed, the treatment of 50 obese people with RiduZone (200 mg/capsule, 2-3 times/day for 4-12 weeks) successfully decreased body mass index by about 7-8%. According to these studies, no obvious side effects were reported as a result of amide 1 administration, except temporary nausea in one case.9 


Figure 1. Examples of biologically active fatty amides.
As for the synthesis of fatty amides, and specifically of amide 1, both chemical and biocatalytic strategies have been adopted, starting from a variety of precursors such as commercial oleic acid,10-13 some suitably activated derivatives (e.g. oleoyl chloride,14 mixed anhydrides15), vegetable seed oil with high oleic acid content,16,17 or even partially hydrolysed seed oil.18 To the best of our knowledge, the use of mixtures of fatty acids (FAs) enriched in oleic acid, obtained during the edible oil refining process as side products, has not yet been considered as a renewable feedstock for the synthesis of amide 1, yet. 
The valorization of waste from the agri-food industry is currently a hot topic in academic and industrial research activity.19, 20[endnoteRef:1] [endnoteRef:2] (Mettere a posto le references precedenti). As for our group, we had the opportunity to work21-23 on the mixture of fatty acid sodium salts and triglycerides,21-23 known in the trade as soapstock, recovered after the neutralization process to which raw vegetable seed oils are submitted during the refinement process necessary to provide marketable edible oil. Soapstock is an alkaline mixture (pH ~ 9-10) with a high content of residual water (nearly 50% w/w), and it is considered a low-value source of fatty acids, the distribution of which depends on the botanical origin of the oil.24 Currently, it is submitted in situ to a splitting process by treatment with diluted sulfuric or hydrochloric acid, to afford a water-immiscible phase (comprising mainly free fatty acids and partially hydrolysed triglycerides, collectively called oleins) and an aqueous phase, that are usually separated by centrifugation. In Italy, oleins are most commonly transformed into methane in anaerobic biodigester plants, while the acidic wastewater coming from the splitting process has to be disposed of as a special waste due to the high sulfate/chloride ion content and the high total organic carbon (TOC) content, thus affecting the operational costs and the environmental footprint of the vegetable oil refining process as a whole. (Ancora references da mettere a posto in tutto il parametro seguente)Another current application is the conversion of soapstock or oleins into biodiesel.25[endnoteRef:3] Global production of vegetable seed oil is forecast to be nearly 214 Mt for the year 2022-2023.26 [endnoteRef:4] Processing such a high amount of oil inevitably generates huge amounts of waste and by-products of different nature, with soapstock generally representing about 6% v/v of refined crude oil.27[endnoteRef:5] Thus, there is a growing need to design and implement new solutions for soapstock disposal, based on its conversion into high added-value compounds,28, 29 30[endnoteRef:6][endnoteRef:7]NS REVIEW [endnoteRef:8]to satisfy the “cascading-use principle” of bioeconomy: biomass is used more than once, if technically and economically possible, typically with material use(s) as the first step(s) and energy conversion as the last step.31[endnoteRef:9] [1:  Paini, J.; Benedetti, V.; Shivananda Ail, S.; J. Castaldi, M.; Baratieri, M.; Patuzzi, F. Valorization of Wastes from the Food Production Industry: A Review Towards an Integrated Agri-Food Processing Biorefinery. Waste Biomass Valorization 2022, 13, 31–50. DOI: 10.1007/s12649-021-01467-1.]  [2:  Capanoglu, E.; Nemli, E.; Tomas-Barberan, F. Novel Approaches in the Valorization of Agricultural Wastes and Their Applications. J. Agric. Food Chem. 2022, 70, 6787–6804. DOI: 10.1021/acs.jafc.1c07104.]  [3:  Erzheng, S.; Wei, D. Improvement in biodiesel production from soapstock oil by one-stage lipase catalyzed methanolysis. Energy Convers. Manag. 2014, 88, 60–65. DOI: 10.1016/j.enconman.2014.08.041.]  [4:  United States Department of Agriculture Foreign Agricultural Service Oilseeds: World Markets and Trade, November 2022 https://usda.library.cornell.edu/concern/publications/tx31qh68h?locale=en (accessed 28th December 2022)]  [5:  Haas, M.J. Improving the economics of biodiesel production through the use of low value lipids as feedstocks: vegetable oil soapstock. Fuel Process. Technol. 2005, 86, 1087–1096. doi:10.1016/j.fuproc.2004.11.004.]  [6:  Li, B.; Sun, S.; Chen, X.; Zhang, H. Enzymatic conversion of soapstock fatty acids from oil refning waste to biosurfactant using a low‑cost liquid lipase and a new application as an antioxidant. Biomass Conver. Biorefin. 2022. DOI: 10.1007/s13399-022-02612-z.]  [7:  Sytnik, N.; Kunitsia, E.; Kalyna, V.; Petukhova, O.; Ostapov, K.; Ishchuk, V.; Saveliev, D.; Kovalova, T.; Kostyrkin, O.; Petrova, O. Technology Development of Fatty Acids Obtaining From Soapstok Using Saponification. Eastern-Eur.  J. Enterpr. Technol. 2021, 5, 16–23. DOI: 10.15587/1729-4061.2021.241942.]  [8:  Ribeiro dos Santos, R.; Nolasco Macedo Muruci, L.; Oliveira Santos, L.; Antoniassi, R.; Passos, J.; da Silva, L.; Caramez Triches Damaso, M. Characterization of Different Oil Soapstocks and Their Application in the Lipase Production by Aspergillus niger under Solid State Fermentation. J. Food Nutr. Res. 2014, 2, 561–566. DOI:10.12691/jfnr-2-9-6.]  [9:  Andersen, S. P.; Allen, B.; Domingo, G. C. Biomass in the EU Green Deal: Towards consensus on the use of biomass for EU bioenergy. 2021, Policy report, Institute for European Environmental Policy (IEEP). https://ieep.eu/uploads/articles/attachments/a14e272d-c8a7-48ab-89bc-31141693c4f6/Biomass%20in%20the%20EU%20Green%20Deal.pdf?v=63804370211.] 

We have recently optimized an enzymatic procedure to manipulate soapstock and convert it into a mixture of free fatty acids with no residual glycerides.23 In addition, we have already employed the mixture of fatty acids obtained by enzymatic splitting of high-oleic sunflower oil (HOSO) soapstock (with up to 80-87% oleic acid) for the chemo-enzymatic production of azelaic and pelargonic acids through the oxidative splitting of the C=C double bond in position 9 of oleic acid.23 We further investigated the potential of HOSO soapstock as a sustainable source of oleic acid, in order to develop innovative synthetic applications for this side-product, which could represent valuable alternatives to its conversion into biogas, giving a further chance to exploit the chemical bonds established by Nature in the structure of its chemical constituents. Thus, we envisaged to study a lipase-mediated amidation process for the synthesis of oleoyl amide 1, to be performed on the mixture of fatty acids recovered after the enzymatic splitting of HOSO soapstock, provided to our research group by Oleificio Zucchi (Cremona, Italy). After investigation of the process in batch mode, the reaction was implemented in a continuous flow reactor and the conditions were optimized through a statistical treatment based on a Design of Experiments (DoE) approach. 
EXPERIMENTAL SECTION
Chemicals and solvents were purchased from Zentek s.r.l. (Milan, Italy) and used without further purification. Trimethylsilyldiazomethane 10% solution in hexane (TCI Europe N.V.) was purchased from Zentek s.r.l. (Milan, Italy). TLC analyses were performed on Macherey-Nagel pre-coated TLC sheets Polygram® SIL G/UV254 purchased from Chimikart s.r.l. (Naples, Italy). Soapstock samples were provided by Oleificio Zucchi (Cremona, Italy) as obtained from the caustic refining plant unit of HOSO without further treatment. Hydrolysis of HOSO soapstock was performed according to our previously reported procedure.23 The continuous flow reactions were performed using an E-Series Integrated Flow Chemistry system from Vapourtec (Alfatech s.p.a., Genoa, Italy) equipped with Omnifit glass columns (1.5 cm i.d. × 10 cm length). Lipozyme® 435 (Candida antarctica lipase B immobilised onto a spherical bead-form carrier based on crossed-linked methacrylic esters) was obtained from Novozymes. 
1H and 13C NMR spectra were recorded on a 400 MHz spectrometer in CDCl3 solution at r.t., unless otherwise specified. The chemical shift scale was based on internal tetramethylsilane. GC/MS analyses were performed using an HP-5MS column (30 m × 0.25 mm × 0.25 µm, Agilent Technologies Italia S.p.A., Cernusco sul Naviglio, Italy). The following temperature program was employed: 50°C / 10°C min−1 / 250°C (5 min) / 50°C min−1 / 300°C (10 min). The samples for GC/MS were preliminarily treated with MeOH and trimethylsilyldiazomethane 10% in hexane to derivatize residual carboxylic acids by transformation into the respective methyl esters.
Enzyme-mediated synthesis of oleoyl ethanolamide (1) in batch conditions
A solution of the mixture of FAs obtained upon hydrolysis of HOSO soapstock (0.500 g, approximately 1.8 mmol with respect to all the fatty acids contained in the mixture, as calculated using an average MM = 282 g mol−1, estimated from the molar composition resulting from 1H NMR analysis, see Supporting Information), and ethanolamine (0.110 g, 1.8 mmol) in limonene (2.7 mL) was stirred at 65°C for 4 h in the presence of Lipozyme® 435 (180 mg), to afford complete conversion of the oleic acid contained in the starting mixture into target amide 1 (GC/MS analysis). A decrease of conversion was also observed (45 and 38% by GC/MS, two replicates) when an excess of ethanolamine (2 mol per mol of FAs) was used, keeping all the other reaction variables constant.
The reaction was then replicated at 55°C, keeping constant all the other variables, to obtain the conversion value at this temperature (78 %, GC/MS, mean value of two runs) and carry out the comparison with the continuous flow process.
Continuous enzyme-mediated synthesis of oleoyl ethanolamide (1) 
[bookmark: _Hlk118146636]A solution of the mixture of FAs obtained upon hydrolysis of HOSO soapstock (approximately 0.66 M with respect to all the fatty acids contained in the mixture, as calculated using an average MM = 282 g mol−1, estimated from the molar composition resulting from 1H NMR analysis, see Supporting Information), and ethanolamine (0.66 M) in limonene was pumped through a glass column (1.5 cm i.d. × 10 cm length), packed with 2.20 g of Lipozyme® 435, previously swelled in limonene for 12 h (bed length = 4.5 cm, reactor volume = 8 mL) at 100 μL min−1 (residence time = 80 min) at 55°C. The steady state, corresponding to 65% conversion of the oleic acid contained in the starting mixture, was achieved after 2 residence times and maintained for 157.3 h, without any drop in the conversion value or loss in enzyme activity. The samples collected at the outlet of the reactor after the achievement of the steady state were combined together. Amide 1 spontaneously crystallised from this solution on standing at room temperature (22°C) and was thus recovered by filtration (265 mmol, 86.0 g, 53% isolated yield, obtained by conversion of 171.8 g of mixture of FAs from HOSO soapstock, containing 140.9 g of oleic acid) showing excellent chemical purity (99%, NMR analysis): 1H NMR (400 MHz, CDCl3) δ 5.93 (s, 1H, NH), 5.46 – 5.20 (m, 2H, CH=CH), 3.81 – 3.63 (m, CH2OH), 3.47 – 3.37 (m, 2H, CH2NH), 2.68 (t, J = 5.0 Hz, OH), 2.29 – 2.14 (m, 2H, CH2CONH), 2.13 – 1.90 (m, 4H, 2CH2CH=), 1.70 – 1.55 (m, 2H, CH2), 1.40 – 1.15 (m, 20H, 10 CH2), 0.88 (t, J = 6.7 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 174.63, 130.16, 129.87, 62.54, 42.44, 36.77, 32.04, 29.91, 29.85, 29.66, 29.47, 29.45, 29.39, 29.27, 27.37, 27.32, 25.84, 22.82, 14.24. GC/MS (EI) tr = 26.36 min: m/z (%) = 325 (M+, 22), 264 (25), 116 (73), 98 (100).
[bookmark: _Hlk123033325]RESULTS AND DISCUSSION
Selection of the biocatalyst for the preparation of amide 1 by reaction of oleic acid with ethanolamine
A careful search in the literature highlighted that the direct amidation of carboxylic acids catalysed by lipases was the most promising approach for the preparation of compound 1 from the mixture of fatty acids recovered by hydrolysis of soapstock.
(Mettere a posto le references nel seguente paragrafo).Lipases are among the most widely employed enzymes in biocatalysis.32[endnoteRef:10] Their biological function is the hydrolysis of triglycerides to afford fatty acids and glycerol. They show broad specificity, accepting substrates very different from glycerides. They are employed to catalyse many other biotransformations involving the carboxyl group in addition to hydrolysis, such as esterification, transesterification, perhydrolysis, and aminolysis, in which water, the natural nucleophile, is replaced by alcohols, hydroperoxides, or amines.33[endnoteRef:11] These transformations are examples of the so-called enzyme substrate and condition promiscuities, because the enzymes promote reactions under unnatural conditions and/or using unnatural substrates, to be distinguished from enzyme catalytic promiscuity,34[endnoteRef:12] shown when lipases catalyse distinctly different chemical transformations with different transition states, such as carbon-carbon bond formation. 35[endnoteRef:13] [10:  de Godoy Daiha, K.; Angeli, R.; Dias de Oliveira, S.; Volcan Almeida, R. Are Lipases Still Important Biocatalysts? A Study of Scientific Publications and Patents for Technological Forecasting. PLoS ONE 2015, 10, e0131624. DOI: 10.1371/journal.pone.0131624]  [11:  van Rantwijk, F.; Hacking, M. A. P. J.; Sheldon, R.A. Lipase-Catalyzed Synthesis of Carboxylic Amides: Nitrogen Nucleophiles as Acyl Acceptor. Monatsh. Chem. 2000, 131, 549-569. DOI: 10.1007/s007060070086]  [12:  Hult, K.; Berglund, P. Enzyme promiscuity: mechanism and applications. Trends Biotechnol. 2007, 25, 231-238. DOI: 10.1016/j.tibtech.2007.03.002]  [13:  Kapoor, M.; Gupta, M. N. Lipase promiscuity and its biochemical applications. Process Biochem. 2012, 47, 555–569. DOI: 10.1016/j.procbio.2012.01.011.] 

Lipase-catalysed aminolysis of carboxylic esters or condensation of carboxylic acids and amines are among the most common strategies for the biocatalysed synthesis of amides. When the carboxylic acid is the substrate, the reaction is under thermodynamic control36,37[endnoteRef:14] [endnoteRef:15] and is completely shifted towards the amide formation,38[endnoteRef:16] thanks to the higher nucleophilicity of nitrogen species with respect to that of water, and the stability of the resulting amide bond, scarcely prone to by lipase-mediated hydrolysis, especially when working in organic medium. For example, the condensation of octanoic acid and hydroxylamine can be performed even in water.39[endnoteRef:17] [14:  Sharma, J.; Batovska, D.; Kuwamori, Y.; Asano, Y. Enzymatic Chemoselective Synthesis of Secondary-Amide Surfactant from N-Methylethanol Amine. J. Biosci. Bioeng. 2005, 100, 662–666. DOI: 10.1263/jbb.100.662]  [15: Marsden, S. R.; Mestrom, L.; McMillan, D. G. G.; Hanefeld, U. Thermodynamically and Kinetically Controlled Reactions in Biocatalysis – from Concepts to Perspectives. ChemCatChem 2020, 12, 426–437. DOI: DOI: 10.1002/cctc.201901589.]  [16:  De Zoete, M. C.; Kock-van Dalen, A. C.; Van Rantwijk, F.; Sheldon, R. A. A new enzymatic one-pot procedure for the synthesis of carboxylic amides from carboxylic acids. J Mol Catal B: Enzym 1996, 2, 19–25. DOI: 10.1016/1381-1177(96)00009-4.]  [17:  Hacking, M. A. P. J.; Akkus, H.; van Rantwijk, F.; Sheldon, R. A. Lipase and Esterase-Catalyzed Acylation of Hetero-Substituted Nitrogen Nucleophiles in Water and Organic Solvents. Biotechnol. Bioengin. 2000, 68, 84-91. DOI: 10.1002/(SICI)1097-0290(20000405)68:1<84::AID-BIT10>3.0.CO;2-5.] 

Candida antarctica lipase B (CALB) is one of the most effective lipases for applications in organic synthesis. Its restricted active site can explain the excellent preference shown towards secondary alcohols and other nucleophiles such as primary amines.40[endnoteRef:18] Thus, it’s the catalyst of choice for biocatalysed amidations.41[endnoteRef:19] Novozym 435 and Lipozyme® 435 are immobilized preparations of CALB supplied by Novozymes, extensively used in biocatalysis since 1992.42[endnoteRef:20] The enzyme is adsorbed via interfacial activation on Lewatit VP OC 1600, a polymethacrylic acid cross-linked with divinylbenzene. The extensive usage of these enzymes in organic syntheses is very well documented in the literature, together with operational solutions to overcome the main drawbacks of the immobilization method (enzyme leakage, biocatalyst mechanical fragility, hydrophobic compound adsorption and support dissolution).43[endnoteRef:21] In particular, the use of Novozym 435 in continuous flow reactors has been described to reduce enzyme leakage and enhance mechanical stability. In 2015, the superior performance of Lipozyme® 435 over Novozym 435 in the synthesis of fatty acid ethanolamides from the corresponding carboxylic acid with ethanolamine was reported.44[endnoteRef:22]  [18:  Bornscheuer, U. T.; Kazlauskas, R. J. Hydrolases in Organic Synthesis, Weinheim, Wiley-VCH, 1999.]  [19:  Gotor-Fernández, V.; Busto, E.; Gotor, V. Candida antarctica Lipase B: An Ideal Biocatalyst for the Preparation of Nitrogenated Organic Compounds. Adv. Synth. Catal. 2006, 348, 797 – 812. DOI: 10.1002/adsc.200606057.]  [20:  C. R. Johnson and S. J. Bis, Enzymatic asymmetrization of meso-2-cycloalken-1,4-diols and their diacetates in organic and aqueous media, Tetrahedron Lett., 1992, 33, 7287–7290.]  [21:  Ortiz, C.; Ferreira, M. L.; Barbosa, O.; dos Santos, J. C. S.; Rodrigues, R. C.; Berenguer-Murcia, A.; Briand, L. E.; Fernandez-Lafuente, R. Novozym 435: the “perfect” lipase immobilized biocatalyst? Catal. Sci. Technol., 2019, 9, 2380-2420. DOI: 10.1039/c9cy00415g.]  [22:  Wang, X.; Chen, Y.; Ma, Y.; Jin, Q.; Wang, X. Lipozyme 435-catalyzed synthesis of eicosapentaenoyl ethanolamidein a solvent-free system. J. Mol. Catal. B: Enzym. 2015, 122, 233–239. DOI: 10.1016/j.molcatb.2015.09.016.] 

Synthesis of amide 1 from high oleic sunflower oil soapstock in batch mode 
In a recent paper, the production of compound 1 by lipase-mediated amidation of monoacylglycerols has been optimised.18 Monoacyl glycerols, obtained by enzymatic glycerolysis of commercial high oleic sunflower oil with 88.2% oleic acid, were described as the most effective acyl donors for ethanolamine in the reaction catalysed by Lipozyme® 435, while ethyl oleate and triolein were found to be, respectively, scarcely reactive and totally inactive in this transformation, even working with high lipase loading at temperatures up to 70°C. This behaviour was attributed to the scarce miscibility of these nonpolar compounds with ethanolamine. The same authors had already reported in 201213 on the synthesis of amide 1 starting from commercial grade oleic acid, the purity of which had been enhanced from 89.6% to 96.7% by careful crystallisation from methanol. Quantitative conversion was achieved when 1 mmol oleic acid was reacted with 1 mmol ethanolamine with 30% w/w lipase for 4 h at 65°C in 1.5 mL hexane and 10 L water. At a higher scale, when 50 mmol oleic acid were reacted for 6 h with an equimolar quantity of amine, the conversion was reported to be slightly lower (79%).
We envisaged the possibility to exploit this enzymatic approach to prepare amide 1 using as starting material the oleic acid contained in the soapstock waste obtained from the refinement process of HOSO. Samples of actual industrial soapstock were collected by Oleificio Zucchi (Cremona, Italy) and provided directly to our research group. The optimised conditions of the enzymatic hydrolysis have been already described elsewhere,23 yielding a mixture of FAs with the following molar distribution of FAs (1H NMR analysis): 80-87% oleic acid, 9% linoleic acid, 4-11% saturated FAs. The composition of the saturated FAs portion could be further analyzed by GC/MS, showing the presence of palmitic and stearic acid (approximately 2:1 ratio by GC/MS analysis), and of a negligible amount of other saturated FAs (miristic acid, eicosanoic acid, docosanoic acid, tetracosanoic acid). The purpose of this project was to optimize the production of amide 1 from such mixture, in the framework of circular economy in the agri-food industry.
[bookmark: _Hlk123033521][bookmark: _Hlk108878020][bookmark: _Hlk106455573]We started our investigation by adopting the operating conditions described in the literature (Scheme 1),13 using hydrolysed HOSO soapstock as starting material instead of oleic acid, and (R)-limonene as a solvent instead of wet hexane. The possibility to avoid the use of a solvent was not considered, in view of the further planned implementation of process in continuous flow mode that would suffer from the high viscosity of the reacting mixture. (R)-limonene is a very abundant monoterpene, easily extracted from citrus peel and inexpensively available on the market. It can be employed as a weakly polar bio-based biodegradable solvent for the replacement of hexane and toluene.45,46 Quantitative conversion of the oleic acid contained in the hydrolysed HOSO soapstock was achieved replicating the best conditions from the literature in batch conditions, replacing wet hexane with limonene: 1.8 mmol of FAs from soapstock hydrolysis (82% w/w oleic acid) and 1.8 mmol ethanolamine in limonene (2.7 mL), in the presence of 180 mg of Lipozyme® 435 at 65°C for 4 h. The total amount of mixed FAs from soapstock hydrolysis was equal to the quantity of commercial oleic acid employed in reference 13, because all of them are Lipozyme reactive towards the amidation reaction. To our advantage, only oleoyl ethanolamide 1 crystallised spontaneously from limonene (22°C) and could be easily recovered by filtration (purity >99% by 1H NMR analysis). 


[bookmark: _Hlk108878411]Scheme 1. Biocatalysed synthesis of oleoyl ethanolamide 1 in batch mode.

Synthesis of amide 1 from high oleic sunflower oil soapstock in continuous flow reactors 
The next step was to transfer this reaction into continuous flow mode, using a packed-bed reactor to contain the enzyme catalyst, in view of improving the productivity of the process and making the most effective use of the immobilised enzyme. In these conditions the mechanical stress operating on the immobilized enzyme is largely reduced if compared with the same reaction in batch conditions. We first performed a full factorial Design of Experiment to evaluate the response of the system in continuous flow mode and study the influence of the process variables on the outcome of the reaction (percent conversion of oleic acid into amide 1 determined by GC/MS analysis), starting from commercial oleic acid 80% w/w. A three-variables (X1 = flowrate, X2 = enzyme loading and X3 = temperature) full factorial design with three centre points (to evaluate experimental data variability) was designed and analysed through the software MiniTab. The effect of the chosen variables on the reaction conversion and their interactions were investigated in a coded factor space in which the factorial points are ±1 from the centre (Figure S1).
The flowrate was evaluated in the range 100-300 μL min−1: the lower limit corresponds to the minimum flowrate that it is possible to set on the instrument. The column reactor (1.5 cm i.d. × 10 cm length) was packed with the specified amount of lipase, previously swelled in limonene for 12 h. The effect of enzyme loading was evaluated in the range 0.95-1.90 g, corresponding to a bed length of 2-3.5 cm, approximately, hence to a reactor volume of 3.5-6.2 mL. The effect of temperature was evaluated in the range of 45-55°C. Despite Lipozyme® 435 being heat-tolerant with maximum activity in the range of 70-80°C,47 temperatures higher than 60°C were shown to hamper the recyclability and reusability of the catalyst by slowly degrading the enzyme.
Equimolar amounts of oleic acid and ethanolamine were employed, since in the literature an excess of the amine was reported to be detrimental to the overall conversion.13 This had been verified also for our process when first experimenting the reaction in batch conditions (see Experimental Section). The reagent solution was composed of oleic acid (0.66 M) and ethanolamine (0.66 M) dissolved in (R)-limonene. It was maintained under magnetic stirring to ensure homogeneity and continuously pumped into the reactor at the selected flowrate by a peristaltic pump. The tables of factorial plan and response and the factorial design analysis graphs are reported in the Supporting Information (see Tables S1 and S2, Figures S2 and S3). The analysis of the data highlighted that flowrate and enzyme loading were the most influential parameters: low flowrates, corresponding to long residence times, and high enzyme loading improve the conversion, while temperature has lower influence on the system response. No significant interactions between variables were detected. The attempt to reduce limonene volume and increase the concentration of the reactants up to 1.0 M (flowrate = 100 L min-1, enzyme loading = 1.9 g, T = 55°C) led to low conversion in continuous flow conditions (35%, GC/MS analysis) and issues connected with the increase of viscosity and the decrease of solubility of the reactants.
[bookmark: _Hlk104048862][bookmark: _Hlk109485653]A central composite design was then carried out to determine the optimal setting for flowrate and enzyme loading, in order to find the operating conditions leading to the maximum conversion of oleic acid into amide 1 (GC/MS analysis) within the specific range of values considered in the study. Six centre points and four star points were added, to evaluate data variability and investigate the curvature of the system, respectively. In a coded factor space, in which the factorial points are ±1 from the centre, the star points are usually located a distance  =  from the centre, where k is the number of factors (Figure S4). The response was analysed through the software MiniTab.
The temperature was set to 55°C and maintained constant during the experiments. The flowrate was investigated in the range of 100-383 μL min−1: the lowest value (–α) corresponded to the minimum allowed by the settings of the reactor. At the same time, the enzyme loading was varied between 0.66-2.64 g, using as coded unit 1 a higher value (2.35 g) than the one used in the full factorial design (1.9 g). The tables of the reaction conditions investigated in the central composite design with the corresponding response values and the design analysis graphs are reported in the Supporting Information (Tables S3 and S4, Figures S5 and S6).
It was observed that both factors had high impact on the system response (Figures S3 and S4), with a second-order effect shown by enzyme loading, thus suggesting the existence of a maximum conversion value for a suitable enzyme loading in the investigated range (0.66-2.34 g). Indeed, response optimization carried out using the central composite model predicted a maximum peak corresponding to a conversion of oleic acid into amide 1 of nearly 75% with a flowrate of 100 μL min−1 and an enzyme loading of 2.2 g in the range of variable values investigated in this study (Figure 2). 
[image: ]
Figure 2. Graph of response optimization.

In Figure 3 the contour plot (Figure 3a) and the response surface (Figure 3b), showing the variation of reaction conversion as a function of flowrate and enzyme loading, obtained with the central composite analysis, are shown.
[image: ][image: ]
Figure 3. Response surface (a) and contour plot (b) of the central composite analysis.
The reaction was then performed in the optimal conditions suggested by the DOE analysis (enzyme loading = 2.2 g, bed length = 4.5 cm, reactor volume = 8 mL, flowrate = 100 μL min−1, residence time = 80 min) at 55°C, using as starting material the mixture of fatty acids recovered from the enzymatic hydrolysis of HOSO soapstock with 82% w/w of oleic acid (calculated from the molar distribution evaluated by 1H NMR analysis, see Supporting Information). The steady state corresponding to 65% conversion was achieved in 2 residence times. The starting solution, approximately 0.66 M with respect to all the fatty acids contained in the mixture (calculated using an average MM = 282 g/mol, estimated from the molar composition resulting from 1H NMR analysis) and 0.66 M ethanolamine in limonene was continuously pumped into the reactor and maintained for 157.3 h without any drop in the conversion value or loss in enzyme activity (Figure 4). These experimental results show that in these conditions the typical drawbacks related to the immobilization mode of Lipozyme® 435 (the enzyme leakage, water adsorption and support disaggregation) had no detrimental effect on the outcome of the continuous flow amidation.

Figure 4. Percent conversion of the oleic acid contained in the mixture of fatty acids recovered from enzymatic hydrolysis of HOSO soapstock into amide 1 (determined by GC/MS analysis) during 157.3 h of continuous operating time. Samples were progressively collected from the output of the reactor during the course of the reaction and analyzed by GC/MS.

[bookmark: _GoBack]Only amide 1 crystallised spontaneously from the outlet reactor solution at room temperature (22°C) and was recovered by filtration (in 99% chemical purity by 1H NMR and 53% isolation yield with respect to the oleic acid contained in the starting soapstock). The by-products of the reaction, due to the presence of minor amounts of other FAs in the starting mixture, could be removed easily together with the mother liquors of the crystallization step and were not characterized. 
The reaction in batch mode was replicated at 55°C to have the conversion value at this temperature (78 %, GC/MS) and carry out the comparison with the continuous flow process. The experimental details and the values of space-time yields, productivity and catalyst productivity for the batch and continuous flow reactions are reported in Table 1. 

Table 1. Values of space-time yield, productivity and catalyst productivity for the batch and continuous flow synthesis of amide 1 from HOSO soapstock, described in this work.
	Parameter
	Batch reaction
	Continuous flow reaction

	Enzyme
(g)
	0.180
	2.2

	Oleic acida
(g)
	0.410
	140.9

	Reaction volumeb
(L)
	2.7∙10–3
	8.0∙10–3

	Reaction time
(h)
	4
	154.3c

	Conversion 
(%, GC/MS)
	78
	65

	Temperature
(°C)
	55
	55

	Space-time yield
(mol L−1 h−1)
	
	

	Productivity
[bookmark: _Hlk113217394](gamide h−1) 
	
	

	Catalyst productivity
(gamide gcatalyst−1)
	
	


a amount of oleic acid contained in of the mixture of FAs obtained by enzymatic hydrolysis of HOSO soapstock; b volume of solvent for the batch reaction, volume of the packed bed catalyst for the continuous flow reaction; c total reaction time during the continuous operating of the reactor, starting from the achievement of the steady state after two residence times. 

Under continuous flow conditions the enzyme was very efficiently recycled, and the value of catalyst productivity showed a 23-fold enhancement compared to that obtained under batch conditions (Table 1). Space-time yield and process productivity increased, even though the conversion that could be obtained in continuous flow mode was lower than that achieved in batch conditions. The use of the enzyme-packed column greatly simplified the reaction work-up, avoiding lengthy enzyme recovery procedures and unfavorable loss of the catalyst during the recycling operations. The reaction temperature could be decreased from 65°C to 55°C without any detrimental effects on the outcome of the reaction.
Green metrics of the process and comparison with known routes
The known synthetic protocols compared to the procedure herein described are depicted in Scheme 2: two model chemical reactions, i.e. the classical synthesis using oleic acid chloride and ethanolamine (a),48 the aminolysis of methyl oleate (b),49 and the reference biocatalytic synthesis (c), employed as a starting point of this work.13


Scheme 2. Comparison of known chemical (a,b) and biocatalytic processes (c) with the procedure described in this work (d) for the synthesis of amide 1. The inset shows the product isolated from the continuous flow process described in this work (86.0 g).
The values of the simplified environmental factor (sE-factor) of the four processes, calculated under the hypothesis of complete recycling of reaction and post-reaction solvents and water according to the formula suggested by Roschangar et al.50 (see Supporting Information for the details), are reported in Table 2.
Table 2. Values of the simplified E-factor for the known processes for the synthesis of 1 and for the new procedures described in this work.
	Process
	sE-factor

	(a) ref. 48
	205

	(b) ref. 49
	0.53

	(c) ref. 13
	0.76

	(d) this work (without isolation of amide 1)
	0.96

	(d) this work (with isolation of amide 1)
	1.4



The classical procedure (Scheme 2, route a) involving the preparation of oleoyl chloride and its subsequent reaction with ethanolamine is by far the least sustainable synthetic approach,26 employing large excess of thionyl chloride and ethanolamine and leading to the unavoidable formation of SO2 and HCl as side-products. The amount of solvents employed for column chromatography could not be considered, since this information was not reported in the paper. The only advantage of this procedure is that both the reaction steps were carried out at room temperature with very short reaction time.
Quite convenient is the conversion of oleic acid into the corresponding methyl ester by Fischer esterification, followed by aminolysis (Scheme 2, route b),49 in spite of the use of rather harsh reaction conditions to promote the second step of the procedure, with a large excess of ethanolamine, heating the reaction mixture in acetonitrile for a prolonged reaction time (24 h). Amide 1 required a purification step by column chromatography, but only analytical rather than isolation yield was reported in the text. 
In the biocatalytic approach described in the literature13 (Scheme 2, route c), which served as a starting point for our investigation, the reaction of commercial oleic acid with ethanolamine was described in batch conditions, without catalyst recovery. When the reaction was run with 50 mmol of oleic acid, quantitative conversion was not achieved and only the analytical yield was reported in the paper. No isolation of amide 1 was performed at this scale. The sE-factor of this route is only slightly lower than that calculated for our process under the same conditions (no amide 1 isolation). 
[bookmark: _Hlk114061081]Our procedure (Scheme 2, route d) shows significant advantages and improvements with respect to the known syntheses, even if quantitative conversion into the amide could not be achieved. (i) The starting material is neither commercial oleic acid, nor HOSO destined to food consumption,18 but a mixture of FAs enriched in oleic acid, recovered from soapstock, a side-product of edible vegetable oil refining. (ii) The continuous flow mode enables an effective usage and recycling of the biocatalyst, and simplifies reaction work-up, avoiding any tedious basic/acid aqueous quenching and solvent extraction, necessary in routes (a) and (b).  (iii) The reaction conditions do not reduce the lifetime of the catalyst, the activity of which is maintained even after 157 h reaction time. (iv) Limonene, a sustainable solvent easily obtained from natural sources in large amounts, is employed rather than DCM, methanol, acetonitrile or hexane as in routes (a)-(c). (v) Amide 1 could be isolated by spontaneous crystallization from limonene, and the recovery of limonene was carried out by simple distillation of the mother liquors. 
CONCLUSIONS 
The use (and reuse) of agricultural waste and resources in a circular economy perspective is crucial in the current socio-economical framework, in order to minimise environmental and social impacts of chemical manufacturing. Herein, a sustainable and effective method has been developed for the preparation of oleoyl ethanolamide 1 with a productivity of nearly 0.7 g h−1, and good isolation yields from agri-food waste. The starting material is a mixture of fatty acids recovered by enzymatic hydrolysis of soapstock, a waste product obtained during the refinement of HOSO for food applications. Thus, it is a fully renewable source, and it does not compete with the use of refined vegetable oil for food consumption.
The amidation reaction is mediated by an enzyme belonging to the class of lipases, renewably produced commercially on industrial scale. The reaction works efficiently in batch mode as well as in continuous flow, loading the lipase catalyst in a glass column through which the reagents are fed. The continuous flow mode affords several advantages over the batch conditions: increased catalyst productivity, simplification of the reaction work-up, easy removal and re-use of the catalyst. Limonene is employed as a solvent, thus avoiding hydrocarbon or chlorinated solvents. A further advantage is represented by the easy crystallization of the amide on standing in the outlet solution. No column chromatography is required to recover the pure amide. Taken all together, these features make the process appealing to preparative scale production of amide 1 and competitive with the previously reported routes, from both an environmental and technical perspective.
Supporting Information 
Supporting Information is available and contains: (i) the procedure for evaluating the molar distribution of the main fatty acids in the mixtures obtained by enzymatic splitting of samples of high-oleic sunflower oil soapstock; (ii) data and graphs of the analysis performed by full factorial design; (iii) data and graphs of the analysis performed by central composite design; (iv) calculation of simplified environmental factors; (v) copies of the 1 H and 13C NMR spectra of amide 1.
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