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    PREFACE




    


    


    


    


    


  




  

    Carbonaceous quantum dots (CQDs) are an intriguing category of carbon nanoparticles with diameters of about 10 nm. Several sustainable and green characteristics of CQDs, such as low toxicity, chemical inertness, superior biocompatibility, photo-induced electron transfer, and extremely controllable photoluminescence behavior, render them to be an appealing candidate in numerous potent fields. The production of CQDs offers the benefits of basic, inexpensive synthesis processes as well as a large selection of synthetic raw materials. CQD synthesis techniques can be broadly divided into "top-down" and "bottom-up" approaches. In the former, carbonaceous materials are reduced or subdivided using chemical, electrochemical, or physical methods. The latter is accomplished either by step-by-step chemical fusion of small aromatic molecules or by pyrolysis or carbonization of small organic molecules. The worldwide significance and attention of CQDs are attributed to their unique advantages in terms of properties, such as low toxicity, chemical stability, biocompatibility, redox properties, excellent luminescence, tunable and comparable photoluminescence, fluorescent sensing, excellent solubility, and effortless environmental friendly synthesis process. In this book, the selected chapters intend to illustrate the significant potential of CQDs in numerous sectors, such as biomedical, solar cell, sensing, water treatment, and energy storage/generation, with an emphasis on prospects. This book provides a comprehensive guide for researchers and students to understand the overview, properties, synthesis route and applications of carbonaceous quantum dots. This could be a handbook for various professionals, researchers and students working in the field of biomedical application, green energy, sensing, energy storage, water treatment, etc. Most importantly, this book has proven helpful to postgraduate students in their academic studies. The authors of this book's chapters are renowned professionals who are enthusiastic about the rapidly emerging, cross-disciplinary fields of research, particularly material science.




    We express our gratitude to all the contributors. We would like to thank Prof. (Dr) Andreas Constantinou for writing the foreword. Finally, it is a profound pleasure to thank Bentham Science for taking up the publication of this book. We hope that this book will provide recent scientific knowledge on the chemotherapeutic potential of natural products and the techniques employed for the detection of cancer and other diseases and will lead to new discussions about the global scope of nutraceuticals.




    Abhinay Thakur et al., in Chapter 1, discusses the basic introduction of CQDs with a round note on its potent utilization in several fields; DevikaVashisht et al., in Chapter 2, elaborate on the properties of CQDs, including phosphorescence, chemiluminescence, adsorption, electrical properties, electrochemical luminescence, photo-induced electron transfer, etc.; Munish Kumar in Chapter 3 discusses arc discharge method, laser ablation method, acidic oxidation method and combustion/thermal method; Abhinay Thakur et al. in Chapter 4 mentioned about the characterization techniques of CQDs, including fluorescence spectroscopy, Fourier transform infrared spectroscopy, transmission electron microscopy, atomic force microscopy, optical analysis using photoluminescence spectrophotometer, light absorption by UV-vis spectrophotometer, etc.; Yarima S. García et al., in Chapter 5, discusses the potential of CQDs in the biomedical field; Ekta Sharma and Vaishali Thakur, in Chapter 6, elaborated on the significance of CQDs in the solar cell; Alma Mejri et al., in Chapter 7, enlighten the potential of CQDs in sensing, Garima Kumari et al., in Chapter 8, mentioned about the capability of CQDs in wastewater treatment, Vaishali Thakur and Ekta Sharma, in Chapter 9, analyzed the potential of CQDs in energy storage; in last, DevikaVashisht et al., in Chapter 10, deeply enlighten the future aspects of CQDs in various fields.




    I anticipate that the readers will find these insights and examination crucial and will inspire them to explore more about further research on Carbonaceous quantum dots in several other potent domains. I am grateful for the prompt initiatives and support provided by the editorial personnel, especially Ms. Humaira Hashmi and Ms. Rabia Maqsood at Bentham Science Publishers.
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      Abstract




      Food analysis demands are mandatory from quality, safety, and authentication point of view, and there is an increase in analytical activity in both the control laboratory and research and development. This chapter presents the current state-of-the-art of Green Analytical Chemistry and its main strategies for improving the sustainability of analytical methods, reducing their environmental impact, and offering solutions to the needs that arise from food analysis. Direct analysis is presented as the ideal method that avoids the use of solvents or reagents and the generation of waste. Miniaturization, automation, and the use of sustainable solvents, in addition to reducing energy consumption, are the basic strategies that allow us to achieve the objectives of Green Analytical Chemistry. The reduction of single-use plastic laboratory material and their waste has also been considered an objective for analytical method greenness.
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      INTRODUCTION




      Green Analytical Chemistry is a challenging strategy focused on the modification of conventional analytical methods in order to avoid or reduce the deleterious effects on both, users and the environment [1]. This green trend is of particular importance in the food analysis area, where an extremely high number of samples must be daily analysed all around the world in order to assess the food quality and food safety of raw and manufactured products. Moreover, food analysis is a diverse task and it may involve the determination of physico-chemical parameters and macronutrients, to the determination of micronutrients, bioactive compo- nents, and residues of pesticides. It also involves the detection of food adultera-




      tion, fraud, and the geographical origin of food products. Most of these studies are carried out by using reference methods and guidelines from the Codex Alimentarius Commission of the Joint FAO/WHO Food Standards Programme [2], the Association of Official Agricultural Chemists (AOAC) [3], and European Food Safety Authority (EFSA) [4], which typically use conventional analytical techniques that are characterized by long analysis time, laborious sample preparation, and high consumption of reagents and solvents that very often involve the generation of toxic wastes [5].




      The concept of Green Analytical Chemistry was firstly proposed by de la Guardia and Ruzicka in 1995 with the novel idea of environmentally conscientious Analytical Chemistry through miniaturization, containment, and reagent replacement [6]. Later in 1999, de la Guardia proposed the “integrated environmentally friendly approach”, considering the side effects of chemical measurements that can be reduced by using new strategies for sampling, sample treatment, and chemometrics [7]. In this frame, methodologies like in-field sampling, on-line analysis, microwave-assisted treatment, automation through flow analysis, decontamination or passivation processes, and surface analysis were proposed in order to achieve excellent analytical figures of merit, but also considering external factors such as environmental safety, health, and social problems. Since that time, the Green Analytical Chemistry concept has been expanded and widely discussed in several books authored by researchers, such as Anastas in 1999 [8], Koel and Kaljurand in 2010 [9], de la Guardia and Armenta in 2011 [10], de la Guardia and Garrigues in 2012 [1], and, more recently, Płotka-Wasylka and Namieśnik in 2019 [11].




      Since its inception, Green Analytical Chemistry concept has been running in parallel to Green Chemistry, focusing on chemical analysis and processes, respectively. Thus, the 12 principles of Green Chemistry defined by Anastas in 1998 [12] were adapted to an analytical focus by Galuzska et al. in 2013 [13]. The 12 principles of Green Analytical Chemistry are shown in Fig. (1), and they summarize the diverse trends proposed to reduce the environmental impact of analytical procedures. From a Food Analysis perspective, the main principles to have into account are those related to the implementation of in situ measurements and direct analytical techniques in order to avoid or reduce sample treatment, the reduction of the number of samples to be analysed, the use of automated and miniaturized methodologies, and the preferential use of multianalyte methods, improving in all cases the level of information obtained from sample measurements.




      
[image: ]


Fig. (1))


      The 12 principles of Green Analytical Chemistry (adapted from reference [13]).



      During these years, several criteria have been proposed to evaluate the green character of an analytical method, such as: the National Environmental Methods Index (NEMI) [14], Green Assessment Profile [15], color scale adapted-NEMI [16], penalty points and Eco-scale [17], Green Motion tool [18], E-factor [19], Green Certificate [20], and Green Analytical Procedure Index (GAPI) [21]. However, today there is not still a common agreement among analytical chemists about what is the definitive criterion to evaluate the green character of an analytical methodology. Thus, a homogeneous guideline is still required to quantify the green features of analytical methods and evaluate their environmental impact. Nevertheless, after two decades since the inception of the Green Analytical Chemistry concept, it can be confirmed that the environmental concern has increased with a significant positive balance.




      Vibrational spectroscopy is widely applied in both, food laboratories and production lines using techniques based on infrared, Raman, and Hyperspectral Image System, usually associated with chemometrics [22]. These techniques allow the direct determination of food parameters without sample treatment or at least a minimal preparation, providing fast analytical tools with reduced waste generation and risks to the operator. In the same way, techniques like near and middle infrared spectroscopy, electronic tongue and nose, hyperspectral imaging, biosensors, and integrated multiple sensors have been proposed for the establishment of food safety and food quality [23].




      Separation techniques like gas (GC) and liquid (LC) chromatography are typically employed for multianalyte determination procedures. Traditionally, LC is considered less green than GC because of the solvent consumption level, although LC offers a high potential to be greened by using bio-solvents and agro-solvents, high efficacy chromatographic columns, and multidimensional separations [24]. Moreover, the use of capillary electrophoresis shows significant green advantages such as high separation efficacy with short analysis time and reduced sample and solvent consumption [5]. The use of separation techniques involves a sample treatment in the majority of cases, whether to extract, enrich or isolate analytes from the matrix, being imperative in the case of solid samples where an extraction step must be carried out before the analytical determination. High-performance approaches have been employed to replace conventional extraction procedures, such as: ultrasound-assisted (UAE), head-space (HS), microwave-assisted (MAE), pressurized liquid (PLE), and supercritical fluid (SFE) extraction, allowing an efficient analyte extraction from the matrix, but also reducing extraction time, potential contaminations, solvent consumption, and waste generation [25]. Additionally, liquid samples are classically treated by liquid-liquid (LLE) and solid-phase (SPE) extraction approaches before analytical determinations in a selective and sensitive enough way, being labour-intensive techniques that consume high volumes of organic solvents and generate a high amount of residues. Thus, several alternatives have been proposed from a green point of view, based on microextraction procedures, such as solid-phase microextraction (SPME), stir bar sorptive extraction (SBSE), single-drop microextraction (SDME), dispersive liquid-liquid microextraction (DLLME), and hollow fiber liquid-phase microextraction (HF-LPME) [5], being nowadays very important in this field the use of smart materials [26].




      In the last decade, the huge improvement of analytical instrumentation has contributed to the development of Foodomic methodologies, based on the massive determination of genes, proteins, and metabolites present in food in order to understand and predict the complexity of the Foodome [27]. Foodomics is mainly focussed on the use of untargeted approaches with high-performance analytical instruments, such as: high-resolution mass spectrometry, two-dimensional chromatography, and nuclear magnetic resonance, coupled to chemometric tools for the massive treatment of data. These approaches involve the use of high-performance instruments, but they should be complemented by a previous screening using fast methodologies such as direct analysis or image treatment approaches [28].




      Moreover, the widespread use of smartphones connected to the Internet and storage of large databases in clouds may allow, in a near future, to integrate analytical tools for food analysis as apps [22]. These totally portable approaches would allow performing a quality control by food scanning directly at markets and homes [29].


    




    

      FOOD ANALYSIS DEMANDS




      Food quality control and food safety are important tasks which involve serious efforts from international organisms and laboratories in order to guarantee a high standard of imported, exported, and consumed foods, all around the world. The Food and Agriculture Organization (FAO) of the United Nations in the frame of the World Health Organization (WHO) involves an international framework for food control systems including World Trade Organizations, as Sanitary and Phytosanitary (SPS) and Technical Barriers to Trade (TBT) agreements and Codex Alimentarius [2]. So, this international structure evidences the importance of food and food safety and thus, the single way to assure the appropriate application of international norms and regulations must be based on a deep analytical chemistry control which, at the same time must be accurate and fast due to the urgent need of data obtention before the consume of many perishable products.




      In the present ecological paradigm of Analytical Chemistry [16], the main stress has been focused on environmental and health aspects. However, we cannot forbid that an appropriate food intake is the basis of a healthy life and that contamination and contaminants are amplified through the food chain. So, at the same time, food analysis is a key subject in human health control and it provides valuable data about the state of ecosystems. Because of that, there is nowadays an increasing number of journals devoted to food analysis and related aspects, as it can be seen in Table 1.




      

        Table 1 Representative journals publishing articles especially devoted to food analysis and related aspects and their metrics.




        

          

            

              	Source title



              	Impact f



              	CiteScore



              	Cit 1



              	Doc 2



              	SNIP 3



              	SJR 4



              	Publisher

            


          



          

            

              	Trends in Food Science and Technology



              	11.077



              	14.2



              	11727



              	823



              	3.802



              	2.841



              	Elsevier

            




            

              	Comprehensive Reviews in Food Science and Food Safety



              	9.912



              	15.1



              	4273



              	283



              	4.268



              	2.760



              	Wiley-Blackwell

            




            

              	Annual review of food science and technology



              	8.960



              	16.6



              	1615



              	97



              	3.042



              	2.327



              	Annual Reviews Inc.

            




            

              	Critical Reviews in Food Science and Nutrition



              	7.862



              	13.2



              	12253



              	926



              	2.571



              	1.804



              	Taylor & Francis

            




            

              	Food Chemistry



              	6.306



              	10.7



              	81471



              	7623



              	2.370



              	1.775



              	Elsevier

            




            

              	Global Food Security



              	6.034



              	8.8



              	1710



              	195



              	2.621



              	2.309



              	Elsevier

            




            

              	Food and Energy SecurityOpen Access



              	5.242



              	6.9



              	540



              	78



              	2.212



              	1.287



              	Wiley-Blackwell

            




            

              	Antioxidants



              	5.014



              	4.9



              	3706



              	993



              	1.610



              	1.100



              	MDPI 5


            




            

              	Food Research International



              	4.972



              	6.2



              	15780



              	2561



              	1.661



              	1.440



              	Elsevier

            




            

              	Food Quality and Preference



              	4.842



              	7.9



              	5715



              	719



              	1.837



              	1.296



              	Elsevier

            




            

              	Journal of Food and Drug AnalysisOpen Access



              	4.727



              	7.4



              	3353



              	451



              	1.877



              	1.043



              	Elsevier

            




            

              	Food and Chemical Toxicology



              	4.679



              	6.7



              	12860



              	1933



              	1.353



              	0.902



              	Elsevier

            




            

              	Current Opinion in Food Science



              	4.577



              	7.6



              	2773



              	364



              	1.682



              	1.466



              	Elsevier

            




            

              	Journal of Food Engineering



              	4.499



              	7.5



              	10533



              	1408



              	1.833



              	1.338



              	Elsevier

            




            

              	Food Control



              	4.258



              	8.4



              	19065



              	2258



              	1.733



              	1.430



              	Elsevier

            




            

              	Journal of Agricultural and Food Chemistry



              	4.192



              	6.1



              	61403



              	5313



              	1,388



              	1.086



              	American Chemical Society

            




            

              	Food Policy



              	4.189



              	7.0



              	2906



              	414



              	2.410



              	2.189



              	Elsevier

            




            

              	International Journal of Food Microbiology



              	4.187



              	7.4



              	9223



              	1254



              	1.545



              	1.364



              	Elsevier

            




            

              	Food and Function



              	4.171



              	5.6



              	12792



              	2302



              	1.201



              	1.035



              	Royal Society of Chemistry

            




            

              	Food Microbiology



              	4.156



              	7.1



              	5999



              	840



              	1.557



              	1.318



              	Elsevier

            




            

              	Food Reviews International



              	4.113



              	7.1



              	808



              	114



              	1.882



              	1.109



              	Taylor & Francis

            




            

              	Foods Open Access



              	4.092



              	1.3



              	1118



              	872



              	1.243



              	0.661



              	MDPI 5


            




            

              	LWT - Food Science and Technology



              	4.006



              	6.4



              	23411



              	3661



              	1.642



              	1.313



              	Elsevier

            




            

              	Food and Bioproducts Processing



              	3.726



              	6.1



              	3059



              	503



              	1.448



              	1.027



              	Institution of Chemical Engineers

            




            

              	Journal of Food Composition and Analysis



              	3.721



              	5.5



              	3543



              	645



              	1.545



              	0.895



              	Elsevier

            




            

              	Journal of Functional Foods



              	3.701



              	5.9



              	12997



              	2197



              	1.235



              	0.998



              	Elsevier

            




            

              	Meat Science



              	3.644



              	6.7



              	7144



              	1070



              	1.781



              	1.417



              	Elsevier

            




            

              	Toxins



              	3.531



              	5.1



              	15096



              	2078



              	1.269



              	1.034



              	MDPI 5


            




            

              	International Journal of Food Sciences and Nutrition



              	3.483



              	5.0



              	2056



              	411



              	0.812



              	0.671



              	Taylor & Francis

            




            

              	Food and Bioprocess Technology



              	3.356



              	5.6



              	4123



              	734



              	1.125



              	1.078



              	Springer Nature

            




            

              	Journal of Dairy Science



              	3.333



              	5.4



              	20918



              	3873



              	1.712



              	1.440



              	Elsevier

            




            

              	Food Engineering Reviews



              	3.294



              	8.7



              	1329



              	78



              	1.719



              	1.162



              	Springer Nature

            




            

              	Food Structure



              	3.064



              	3.7



              	317



              	86



              	1.422



              	0.858



              	Elsevier

            




            

              	International Journal of Food Science and Technology



              	2.773



              	4.1



              	5165



              	1252



              	1.054



              	0.798



              	Wiley-Blackwell

            




            

              	Food Analytical Methods



              	2.667



              	4.7



              	6638



              	1398



              	0.875



              	0.673



              	Springer Nature

            




            

              	Journal of the Science of Food and Agriculture



              	2.614



              	4.6



              	12202



              	2673



              	1.118



              	0.718



              	Wiley-Blackwell

            




            

              	Food Additives and Contaminants: Part B Surveillance



              	2.602



              	4.4



              	732



              	166



              	1.262



              	0.865



              	Taylor & Francis

            




            

              	Journal of Food Science



              	2.479



              	3.7



              	5597



              	1498



              	0.973



              	0.738



              	Wiley-Blackwell

            




            

              	European Food Research and Technology



              	2.366



              	3.8



              	3198



              	852



              	0.976



              	0.654



              	Springer Nature

            




            

              	Food Additives and Contaminants - Part A Chemistry. Analysis. Control. Exposure and Risk Assessment



              	2.340



              	3.8



              	2862



              	760



              	0.938



              	0.624



              	Taylor & Francis

            




            

              	Food Technology and Biotechnology Open Access



              	2.115



              	3.3



              	731



              	223



              	1.076



              	0.575



              	University of Zagreb

            




            

              	British Food Journal



              	2.102



              	3.1



              	2741



              	881



              	1.086



              	0.579



              	Emerald

            




            

              	Food Security



              	2.095



              	3.7



              	1328



              	357



              	1.190



              	0.903



              	Springer Nature

            




            

              	European Journal of Lipid Science and Technology



              	2.056



              	3.8



              	2789



              	738



              	0.863



              	0.669



              	Wiley-Blackwell

            




            

              	Journal of Food Science and Technology



              	1.946



              	3.3



              	6612



              	2022



              	1.082



              	0.666



              	Springer Nature

            




            

              	International Journal of Food Properties Open Access



              	1.808



              	3.3



              	3866



              	1165



              	0.969



              	0.562



              	Taylor & Francis

            




            

              	Journal of Food Quality Open Access



              	1.763



              	2.4



              	1291



              	528



              	1.012



              	0.513



              	Hindawi

            




            

              	Food Science and Technology International



              	1.654



              	2.7



              	687



              	255



              	0.820



              	0.554



              	SAGE

            




            

              	CYTA - Journal of Food Open Access



              	1.653



              	2.8



              	1148



              	417



              	0.987



              	0.519



              	Taylor & Francis

            




            

              	Journal of Food Measurement and Characterization



              	1.648



              	2.1



              	2047



              	964



              	0.772



              	0.492



              	Springer Nature

            




            

              	Journal of Food Protection



              	1.581



              	2.8



              	2896



              	1021



              	0.835



              	0.587



              	International Association for Food Protection

            




            

              	Agriculture and Food Security Open Access



              	1.537



              	2.5



              	495



              	198



              	0.905



              	0.414



              	Springer Nature

            




            

              	Food Quality and Safety Open Access



              	3,102



              	3.1



              	266



              	85



              	1.660



              	0.879



              	Oxford University Press

            




            

              	Agricultural and Food Science Open Access



              	0,731



              	1.7



              	156



              	92



              	0.654



              	0.285



              	M T T Agrifood Research Finland

            


          

        




        

          Note: (1) Cit: citations 2016-19. (2) Doc: documents 2016-19. (3) SNIP: Source Normalized Impact per Paper. (4) SJR: SCImago Journal Rank. (5) MDPI: Multidisciplinary Digital Publishing Institute.

        




      




      Most of these journals are included in the areas of Food Science in addition to those of Industrial and Manufacturing Engineering or Safety, Risk, Reliability, and Quality. Additionally, food analysis has moved from the bench to the real in-field application in which many new analytical methodologies have been developed concerning mineral elements [30], emerging contaminants [31], and green analytical procedures [22, 28, 32].




      On considering the objectives of food analysis it must be noticed that they have moved from the initial interest on the main nutrients, like proteins, lipids, and carbohydrates to the increasing importance of oligocompounds, both, inorganic elements and organic molecules, and with an increasing level of complexity because the presence of lipids in foods strongly depends on their unsaturation level and plant origin [33], the origin of proteins can determine the quality of processed foods [34] and the different carbohydrates have different effects on human health [35]. Additionally, the determination of the total content of mineral elements does not provide a complete picture of their action, because depending on their oxidation state (Cr(III) or Cr(VI), Fe(II) or Se(IV)), inorganic form (AsO43-, AsO2-, Hg2+) or organic character (arsenobetaine, methyl mercury, phenyl mercury, tributyltin, …), foods could be safe or unsafe, related element available or no available as function of their oxidation state or chemical form and the associated toxicity to As or Hg decreased or increased as a function of their methylation grade [36]. Thus, for example, arsenic toxicity decreased on moving from inorganic to high methylated species, and on the contrary mercury toxicity increases on increasing methylation level. That means that Omic Sciences [37] and speciation [38, 39] are hot topics of today's research in Analytical Chemistry. So, to carry a deep characterization of foods is nowadays a complex




      activity which requires new developments to assure complete information from regulatory agencies responsible for supervising compliance with regulations to consumers.




      Food authentication is required to avoid frauds, as those concerning the replacement of high-value items by less useful ones or the mixing of different categories of food components to obtain a cheaper one by non-correct preparation or production. A special topic related to food authentication is the existence of protected designation of origin (POD), protected geographical indication (PGI) and traditional specialty guaranteed (TSG). As instruments created by the European Union, try to highlight the special characteristics of food production in a specific area or by using special elements. These labels have created the need of new tools for authentication of specially labeled foods which in fact offer an added value for both, producers and consumers, and requires sophisticated methods of analysis to verify the discriminant composition of these special food products [40], based on the determination of element markers or particular compounds.




      However, the main concern of the food analysis community is the guarantee of food safety in front of the presence of contaminants in human consume products and/or the degradation of food components due to the time or the preservation conditions. To do it, sensitive and selective enough methods are required to analyze classical toxic products as many transition metals, oxidants, biogenic amines, and also the so-called emerging contaminants [41]. So, there is an increasing demand for methods for ions, neutral molecules, or solids, like microplastics [42] or nanoparticles [43], which could damage our health in the short, middle, or long term.




      On the other hand, food analysis does not concern at all with a homogeneous kind of samples, being possible to distinguish between natural or processed foods, liquid or solid samples, animal or vegetable origin products and it offers additional challenges due to the biological variability of samples and the need to drastically modify methods employed in one field to be applied successfully to another kind of samples. Besides looking for the enhancement of the main analytical features of methods regarding an improved sensitivity or selectivity, it is required to pay attention to applied properties in order to provide a fast analytical response for safety and economic reasons and, of course, to take care of methods greenness. All the aforementioned aspects have been summarized in Fig. (2).
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Fig. (2))


      The complexity of the main purposes of food analysis as a challenging task.



      A simplistic approach could consider food samples as a more or less complex matrix which contains the target analytes. The physical state of samples and the complexity of matrix, together with the concentration level of selected analytes and the potential interferences, could orientate the appropriate selection of the best analytical method to be used. Considering the control of the food production chain, the authentication, and safety of food products it can be noticed that production area and technology, harvest conditions, food processing techniques, preservation, packaging of foods, food cooking, and its consumption are some of the main steps in which analytical efforts are required, as it has been summarized in Fig. (3).. Adulteration origin and trademark identification are hot topics with increasing economic importance in highly developed societies who carefully control their nutrition and try to distinguish their products from massive production practices thus moving to the production of organic foods, free from the use of pesticide, inorganic amendments, and other past and traditional practices.




      In short, it can be concluded that nowadays many analytical laboratories all around the world try to evaluate many parameters in long series of food samples based on health, economic, environmental, and also political reasons, and to do it extra efforts, instruments, reagents, and consumables are required. So, in the end, a lot of wastes are generated and that creates the need to look at the possibilities




      offered by free or, at least, low deleterious environmental side effect green methods to determine as many as possible components and properties of foods.
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Fig. (3))


      The main aspects to be taken into account in food analysis.

    




    

      GREEN ANALYTICAL SOLUTIONS




      At it has been introduced in the first section of this chapter, the so called Green Analytical Chemistry has the main purpose of sustainability from both, environmental and economic viewpoints and thus the dream of a Green Analytical Chemistry in the field of food analysis is the obtention of a complete information about samples trough remote sensing or, at least, direct observation without any physical or chemical treatment. So, based on the drone technology coupled to hyperspectral camera images, it is possible nowadays to evaluate the production of fruits and vegetables [44], to evaluate fish production and to obtain in a fast way information about the size of specimens in fresh fish market [45]. Additionally, based on the development of image treatment algorithms, it is possible to evaluate fish freshness [46, 47], chicken meat freshness [48], or banana important indexes, as soluble solids, pH, titrable acidity, and firmness [49] without removing the banana skin or to determine the content of fat on processed meat products [50]. All the aforementioned parameters could be obtained without any treatment of samples and based on well-developed calibration models. Additionally, spectroscopy techniques as X-Ray fluorescence (XRF) [51], and infrared [52, 53] or Raman [54] spectroscopy could be employed to directly determine major and minor components in foods. However, the lack of sensitivity of the aforementioned techniques creates difficulties to determine trace compounds in foods. Nowadays atomic- spectroscopy-based methods, like inductively coupled plasma optical emission (ICP-OES) or inductively coupled plasma mass spectrometry (ICP-MS) are required for mineral element determinations [55] and chromatography [56] is the most useful technique for the determination of traces of organic compounds in foods. To do these determinations, a previous sample dissolution, matrix removal, and/or target analyte preconcentration are mandatory. So, the subject of this book covers a fundamental aspect for greening food analysis and extraction of active and toxic compounds from foods in a safe and environmentally friendly way.




      As indicated in Fig. (4). There are many characteristics that we dream in a solvent to be used to extract active principles, analytes, or contaminants from foods. In short, it must be: i) non-toxic, ii) non-cumulative, iii) biodegradable, iv) with a high dissolving power, v) easy to be removed after extraction, vi) preferably from a natural origin, vii) renewable, and viii) easily available and cheap and, from a green analytical point of view, the aforementioned aspects must be considered in both, solvents and reagents to be employed in food analysis.
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Fig. (4))


      The green extraction solvent ideal characteristics.



      Obviously, the absence of toxicity and accumulative character is mandatory to assure solvent safety use from operators and to the environment. Being biodegradable is a requisite to avoid additional troubles to treat waste. Of course, a high dissolving power of the solvent in front of target analytes or active compounds is required to minimize the amount of solvent and reduce the extraction time and extraction conditions, such as temperature or pressure. After extraction, it could be nice for many analytical methods that the excess of solvent used could be removed easily and, if possible, at room temperature in order to favor analyte preconcentration and the possibility of solvent recovery. Natural origin solvents, specially agro-solvents, which are renewables, are interesting alternatives to petrol-based solvents. On the order hand, for sustainable economic reasons, the solvent to be employed in food extraction must be easily available and cheap to reduce total cost of extraction and the whole analytical processes.




      

        Table 2 Main agro-solvents produced industrially or potentially exploitable and their physical-chemical properties (adapted from reference [57]).




        

          

            

              	Compound



              	CAS number



              	Molecular mass g/mol



              	Density (25 °C) g/mL



              	
Boiling Point


              (750 mmHg)




              	
Flash point


              °C




              	
Viscosity (25 °C)


              Cp




              	
Surface Tension (25 °C)


              mN/m




              	Evaporation rate (25 °C)

            


          



          

            

              	Water



              	7732-18-5



              	18.02



              	0.997



              	100



              	-



              	0.9



              	72



              	0.36

            




            

              	Ethanol



              	64-17-5



              	46.07



              	0.782



              	78.4



              	8.9



              	1.1



              	22.18



              	1.7

            




            

              	2-propanol



              	67-63-0



              	60.09



              	0.785



              	82.4



              	22.2



              	2.04



              	21



              	1.7

            




            

              	2-methyl-1-butanol



              	137-32-6



              	88.15



              	0.811



              	130



              	43.3



              	4.21



              	24.95



              	0.24

            




            

              	Butanol



              	71-36-3



              	74.12



              	0.806



              	117-118



              	35.0



              	2.62



              	23.35



              	0.44

            




            

              	1-octanol



              	111-87-5



              	130.23



              	0.824



              	196



              	81.1



              	7.41



              	27.1



              	0.007

            




            

              	1-decanol



              	112-30-1



              	158.28



              	0.826



              	231



              	82.2



              	11.9



              	28.7



              	0.001

            




            

              	Oleyl alcohol (65%)



              	143-28-2



              	268.48



              	0.846



              	207



              	>110



              	27.95



              	31.55



              	<0.005

            




            

              	Methyl acetate



              	79-20-9



              	74.08



              	0.934



              	57.5



              	-9.4



              	0.37



              	24.41



              	11.8

            




            

              	Ethyl acetate



              	141-78-6



              	88.11



              	0.898



              	76-78



              	-3.3



              	0.43



              	23.7



              	4.94

            




            

              	n-amyl acetate



              	628-63-7



              	130.18



              	0.872



              	142



              	23.9



              	0.86



              	25.07



              	0.4

            




            

              	Butyl acetate



              	123-86-4



              	116.16



              	0.878



              	124-126



              	22.2



              	0.68



              	24.81



              	1

            




            

              	Ethyl lactate



              	687-47-8



              	118.13



              	1.038



              	154



              	48.9



              	2.41



              	28.57



              	0.214

            




            

              	Butyl lactate



              	138-22-7



              	146.18



              	0.98



              	185-187



              	69.4



              	3.22



              	28



              	0.036

            




            

              	Diethyl succinate



              	123-25-1



              	174.19



              	1.043



              	217-218



              	90.6



              	2.48



              	32



              	0.009

            




            

              	DBE (Dupont) (*)



              	53-60-5



              	159



              	1.085



              	196-225



              	100.0



              	2.6



              	35.02



              	0.009

            




            

              	Decanedioic acid



              	109-43-3



              	314.46



              	0.932



              	345



              	>110



              	7.99



              	32.16



              	<0.005

            




            

              	Ethyl hexanoate



              	123-66-0



              	144.21



              	0.869



              	168



              	49.4



              	0.9



              	25.66



              	0.156

            




            

              	Ethyl octanoate



              	106-32-1



              	172.27



              	0.874



              	206-208



              	75.0



              	1.44



              	26.06



              	0.02

            




            

              	Ethyl decanoate



              	100-38-3



              	200.32



              	0.858



              	245



              	102.2



              	2.09



              	27.6



              	0.002

            




            

              	Methyl hexanoate



              	106-70-7



              	130.19



              	0.881



              	151



              	45.0



              	0.84



              	25.9



              	0.336

            




            

              	Methyl oleate



              	112-62-9



              	296.5



              	0.875



              	218



              	110.0



              	6.2



              	31.3



              	<0.005

            




            

              	Isopropyl palmitate



              	142-91-6



              	298.51



              	0.849



              	342



              	>110



              	6.38



              	28.8



              	<0.005

            




            

              	n-butyl stearate



              	123-95-5



              	340.59



              	0.857



              	350



              	160.0



              	8.26



              	33.2



              	<0.005

            




            

              	Glycerol carbonate



              	931-40-8



              	118.09



              	1.38



              	351



              	212.0



              	10



              	45.5



              	-

            




            

              	Isosorbide dimethyl ether



              	5306-85-4



              	174.19



              	1.17



              	315



              	103.0



              	6



              	



              	

            




            

              	1,2-propanediol



              	57-55-6



              	76.09



              	1.032



              	187



              	107.2



              	43.22



              	36.52



              	0.01

            




            

              	1,3-propanediol



              	504-63-2



              	76.09



              	1.06



              	210-212



              	131



              	52.7



              	46.2



              	

            




            

              	Furfural



              	98-01-1



              	96.09



              	1.156



              	162



              	73.9



              	-



              	-



              	-

            




            

              	Furfuryl alcohol



              	98-00-0



              	98.1



              	1.131



              	170



              	65.0



              	4.76



              	38.45



              	0.04

            




            

              	Furan



              	110-00-9



              	68.08



              	0.933



              	32



              	-35.6



              	0.36



              	23.85



              	9.95

            




            

              	Tetrahydrofuran



              	109-99-9



              	72.1



              	0.882



              	67



              	-17.2



              	0.46



              	26.5



              	6.3

            




            

              	2-methyltetrahydrofuran



              	96-47-9



              	86.13



              	0.86



              	78-80



              	-11.0



              	4



              	-



              	

            




            

              	α-pinene



              	2437-95-8



              	136.24



              	0.854



              	155-156



              	32.2



              	1.32



              	27.6



              	0.41

            




            

              	α-terpineol



              	10482-56-1



              	154.25



              	0.929



              	217-218



              	89.4



              	36.5



              	31.6



              	0.005

            




            

              	(R)-(+)-limonene



              	5989-27-5



              	136.24



              	0.837



              	176



              	48.3



              	0.85



              	27.8



              	0.25

            




            

              	p-cymene



              	99-87-6



              	134.22



              	0.856



              	176-178



              	47.2



              	0.83



              	28.28



              	0.14

            




            

              	Ethyl methyl ketone



              	78-93-3



              	72.1



              	0.801



              	80



              	-3.3



              	0.43



              	24.18



              	4.03

            




            

              	Acetone



              	67-64-1



              	58.08



              	0.787



              	56



              	-17.8



              	0.31



              	22.86



              	6.06

            


          

        




        

          (*) Mixture of refined dimethyl succinate, dimethyl glutarate, and dimethyl adipate

        




      




      Water is, obviously, one of the solvents which has most of the aforementioned characteristics. However, it cannot dissolve all the target analytes and, because of that, on moving from dreams to the real-life, agro-solvents, like alcohols, and some terpenes, could offer interesting alternatives. In fact, Table 2, taken from the book of Farid Chemat [57] provides a complete list of agro-solvents available in the market together with other agro-solvents that could be commercialized in a near future.




      Another way to increase the dissolving power of water is the addition of amphiphilic compounds, like surfactants [58] suitable to create local polarity environments and different ordered media which favor the dissolution and extraction of nonpolar compounds. It can be done in an aqueous environment modified by the presence of micelles or microemulsified droplets of oil. It must be considered that the called surfactant media could be obtained from non-toxic and biodegradable tenside active molecules, which could drastically modify the solubility of the target molecules without using non-renewable and dangerous organic solvents, thus offering a green way to improve extraction steps. Additionally, CO2 is freely available from the air and, under critical conditions of pressure and temperature, could move to the supercritical conditions at which it presents middle characteristics between gases and liquids with a high penetrability on solids and a polarity similar to cyclohexane. Supercritical CO2 alone or combined with some alcohols could be really useful to increase the dissolving power of H2O and agro-solvents but involves an increase in cost and technologies.




      In addition to an appropriate selection of solvents, the use of pressure and temperature could enhance the extraction steps and nowadays the use of electric and magnetic fields could improve the efficiency and speed of many compounds extraction.




      As indicated in Fig. (5), together with a proper selection of solvents to be used for food components extraction, matrix isolation or target analyte preconcentration, the adequate selection of the process concerns the main ways for greening extraction techniques.
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Fig. (5))


      Ways for greening extraction techniques.



      The proper selection of as greenest as possible solvent is, of course, the best way to avoid the deleterious side effect of extraction steps, specifically regarding toxicity, flammability, non-renewable character of reagents, and troubles on managing solutions and wastes. Also, it must be taken into consideration the energy consumption and, because of that, the process could be an important matter as it will be evidenced in the next chapters in which pressurized solvent extraction, high hydrostatic pressure, gas expanded liquid extraction, ultrasound-assisted, microwave-assisted, pulsed electric field, high voltage electric discharges and enzyme assisted procedures will be discussed and all the aforementioned alternatives need to be evaluated from a green point of view.




      As it can be summarized, the aforementioned techniques came from a clever combination of energy and pressure to favor solvent penetrability in order to improve analyte extraction in a short as possible period of time with a reduced energy consumption, saving also time and operator risks. It must be also indicated that sample treatment in closed systems enhances extraction efficiency and reduces analyte losses or contaminations together with the operator exposure to employed reagents.




      In short, in spite of the matrix complexity or the analyte concentration level requirements involving the use of simple or combined extraction steps, it is possible to find analytical processes with green solutions for these steps [59] and there are no reasons to renounce to matrix isolation nor to the preconcentration of analyte before their quantitative determination for sustainable reasons.


    




    

      CONCLUDING REMARKS




      As it has been aforementioned in the previous sections, the tremendous development of Green Analytical Chemistry has been led by the social awareness on environmental problems. In this sense, analytical procedures are continuously developed based on their analytical features such as accuracy, precision, robustness, limits of detection and quantification, but also considering other parameters, such as reduction of reagents, solvents and energy consumption, operator risks, generated wastes, toxicity of both reagents and wastes, in summary, the so-called green features.




      So, nowadays there is a tremendous impact of Green Analytical Chemistry in both, fundamental and application studies, trying to incorporate, together with the environmentally friendly aspects, the sustainability of analytical methods concerning cost and energy consumption.


    




    

      FUTURE TRENDS




      Considering the future trends of Green Analytical Chemistry, it can be noticed the importance of three basic tools: 1) direct analysis of untreated samples, 2) replacement of fossil-based solvents, and 3) cutting down on the use of single-use plastic. These research lines together with additional efforts in the acceptance and application of a simple tool to quantify the greenness of an analytical method, together with appropriate and teaching activities, will mark the future of Green Analytical Chemistry in the Foodomics area.




      Direct analysis of samples based on the use of powerful techniques, such as infrared and Raman spectroscopy and chemical imaging is, obviously, the greenest way of analytical determinations. In this sense, the suitability of non-invasive infrared and Raman spectroscopy for on-line, in-line and at-line determination of food parameters and attributes has been deeply investigated. So, the development, validation, and routine application of advanced, robust chemometric tools for data treatment of spectra obtained directly from untreated food and beverage samples should be considered as a high priority research topic from a Green Analytical Chemistry point of view. New developments from both, basic software and new applications to solve real problems, are actually needed to improve the available methodologies and extend them to additional analytes and problems. The tremendous possibilities offered by software packages directly operating from the cloud, and/or the use of free apps operating in smart devices will be the key point to integrate advancements in chemometrics with the analytical measurements in the new era of Analytical Chemistry 4.0. In this sense, the development of direct analytical procedures based on the use of smartphones for data acquisition images has gained interest in the past decade.




      Moreover, the research effort should be focused also on the development of effective and robust transfer calibration strategies together with the management of analytical big data to solve new and old problems in the Food area.




      On the other hand, the continuous search for green alternatives for organic solvents is considered another important research trend in Green Analytical Chemistry. In this sense, the use of bio-solvents, obtained from renewable resources, can be considered an interesting alternative to fossil-derived solvents. Examples of bio-based solvents include ethanol, ethyl lactate that is obtained from corn and soybeans, and reacting ethanol and lactic acid and D-limonene among others. One of the main challenges of Green Analytical Chemistry is related to improving the purity of bio-solvents by addition of purification steps without compromising the green features of the procedure. Moreover, it should be considered that all bio-based solvents are not always greener than petroleum-based solvents, or at least, are not greener in all aspects.




      At last but not least, analytical chemistry laboratories are facing the forgotten problem of plastic residues. Since the 1950s, the production of plastic has outpaced that of almost every other material. Plastic products are designed to be long-lasting and stable; however, half of the world's plastic production is intended to be used only once. Around 4900 million metric tons, representing 60% of all plastics ever produced, have been discarded and are accumulating in landfills or in the natural environment [60]. Plastic accumulation is causing the death of numerous seabirds and marine animals, after the ingestion of copious amounts of plastics and microplastics [61] with additional risks due to the fact that plastic materials could reach the food chain. One of the first measures implemented to reduce this plastic and microplastic contamination is the imposed charges by many governments to single-use plastic bags, bottles, and cooking utensils; but additional efforts to reduce this consumption in our daily work are still required.




      Traditionally, it has been believed that organic solvents and inorganic acids provide the main bulk of any analytical laboratory waste, but recently, the scientific community has paid attention to plastic waste, a forgotten item that cannot be underestimated. According to Urbina et al., biosciences labs generated in 2014, 5.5 million metric tons of plastic waste, accounting for about 2% of the plastic produced that year [62]. Disposable microcentrifuge tubes, pipette tips, and their boxes, Petri dishes, plastic test tubes, conical centrifuge tubes, plastic Pasteur pipettes, among others, become indispensable in chemical and biological laboratories. Unfortunately, all the aforementioned laboratory disposables are non-recyclable single-use plastic materials. However, a substantial proportion of plastic lab supplies, including pipette-tip boxes, can be reused after washing and sterilizing. In this sense, a company named Grenova Solutions has developed different devices to wash and sterilize contaminated pipette tips in large quantities for reuse, reducing plastic wastes, and increasing cost saving [63]. Moreover, different companies are committed to producing pipette tips boxes with recycled materials such as recycled fiber and recycled water bottles or renewable materials; such as compostable bioplastic with a degradation time of few months. The example of pipette tips can be extrapolated to other lab materials such as Petri dishes, polystyrene boxes for ice, gloves, and so on. In this sense, the companies Kimberly-Clark Professional® and TerraCycle® have partnered to create an interesting recycling program for disposable gloves so-called KIMTECH program [64]. The extension of the aforementioned changes is small for now. However, the implication of researchers, universities, and governments will, for sure, reduce laboratory plastic waste and it must be considered as an additional effort to be made for greening laboratory steps.




      In summary, the development of the research lines commented through this chapter together with additional efforts in the acceptance and application of a simple tool to quantify the greenness of an analytical method, together with appropriate and teaching activities, will mark the future of Green Analytical Chemistry in the Foodomics area.
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          	AOAC



          	Association of Official Agricultural Chemists

        




        

          	DLLME



          	Dispersive liquid-liquid microextraction

        




        

          	EFSA



          	European Food Safety Authority

        




        

          	FAO



          	Food and Agriculture Organization

        




        

          	GAPI



          	Green Analytical Procedure Index

        




        

          	GC



          	Gas chromatography

        




        

          	HF-LPME



          	Hollow fiber liquid-phase microextraction

        




        

          	HS



          	Head-space

        




        

          	ICP-OES



          	Inductively coupled plasma optical emission

        




        

          	ICP-MS



          	Inductively coupled plasma mass spectrometry

        




        

          	LC



          	Liquid chromatography

        




        

          	LLE



          	Liquid-liquid extraction

        




        

          	MAE



          	Microwave-assisted extraction

        




        

          	NEMI



          	National Environmental Methods Index

        




        

          	PLE



          	Pressurized liquid extraction

        




        

          	SBSE



          	Stir bar sorptive extraction

        




        

          	SDME



          	Single-drop microextraction

        




        

          	SFE



          	Supercritical fluid extraction

        




        

          	SPE



          	Solid-phase extraction

        




        

          	SPME



          	Solid-phase microextraction

        




        

          	PGI



          	Protected geographical indication

        




        

          	POD



          	Protected designation of origin

        




        

          	SPS



          	Sanitary and Phytosanitary

        




        

          	TBT



          	Technical Barriers to Trade

        




        

          	UAE



          	Ultrasound-assisted extraction

        




        

          	WHO



          	World Health Organization

        




        

          	XRF



          	X-Ray fluorescence
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          	Traditional specialty guaranteed
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      Abstract




      Green extraction of natural products was and will always remain an important research subject in various fields. It is based on developing techniques that meet the six principles of eco-extraction. This concept responds to the challenges of the 21st century, aiming to protect the environment, the operator, and the consumer by reducing hazardous solvent consumption and by favoring the use of more environmentally friendly methods. In this chapter, we review the principles of eco-extraction in detail, followed by an overview of four methods widely used in extraction, namely ultrasound-assisted extraction (UAE), microwave-assisted extraction (MAE), subcritical water extraction (SWE), and supercritical fluid extraction (SFE).
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      INTRODUCTION




      Sustainable development is one of the most commonly used terms in today’s debates. It is considered a development that satisfies the needs of the present without compromising the ability of future generations to respond to their own needs. This demand affects all areas of society, including chemistry. It should reflect on how chemistry can contribute to greater sustainability in our society, now and in the future.




      One of the contributions of chemistry to meet the challenge of greater sustainability in the development of our society is promoting sustainable chemist-




      ry in research and industrial production. Under the name of green chemistry (or in Europe also sustainable chemistry), many efforts have been made to make the chemistry of tomorrow less toxic and less dangerous. Green chemistry aims to make chemistry more energy efficient, reduce waste disposal, and/or produce innovative products using fewer natural resources. Alternative processes and reaction routes are designed, and new materials and products are developed, helping to ensure our current requirements, but taking greater account of the interests of future generations.




      Extraction is considered a key step in food processing which consists of separating the desired compounds from the raw material and transferring these compounds into a solvent. It includes several methods, such as solvent extraction, ultrasound-assisted extraction, microwave-assisted extraction, Soxhlet extraction, supercritical fluid extraction, and subcritical water extraction. In the main, natural product extraction goes through the following phases: (1) the solvent penetrates the solid matrix; (2) the solute dissolves in the solvents; (3) the solute is diffused out of the solid matrix; (4) the extracted solutes are collected. The efficiency of the extraction is conditioned by various parameters, including particle size, the extraction solvent, the solvent-to-solid ratio, the extraction temperature, and duration.




      These extraction methods allow for faster and more sustainable component separation, as fewer toxic solvents [1] and energy [2] are used. In addition, they simplify manipulation and sample preparation, give high purity and yield of the final extract, and eliminate post-treatment of wastewater [3]. Numerous classes of compounds such as vitamins, sugars, proteins, lipids, fibers, aromas, pigments, antioxidants, and other organic and mineral compounds have been extracted from various matrices, mainly insects [4], plant materials [5-8], and animal tissues [9].




      This chapter provides an overview of existing knowledge on innovating methods of sample preparation of natural products. It gives the fundamental theoretical framework and a few details about the extraction using some of the most innovative, green, fast techniques such as ultrasound-assisted extraction, microwave-assisted extraction, subcritical water extraction, and supercritical fluid extraction by detailing their principles, instrumentations, and applications in food analysis.


    




    

      GREEN EXTRACTION: DEFINITION AND PRINCIPLES




      Despite the prejudicial opinions of some world leaders today, global environmental awareness continues to be on the increase. Terms such as green, biorefinery, and sustainability, are increasingly important in all facets of global development. This idea is closely associated with the principles of green extraction, which can be defined as a process of obtaining an extract using minimal hazardous / petroleum solvents by reducing energy consumption and waste as well as ensuring safe and high-quality extracts. It is a concept that seeks to meet the challenges of the 21st century by protecting the environment and the consumers, and at the same time, increasing competition between universities and industries to be more environmentally, economically, and innovative [2, 10, 11].




      According to Chemat et al. (2012), The list of the “Six Principles of Green Extraction of Natural Products” can be consulted by industry and scientists as a direction to establish an innovative and green label, charter, and standard, and as a reflection to innovate not only in the process but in all aspects of solid-liquid extraction. The principles have been identified and described not as rules but more as innovative examples to follow, discovered by scientists, and successfully applied by industry [2].




      

        Principle 1: Innovation by A Selection of Varieties and Use of Renewable Plant Resources




        The rising claim of natural products and extracts to respond to the need of food, cosmetic and pharmaceutical industries is resulting in the over-exploitation of plant resources. Using agricultural by-products became trendy, providing additional income to primary producers and industries and improving the overall agricultural value chain. Nowadays, trends in botanical by-products are to increase their added value, from organic fertilizers and raw material pellets to functional ingredients [10, 12].




        Plant/crop-based resources are defined as raw materials derived from the natural flora and the transformation processes in numerous industries (food, feed, fiber, etc.). An underlying hypothesis is that these resources are renewable over a short period, using annual crops, perennials, and short-rotation woody species. The reuse of these plant resources as raw materials for industrial production or as a source of energy is quite limited. This is due to the poor adaptation of the hydrocarbon processing system, which, unlike these materials, was developed in a more advanced way to use fossil fuels.




        Renewable plant-based resources represent a strategic option to fulfill the growing need for industrial components, enabling economic, environmental, and societal benefits. The opportunity is advantageous. Nevertheless, it requires a foresight perspective, stakeholders’ integration, investment in new approaches, and coordination of research to generate a safe future.




        An example can be given with the plant breeding technique. Medicinal plants for instance play an important role in prevention and treatment. As stated by the World Health Organization (WHO) they have been adopted by more than 80% of the world’s population regularly such as in China or the countries of the African continent for several decades [13]. The relationship between medicines and the sustainability of medicinal plants is increasingly recognized and is receiving growing attention in international agreements and trade labeling schemes. Nonetheless, traditional companies have failed to care for the fair trade aspects of this sector [14].




        Plant breeding represents a widely used alternative to the intensive use of these plants [15]. This technique aims to select new varieties with genetically transmitted sets of traits that are well suited to the objectives of producers and consumers. In this case, it involves the transmission of molecules with active principles. Schizonepeta tenuifolia for instance is a Chinese plant cultivated for its medicinal benefits. The breed was found to have high production, increased resistance to disease, and high concentrations of active compounds [13, 16].




        Plant cultivation is another alternative for biodiversity conservation as the demand for medicinal plants is constantly growing [17]. A study was carried out on Prunus africana (Hook.f.) Kalkman, a sub-Saharan African plant, is mainly used for generations for its anti-prostate cancer effect [14, 18]. It is debarked from the roots to the branches, which causes its death. Within this context, new programs are being put in place to regenerate these plants and encourage their cultivation to put an end to their excessive exploitation.


      




      

        Principle 2: Use of Alternative Solvents and Principally Water or Agro-solvents




        Over the past few years, extraction processes have depended considerably on solvents, the vast majority of which are of petroleum origin, and suspected to be hazardous to human health and the environment. Solvent extraction has been used by industries for centuries in a variety of fields, ranging from chemical synthesis to waste treatment. A large part of these solvents is C (VOCs), with which the risk of fire and explosion is increased, resulting in environmental impacts promoting global warming. Similarly, simple exposure to those compounds can lead to some health issues. One of the most widely used solvents in extraction is n-hexane as the most effective for oil extraction. Despite its many advantages (easy removal due to its low boiling point, higher extraction yield compared to other solvents, low energy for extraction), exposure to this solvent can cause dizziness, and nausea and can heavily affect the nervous system. Furthermore, it has been classified as CMR 3 (Carcinogenic, mutagenic, and reprotoxic substances), which implies that it is suspected to be reprotoxic according to the European Directives and (REACH) regulations [19].




        The selection of solvents is based on the following criteria: (i) workers’ safety (hazardousness, carcinogenicity, mutagenicity), (ii) operational safety (flammability, explosiveness, volatility), (iii) environmental protection (persistence, contamination), (iv) sustainability of the process (recycling and reuse) [20]. Thus, it has become compulsory to replace them with greener alternatives despite their many advantages. Industries' interest is increasingly focused on green solvents (Fig. 1).




        The benefits of using these latter are numerous. They include low costs and extraction time, reduced risks due to overpressure, easy scale-up, enhanced, and extract purity. Among these solvents, we find bio-solvents which are defined as solvents produced from biomass sources such as energy crops (e.g., corn), forest products (e.g., wood), aquatic biomass (e.g., microalgae), and waste materials (e.g., urban wastes).




        Water, for instance, is regarded as the greenest solvent since it is non-toxic for health and the environment. Besides, it is the least expensive, most abundant, non-inflammable solvent in nature. Water has the advantage to vary its physicochemical properties by changing the temperature. Hence, the use of subcritical water, based on increasing water temperature and pressure enough to keep it in the liquid state, expanded at an exponential rate over the past few years. Water molecule’s small size (sphere diameter 2.75 Å) helps substantially in the hydration of the solutes. As regards polarity, it is due to the partial positive charges of the two hydrogen atoms and the partial negative charge of the oxygen atom. This implies its interaction with both polar and non-polar molecules, thus extraction of a large range of molecules, such as sugars, proteins, organic acids, and inorganic substances [21].




        Ethanol is another common bio-solvent. It has been in widespread use as a viable solvent in recent decades and is ranked as an environmentally desirable green product as it is obtained through the fermentation of renewable sources, including sugars, starches, and lignocellulose. Its relatively low price [22], low boiling point, and pure bioavailability make it suitable for use as a solvent on a wide scale.




        Solvent-free alternatives are of great interest and became extensively applied. Their benefits are conspicuous: reduced prices and large volumes of solvent, easy scale-up, lowered extraction time and risks of overpressure and explosions, and higher purity of the extracts. Innovative techniques such as Microwave Hydrodiffusion and Gravity (MHG), Pulsed Electric Field (PEF), and Instant




        Controlled Pressure Drop (French acronym: DIC, for “Détente Instantanée Contrôlée”) have been developed and used increasingly during the past few years for the extraction of various products (aromas, oils, antioxidants, etc.) [2, 10, 12, 23].
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Fig. (1))


        Examples of green solvents.

      




      

        Principle 3: Reduce Energy Consumption by Energy Recovery and Using Innovative Technologies




        Energy consumption is one of the main concerns of industries, regardless of their field of activity as the costs can present significant expenses. It can be related to how much energy a production process consumes to be accomplished, such as heating, cooling, processing, and assembling, steam and cogeneration, lighting, heating, and cooling of buildings. In the words of Dr. Fatih Birol, IEA (International Energy Agency) Executive Director, “The world urgently needs to put a laser-like focus on bringing down global emissions. This calls for a grand coalition encompassing governments, investors, companies, and everyone else who is committed to tackling climate change” [24].




        As reported by the World Energy Outlook 2019 [25], energy claim rises by 1% per year to 2040. Industries are increasingly focusing on low-carbon sources, mainly solar photovoltaics that contribute to more than half of this growth, and natural gas, which supplies another third. Oil demand stabilizes in the 2030s, and coal use declines. Despite that, some countries aspire to “net zero” put efforts to alter their energy consumption and supplies, but the impetus for clean energy technologies is insufficient to counterbalance the effects of extending population and economy. Hence, the world is a long way away from reaching sustainability goals. The challenge becomes in this case to prioritize and generalize the understanding of the use of energy sources to reduce energy consumption and promote recycling. Fortunately, most of the industry members are heading towards a decline in energy consumption by energy recovery and reduction of unit operations and favoring safe, robust and controlled processes.




        The industrial sector can be classified into three groups: (i) energy-intensive manufacturing (food, pulp, and paper, basic chemicals, refining, iron and steel, non-ferrous metals, nonmetallic minerals), (ii) nonenergy-intensive manufacturing (other miscellaneous chemicals such as pharmaceuticals detergents, paint, coating and other industrials including electronic, transportation, machinery and electrical products), and (iii) nonmanufacturing (agriculture, mining, and construction). 26% of the most energy-intensive industries belong to chemistry, plastics manufacturing, and 16% in the food-processing sector. The field of plant extraction could be considered in both of these categories; there is a strong focus on the optimization of extraction processes for energy efficiency. In addition, several traditional extraction techniques require a lot of energy, for instance, distillation. This represents an opportunity to optimize energy consumption [25, 26].




        Green chemistry relies to a growing extent on “low-energy” processes based on:





        

          	− Extraction at ambient temperature and pressure;




          	− Optimization of extraction time and solvent consumption;




          	− Development of innovative processes;




          	− Optimizing energy resources and promoting recycling.


        




        For instance, Ultrasound and Microwave-assisted extractions have been employed widely as innovative techniques to enhance extraction yields while optimizing energy consumption. Their use in essential oil extraction, instead of hydrodistillation, enables them to increase and intensify extraction yield while decreasing both time and energy used. Ultrasound-Assisted Extraction (UAE) was employed by Altemimi et al. to optimize phenolic compounds extraction from peaches and pumpkins. It has proven its efficiency in terms of yield, extraction time, and energy consumption compared to conventional extraction [27].




        In addition to the previously-cited techniques aiming to lower energy consumption, energy recovery represents an interesting and attractive option in the industrial field. As stated by Woolley et al., it is based on the principle that “the energy is never actually consumed, it is only converted from one form to another”, and so there is a potential to capture this and utilize it as an energy supply” [28].




        Overall, the previously cited extraction technologies are energy-efficient given the fact that they allow reaching high yields in reduced time. Further innovative processes are in continuous development to meet the industry's need for energy savings while maintaining a constant quality of the extracts [2, 10].


      




      

        Principle 4: Production of Co-Products Instead of Waste to Include the Bio and Agro-Refining Industry




        The principle of a biorefinery can be compared to that of a petroleum refinery, where biomass is transformed into chemical products (e.g., fuels). The difference lies in the raw material used and the technology employed. Among the several definitions of biorefinery, the most complete and exhaustive is “the optimized use of biomass for materials, chemicals, fuels and energy applications, where use relates to costs, economics, markets, yield, environment, impact, carbon balance, and social aspects. In other words, there needs to be optimized use of resources, maximized profitability, maximized benefits, and minimized wastes” [29].




        The biorefinery concept was first derived from the oil refinery, in which various technologies were used to make multiple chemicals and fuels from petroleum [30]. As reported by Kamm & Kamm (2004) [31], biorefinery can be sorted into three phases: (i) phase I, where a biorefinery is not adaptable and uses one type of biomass, one process, and one specific product. An example of this is the dry-milling ethanol plant, where the corn is milled, saccharified, and fermented into ethanol [32]; (ii) in phase II, more products result from the process. For instance, wet milling also called wet media milling, is a process in which particles are dispersed in a liquid by shear, impact, crushing, or by attrition. This process is used for corn, where it is developed to effectively separate and purify its constituents (starch, oil, protein, and fiber) for use as food and feed ingredients, industrial products, or raw materials for processing into other value-added products. Other end-products are produced, such as syrup, ethanol, and lactic acid [33]. This type opens up many possibilities for linking industrial product lines to existing agricultural production units, thereby substantially improving the overall economic performance of the biorefinery process; (iii) phase III is not only capable of producing a wide range of value-added products, but also of using different types of raw materials and processing methods. Industries are moving towards this biorefinery phase, which will ensure a continuous supply, and there-




        fore will improve the possibility of recovering industrial waste. This phase, therefore, focuses on the flexibility of the raw materials used to be able to adapt to changes in the demand and supply of final products.




        Five dimensions must be taken into consideration to optimize the criteria of a biorefinery:





        

          	
Economical: create an autonomous biorefinery, without reinvestment to increase profitability. Indicators such as profit maximization or net present value allow the evaluation of this dimension. It is therefore important to include the diversification and sale of by-products;




          	
Social: offer more work opportunities, increase the safety of the products to be consumed, and promote responsible working conditions;




          	
Environmental: analyze the problems concerning the quality of air, soil, water, and the management of waste;




          	
Technological: take into consideration new techniques in use or under development, in addition to technological trends in the use and production of bio-based products.




          	
Political: support by sustainability initiatives (regulatory frameworks, certification systems, etc.). Generally, it concerns promotions or restrictions adopted by governments [34, 35].


        




        The biorefinery concept covers a wide range of industries and can use a variety of biomass from forestry, agriculture, industry residues, or households including organic residues, wood, agricultural crops, etc [36]. It is expected to improve competitive and wealthy countries by sustainably providing bio-based products and energy. Numerous industries, namely the starch, sugar, paper, and pulp industries can be considered biorefineries [36]. Nowadays, a considerable number of biorefineries are developed and many research projects in this field are ongoing [10, 37]. For instance, microalgae have become a highly interesting raw material for renewable fuels. This industry fails to meet the economic needs of the consumers and the capital investment in the operations is overpowering. Interesting co-products result from extracting fractions of algae to enhance the economics of the biorefinery, such as pigments, lipids, carbohydrates, vitamins, antioxidants, and proteins that can be utilized in pharmaceutical, cosmetics, and food fields. Hence, the installation of a microalgae biorefinery is, therefore, conceivable to recover these high-value-added products and to ensure the sustainability of the process [38, 39] (Fig. 2).
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Fig. (2))


        Waste biorefinery for the valorization of value-added products.

      




      

        Principle 5: Reduce Unit Operations and Favor Safe, Robust, and Controlled Processes




        The challenge for industries in the 21st century focuses on the development of efficient processes in terms of extraction yields, cleanliness of the environment, optimization of space use, and operator safety. Conventional extraction techniques generally follow four steps [10]:





        

          	Pre-treatment: cleaning, drying, and grinding into a powder to increase the surface contact area;




          	First solid-liquid extraction with solvent;




          	Second solid-liquid extraction by centrifugation or filtration;




          	Elimination of the solvent to get the final pure extract.


        




        Those processes are usually very long and high-energy consuming. This issue can be solved by intensification, a process that results in cleaner, safer, and more energy-effective techniques, while increasing the quality, purity, and yield of the products by reducing time, waste, and the quantity of solvents used, thus reducing the environmental footprint [40-42].




        Intensification goes along with introducing greener and more sustainable techniques to progress substantially compared to other extraction methods. It focuses on replacing long processes, which are high-energy consuming (e.g. steam, cooling water), with shorter ones by reducing the number of unit operations, despite the multiple challenges (energy and raw material savings, safety control, reduction in waste, and ecological footprint, etc.) [2, 10] (Fig. 3).
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Fig. (3))


        Principle of intensification of the extraction process.



        Solid-liquid extraction is a widely used technique in pharmaceutical, chemical, and biotechnological processes for the recovery of active compounds from plant materials. Processes such as steam distillation [43] or solvent extraction [44] can be high energy-demanding and time-consuming unit operations. Thus, the ford of high-performance techniques becomes requisite [45]. For instance, the application of ultrasound has drawn more attention in the past few years. This method is applied successfully to increase the yield of the extracted compounds. This can be explained by the cavitation phenomena, which produces physical effects (liquid turbulence and circulation currents) that cause a significant mass transfer rate [45]. Shirsath et al. applied ultrasonic-assisted extraction to obtain the curcumin from rhizomes of Curcuma amada. An interesting yield of 72% was recovered in 1 hour at 35 °C, which is higher compared to the conventional treatment where only 62% were recovered after 8 hours of extraction [46].




        Further extraction applications on plants were applied with supercritical carbon dioxide CO2. It is an alternative that allows the total removal of aqueous CO2 from the extract after bringing back its pressure to the atmospheric level, thus getting back to the gaseous state. It also enables high yields in, shortened time, with no thermal and hydrolytic degradation of labile compounds and no toxic solvent residues [10, 47]. This extraction technique has been proven to be effective for the extraction of bioactive compounds from Hibiscus sabdariffa, where it has been demonstrated to be selective and suitable for organic acids, phenols, and other polar compounds [48].


      




      

        



        Principle 6: Aim for A Non-Denatured and Biodegradable Extract Without Contaminants




        After extraction, the resulting products have to satisfy several quality criteria. Counter to certain preconceived ideas, the term “natural” does not mean a product that is non-hazardous to the environment or humans. A natural substance is defined according to REACH legislation as “a naturally occurring substance as such, unprocessed or processed only by manual, mechanical or gravitational processes, by dissolution in water, by flotation, by extraction with water, or by steam distillation” [49].




        In other terms, a natural substance cannot be chemically changed, thus its physicochemical properties should be appropriately conserved, and free from any additive or residue (pollutants, pesticides, heavy metals, toxins, etc.) [50]. The naturalness of a product is not always related to the solvent used for its extraction; in some cases, a product called natural is independent of the solvent used so long as its molecular structure remains intact. In other cases, the natural product is directly related to the type of solvent used, which must be natural or of natural origin. Be that as it may, the resulting extracts must be properly conserved to ensure their quality, preserve their active compounds, avoid denaturation, and ensure their antimicrobial quality for their safety.




        According to the ISO 16128 standard, natural ingredients in the cosmetic field are exclusively obtained from plants, animals, microorganisms, or minerals using physical processes (such as grinding, drying, distillation), naturally occurring fermentation reactions, or other (permitted) preparation procedures (e.g., solvent extraction, except non-natural solvents from petrochemicals) without the intention of chemically modifying the ingredient [51].




        The resulting green extract or an eco-extract is determined using Life Cycle Analysis (LCA), an innovative framework developed in an environmental sustainability context [52]. As stated by Ilgin et al. [53], LCA is “a method used to evaluate the environmental impact of a product through its life cycle encompassing extraction and processing of the raw materials, manufacturing, distribution, use, recycling, and final disposal”. This method aims at listing the various impacts of a process ranging from collecting raw materials to disposing of




        waste, taking into account the consumption of natural resources, energy, and environmental emissions. The latter can be evaluated by calculating the contribution of the flows to the environmental impacts (ecotoxicity, photochemical pollution, eutrophication, ozone layer destruction, etc.) [2, 54] (Fig. 4).




        Life-cycle analysis was first introduced in the 1960s when global concerns about the rapid exhaustion of finite raw materials and energy resources prompted an interest in finding ways to understand and predict future energy and resource supply and use. Today, the International Standards Organization released the ISO14040:2006 to define and discuss principles and framework guidelines of environmental management [52, 55].
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Fig. (4))


        Life Cycle Analysis (LCA) of natural products extraction



        As many extraction techniques require the use of solvents other than water, several points of view are quite different from the definition of the “naturalness” of these resulting substances. Numerous certifications around the world have become essential to market certified “organic” products that have followed very stringent production conditions in various fields, such as the United States Department of Agriculture (USDA) Organic Certification, EU Organic Certification, or Ecocert Certification (Fig. 5).




        Overall, an “eco-extract” must be natural with high functionality properties (flavor, coloring, antioxidant…), low environmental impact and in compliance with specific legislations depending on the sector of application (food, pharmaceutical, cosmetic industry…).
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Fig. (5))


        Examples of labels with organic/natural values.

      


    




    

      GREEN EXTRACTION TECHNIQUES




      

        Microwave Extraction




        Microwaves are non-ionizing electromagnetic waves with a frequency ranging from 300 MHz to 300 GHz [56]. They serve many purposes, mainly for extraction thanks to their ability to convert partially electromagnetic energy to heat energy [57]. Microwave-assisted extraction (MAE) was first developed by Ganzler [58] for the extraction of biological compounds and their analysis. In the last two decades, many laboratories have studied the possibility of recovery of different classes of compounds (bioactive compounds, phytonutrients, functional food ingredients, pharma-active substances) [59] from plant or animal matrices [3]. Developments in microwave extraction have given two classes of technologies, including Microwave-Assisted Solvent Extraction (MASE) and Solvent-Free Microwave Extraction (SFME) [60].




        

          Principle




          Generally, the plant material is immersed in a non-absorbing microwave solvent and then exposed to microwaves. These latter penetrate easily into the matrix and cause an increase in temperature after interaction with polar molecules such as water [61]. MAE occurs as an efficient and rapid extraction method since it generates changes in the cell structure caused by electromagnetic waves [60, 62] compared to conventional methods. Various classes of compounds have been extracted efficiently, such as aromas, phenols, colors, and antioxidants, in addition to other primary and secondary metabolites from several matrices.




          The extraction mechanism includes three successive steps: (i) desorption/breakdown of solutes from cells under high pressure and temperature conditions; (ii) diffusion of the solvent into the matrix; (iii) transfer of the solutes from the matrix to the extraction solvent then out of the matrix [63]. The process efficiency and its high extraction yield can be explained by two factors working simultaneously: better solubility and mass transfer and an enhanced disturbance of the surface equilibrium [62, 63] (Fig. 6). Higher yields can be obtained by selecting solvents with a high tan δ value, and by increasing the temperature, which allows faster penetration of solvent into the cell walls. Tan δ or the dissipation factor is given by the following equation (1):




          

            

              	[image: ]



              	(1)

            


          




          Where ε” is the dielectric loss which is the efficiency of converting microwaves into heating and ε’ corresponds to the dielectric constant, i.e., the measure of the ability to absorb microwave energy. Examples of solvents such as ethanol and methanol are less microwave absorbing than water due to their low dielectric constant, but the tan δ value will remain higher than water. Other solvents like chloroform or hexane do not absorb microwave energy, thus they produce no heat [57, 64].




          In MAE, both heat and mass transfer occur from the inside to the outside, as opposed to conventional extraction, where the heat transfer occurs from the outside to the inside. Moreover, the heating of the solvent and the solid matrix is rapid, homogeneous, and effective [61].




          Solvent-free microwave extraction (SFME) is a recent technique patented in 2004 and designed for essential oil recovery from aromatic plant material [65]. It is a combination between the distillation method and microwave heating. The extraction is achieved at atmospheric pressure. It is based on placing the biological material in a microwave reactor without any solvent, which is heated using microwave irradiation, leading to the evaporation of water situated in the cell that breaks out and releases exudates rich in active components, which in this




          case are oil molecules [64]. A cooling system cools continuously the extract, and the surplus water flows back to the extraction vessel to recover the in-situ water in the plant [62, 65].
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Fig. (6))


          Extraction mechanisms in MAE of natural products



          Microwave Hydrodiffusion and Gravity (MHG) is a new process designed also for extracting essential oil with no solvent or water. Patented in 2008, this technique combines microwaves for the hydrodiffusion of the active compounds outside the biological material, and earth gravity to collect and separate the extracts [60, 66]. It consists in placing the plant material in the microwave reactor at atmospheric pressure. The in-situ water is then heated causing cell distension and the breaking out of the glands enclosing the essential oil. Then occurs the hydrodiffusion phenomenon, where the in-situ water and the freed essential oil are dropped by gravity out of the microwave reactor and are collected in a Pyrex vessel after passing through a cooling system. The extract is then transferred to a “Florentine flask”, a traditional vessel used for water and oil separation. The essential oil floats at the top since it is lighter than the water. Unlike distillation, evaporation, MAE, and SFME, which use solvents and evaporation, MHG is a very advantageous technique since it is low energy-consuming.


        




        

          Instrumentation




          Microwave-assisted extraction systems are available in two forms: closed vessels brought about by controlled pressure and temperature, and open vessels with atmospheric pressure. Most closed systems are available as multi-mode microwaves, enabling random dispersion of the microwave radiations, which irradiate evenly the biological matrix and accelerate the mass transfer of active compounds (Fig. 7). In these methods, higher temperatures can be reached thanks to the increased pressure inside the extraction vessel, there is a low risk for losing volatile compounds and the contamination is decreased.




          Other devices were developed such as focused microwave ovens, where only the part of the extraction vessel containing the sample is irradiated. In this case, the solvent is heated and refluxed through the sample to allow homogeneous and efficient heating. As for microwave-assisted extraction without solvent, two main techniques are patented: Solvent-Free Microwave Hydrodistillation (SMFE) and Microwave Hydrodiffusion and Gravity (MHG) (Fig. 8).
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Fig. (7))


          Microwave-assisted solvent extraction.
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Fig. (8))


          Solvent-free microwave hydrodistillation (SFME) (A) and microwave hydrodiffusion and gravity (MHG) (B).



          Open-vessel systems, on the other hand, help increase safety since the extraction is performed at atmospheric pressure and allows extraction over a large number of biological samples without a cooling system.




          Microwave extraction is a potential green extracting technique designed to substitute the traditional solid-liquid extraction since it uses less solvent and achieves the extraction in less time with higher yields. This method is in continuous development; scientists are upgrading microwave extraction by deriving new techniques such as Ultrasound And Microwave-Assisted Extraction (UMAE), Vacuum Microwave HydroDistillation (VMHD), on-line Dynamic Microwave-Assisted Solvent Extraction (on-line DMASE), Microwave-Integrated Soxhlet Extraction (MIS), u-column Microwave-Assisted Solvent Extraction (U-column MASE) and more [60, 64]


        




        

          Applications In Food Analysis




          Several studies have been realized to compare MAE with conventional extractions (Table 1), ranging from flavors and fragrances to oil and antioxidants. Three major parameters can be studied to enhance the efficiency and the yields, including irradiation time, power, and the solvent used.




          Tran et al. [67] have described extracting essential oil from a Vietnamese variety of basil using Microwave-Assisted Hydro-Distillation (MAHD), which was chosen over a conventional method (hydrodistillation) for its reduced energy consumption, decreased time and cost, and low environmental footprint. This study was achieved with a Response Surface Methodology (RSM), which is widely used for optimization. In this instance, four factors were investigated: raw material size, water to leaves ratio, extraction time, and microwave power. The results demonstrated that an essential oil yield of 0.6% can be extracted from ground basil leaves under the optimal conditions of water to leaves ratio of 3, 2:1, an extraction time of 97 minutes, and a microwave power of 430 W. The main components of the extracted oil were Estragole (87.869%), α-Bergamotene (2.922%), τ-Cadinol (2.770%), and Linalool (1.347%).




          Solvent-Free Microwave Extraction (SFME) is another advantageous technique widely employed for essential oil extraction from the fresh or premoistened dried matrix and is known for being efficient, low-energy, and time-consuming with very low environmental impact. Liu et al. [68] compared the efficiency of this method with conventional hydrodistillation to recover essential oil from Cinnamomum camphora leaves. This process was optimized with RSM coupled with a Box-Behnken design (BBD). SFME was proven more efficient with a yield of 3.51 ± 0.12% in 23 min versus 3.35 ± 0.10% in 240 min. Moreover, higher oxygenated compounds were extracted (83.93% versus 74.81%), with lower energy consumption (0.22 kWh versus 4 kWh) and a decreased environmental impact (177.87 g CO2versus 3200 g CO2).




          Other studies were published for antioxidant extraction. Bouras et al. [69] have investigated the extraction of antioxidant compounds from Quercus bark using MAE. A comparison of the results of this extraction with another conventional one proves that microwave irradiation allows higher yields of antioxidants under optimized conditions (45 W, 60 min, 33% ethanol, and 0,38% methanol). Alongside that, extraction effectiveness tripled for total phenolic content and doubled for antioxidant recoveries compared to other conventional techniques with the same parameters but without microwaves. The resulting extracts were rich in some phenolic compounds, namely (+)-catechin, (−)-epicatechin, (−)-epigallocatechin, syringic acid, p-coumaric acid, sinapic acid, and naringenin. Antioxidants were also obtained using microwave irradiation from olive tree leaves. Şahin et al. [70] optimized conditions to get optimal total phenolic content (TPC) and oleuropein yields with a Solvent-Free Microwave-Assisted Extraction (SFMAE): 250 W, 2 min, and 5g of sample. The maximal yields of TPC and oleuropein were 2.480 ± 0.060 ppm and 0.060 ± 0.012 ppm respectively, and the extracts demonstrated anti-microbial activity against S. aureus and S. epidermidis with a minimum inhibitory concentration (MIC) value of 1.25 mg/mL.




          Microwave-assisted extraction was used by Hu et al. [71] for oil extraction from Silkworm pupae; which resulted in a yield of 30.16% under optimal conditions of 360W, liquid to solid ratio of 7.5/1 mL/g, 29 minutes, and a solvent mixture of ethanol and hexane (1:1, v/v). Even though this yield is similar to the one obtained with the conventional Soxhlet extraction, the oil’s oxidation stability and physicochemical properties were increased as well as its content in phenolic compounds. Interesting results were also observed in Yanik’s report [72] on the microwave-assisted solvent extraction parameters of olive pomace oil. A maximum yield of 6.85 g/100 g dry matter was recovered with a closed vessel pressurized microwave under the following optimized conditions: 287 W, 10:1 solvent to matrix ratio, and 16 min. In addition to that, both the caffeic acid and tocopherols content were higher with a total of 985 mg/ kg oil and 278.07 mg/kg oil respectively, and a decreased amount of peroxides and polycyclic aromatic hydrocarbons content (17.8 meq O2/kg oil and 0.44 µg benzo[α]pyrene /kg oil respectively).




          Natural food color extraction with microwave irradiation was studied by Jafari et al. [73] in his paper. Saffron flowers represent a rich source of anthocyanins, which are widely used to substitute synthetic colorants in industries but are so vulnerable to drastic extraction parameters such as pH, temperature, light, solvents, etc. Microwave-assisted extraction occurs as a rapid and efficient technique since it destructs the cell wall and enhances quick solvent penetration. Optimization of the extraction process was studied (77.5 ml/g, 48 °C, 9.3 minutes), leading to a maximal yield of anthocyanins of 101 mg/g.




          To conclude, MAE can be considered a boon for biological compounds’ extraction thanks to its effective heating, fast energy transfer, reduced equipment size, low environmental impact, short extraction time, increased yields, and low solvent use.




          

            Table 1 Microwave-Assisted Extraction.




            

              

                

                  	Matrix



                  	Analyte



                  	Experimental Conditions



                  	Detection and Analysis



                  	References

                


              



              

                

                  	Flavor and Fragrances

                




                

                  	
Vietnamese


                  basil leaves




                  	Essential oil



                  	MAHD A, atm B, 430 C, - D, 97 E, water-to-material ratio of 3.2:1 F. essential oil yield 0.6%. Major components: Estragole (87.869%), α-Bergamotene (2.922%), τ-Cadinol (2.770%), and Linalool (1.347%).



                  	GC-MS



                  	[67]

                




                

                  	
Cinnamomum camphora


                  leaves




                  	Essential oil



                  	SFME A, atm B, 580 C, - D, 23 E, - F. 3.51 ± 0.12% in 23 min for SFME versus 3.35 ± 0.10% in 240 min for conventional hydrodistillation



                  	GC-MS



                  	[68]

                




                

                  	Antioxidant Extracts

                




                

                  	
Quercus


                  bark




                  	Polyphenols



                  	MAE A, atm B, 45 C,-D, 60 E, 33% ethanol; 0.38% methanol F. extraction efficiencies increased by 3 times and 2 times respectively for total phenolic content and antioxidant recoveries compared to conventional methods that use the same parameters but without MAE.



                  	LC-MS



                  	[69]

                




                

                  	Olive leaves



                  	Polyphenols



                  	SFMAE A, atm B, 250 C,-D, 2 E,-F. Best recoveries of TPC and oleuropein: 2.50 and 0.06 ppm of, respectively.



                  	HPLC-DAD



                  	[70]

                




                

                  	Oil Extraction

                




                

                  	Silkworm pupae



                  	Oil



                  	MAE A, atm B, 360 C, - D, 29 E, ethanol - n-hexane (1:1, v/v) F. oil extracted by MAE: higher content of total phenolic, stronger antioxidant activities



                  	GC-MS



                  	[71]

                




                

                  	Olive pomace oil



                  	Oil



                  	MASE A, atm B, 287 C, - D, 16 E, 10:1 (solvent to-sample ratio) F. higher total phenolic content and amount of tocopherols (278.07 mg/kg oil) and lower peroxide value (17.8 meq O2/kg oil) and polycyclic aromatic hydrocarbons content (0.44 µg benzo[α]pyrene /kg oil) in microwave-assisted solvent extraction compared to the conventional industrial extraction method



                  	GC-MS



                  	[72]

                




                

                  	Natural Food Colors Extraction

                




                

                  	Saffron (Crocus sativus) flower's tepal



                  	Anthocyanins



                  	MAE A, atm B, 360 C, 48 D, 9.3 E, solvent ratio to sample 77.5 ml/g F. rapid and efficient technique for saffron anthocyanins due to disruption of cell walls under microwave irradiation.



                  	pH differential method



                  	[73]

                




                

                  	
A: technique, B: pressure, C: power (W), D: temperature (°C), E: time (min), F: solvent.

                


              

            




          


        


      




      

        Ultrasound-Assisted Extraction




        Extraction is a crucial step when it comes to the recovery of bioactive compounds from biological matrixes on the industrial scale. Greener techniques are increasingly being used to serve this purpose and to substitute conventional techniques that consume large amounts of solvent and result in relatively low yields with long extraction times. Ultrasound-assisted extraction (UAE) is a process for the extraction of a substance from any matrix to a suitable liquid phase (extraction medium), assisted by ultrasonic waves (> 20 kHz frequency) which propagate through the liquid media. It has proven its effectiveness in recovering compounds of interest and preserving their quality. The cavitation phenomenon effectively increases extraction yields while decreasing the amount of energy, solvent, and extraction time [74]. UAE has been considered a valuable tool in engineering processes and it was employed for the extraction of various active compounds, namely phenols, aromas, proteins, polysaccharides, and more [12, 75].




        

          Principle




          Ultrasonic waves have frequencies ranging from 20 kHz to 10 MHz, which are above the human hearing frequencies (20 Hz - 20 kHz) [60] (Fig. 9). The main variables of an ultrasonic extraction are:





          

            	Amplitude;




            	Frequency: depends on the equipment utilized for the extraction;




            	Power: represents the energy transmitted to the matrix through the medium. It is expressed as power (W), intensity (W/cm2), or power density (W/cm3 or W/mL). The ultrasound power can be calculated as follows (2):


          




          

            

              	[image: ]



              	(2)

            


          




          Where Cp is the heat capacity at constant pressure (J/g K), m is the mass of the solvent (g), and dT/dt is the temperature variation according to time (K/min). As for the ultrasonic intensity, it can be expressed with the calculated power as shown in equation 3:




          

            

              	[image: ]



              	(3)

            


          




          Two approaches to the application of ultrasound have been studied throughout the past years [75]:





          

            	High-frequency low-intensity ultrasound: used for monitoring the quality of the products or processes (e.g., evaluation of cheese maturation);




            	Low-frequency high-power ultrasound: focuses on the improvement of the process (microbial inactivation, extraction, food cutting operation, emulsions, etc.).
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Fig. (9))


          Frequency ranges.



          The extraction process can be explained as follows (Fig. 10): ultrasonication occurs when the acoustic power input increases, inducing the production of cavitation bubbles, which are initiated in the nucleation sites (1). These bubbles go through a series of compression and rarefaction phases while the ultrasound waves pass through the solvent. After reaching a critical size, they implode during the compression cycle on cell surfaces as they generate micro-jetting (2) that engender numerous effects including erosion, peeling, and particle breakdown. This implosion can be explained by the conversion of sonic energy into mechanical energy due to the high pressure and temperature estimated to be up to 100 MPa and 5000 K respectively, which increases the rate of mass transfer of analytes to the solvent (3) [76, 77]. Furthermore, the bubbles provoke macro-turbulences leading to a micro-mixing [12, 60, 61, 78, 79]. At the molecular level, the nucleation sites are in fact voids created in the liquid once the molecules exceed the critical distance after being displaced and then replaced with their initial position due to the movements of the sound waves and the kinetic energy involved [60].
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Fig. (10))


          Ultrasound-assisted extraction – mechanism.



          Other applications of ultrasound have been studied based on different principles other than cavitation, such as uniform heat transfer (drying, freezing, cooking), increasing mass transfer (marinating), compression-rarefaction phenomenon (degassing), and vibration (filtrating and demoulding) [80].


        




        

          Instrumentation




          Three devices are commonly used in UAE: baths, reactors, and probes, all based on transducers and a source for ultrasonic power. Ultrasonic baths are the most available and widespread form of ultrasonic equipment and are available in the form of stainless-steel tanks with one or many transducers which convert electric energy into sound energy by mechanical vibrating at ultrasonic frequencies [76]. They can operate at 40 kHz and can be found equipped with temperature control. One advantageous aspect of this apparatus is that it can treat simultaneously two or more samples. Despite that, its low power, and low intensity delivered due to the attenuation by the water and the glass containers of the samples reduce its reproducibility [78]. The reactors are a form of the ultrasonic bath. They are very frequently used for extractions and are available in a cylindrical stainless-steel container, equipped with a double jacket for temperature control. They were developed by REUS, and they operate at 25 kHz.




          High-power ultrasonic probes are the most widely used in extraction. They can deliver up to 100 times greater ultrasound intensity compared to ultrasonic baths. Probes with smaller surfaces are the most powerful (considering equation 2). They are generally connected to a transducer and they operate at 20 kHz while immersed in the medium, which results in direct delivery of the ultrasonic energy with a minimal loss. Probes are available in different lengths, tip shapes, and diameters. The ultrasonic intensity releases high energy and causes rapid heating of the medium. Thus, it is necessary to connect the system with a cooling double-jacket [76, 78] (Fig. 11). Other devices were developed for larger volumes like continuous or recycled-flow sonoreactors, which consist of stainless steel reactors where the mixture is pumped continuously at atmospheric or high pressure. The system can be coupled with a double jacket for temperature control.
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Fig. (11))


          Types of UAE apparatus. (A) Ultrasound probe; (B) Ultrasound bath; (C) Ultrasound reactor.



          Up-scaling the UAE required upgraded equipment, namely multi-transducer ultrasound apparatus that provides higher power for large samples, and other combinations of the existing ultrasonic equipment with other techniques/solvents. For instance, Milani et al. [81] coupled ultrasound and Deep Eutectic Solvents (DES) for steviol glycosides extraction. DES represents an interesting alternative for a greener extraction and lower environmental impact. Ultrasounds were also coupled to microwaves for Harpagoside recovery from Harpagophytum procumbens [82] and were compared to conventional techniques. This method proved its efficiency since it was energy-effective, time, and solvent-saving. Other examples such as Sono-Soxhlets were used to improve oil extraction and to accelerate the conventional Soxhlet extraction along with reducing its solvent consumption [78].




          The shapes and sizes of the ultrasonic equipment represent important parameters to optimize the extraction. It is important to flat bottom vessels with a minimal thickness to reduce the reflection and the attenuation of the ultrasonic waves [83]. The optimum size of the vessel and the position of the probe related to the transducer should be calculated to reduce energy loss.


        




        

          Applications In Food Analysis




          Ultrasound has been used on many matrices for the extraction of antioxidants, proteins, lipids, and other active compounds (Table 2). This technique is increasingly used in an eco-extraction context, targeting the reduction of solvent, time, and energy consumption while increasing extraction yields, and thus replacing the conventional techniques.




          Sicaire et al. [84] extracted oil from rapeseeds with an ultrasonic probe and compared it with a conventional maceration. The optimization was carried out by the RSM method, and the optimized parameters were defined as follows: 7.7 W/cm2 for ultrasonic power intensity, 40 °C for processing temperature, and a solid/liquid ratio of 1/15 to obtain up to 97% of total oil. UAE has demonstrated its efficiency in terms of extraction, reduction of time, and solvent quantity as well as a better quality of the oil. In another study, ultrasound was explored for protein extraction from spirulina. Vernès et al. [85] optimized protein recovery using manothermosonication (MTS), a green and innovative technique that combines conventional ultrasound-assisted extraction and pressure and temperature control. It is indeed an effective method since it increased the yield to 229% compared to the conventional method without ultrasound, resulting in more than 28 g per 100 g of dry weight.




          Ultrasound can also be exploited as a pre-treatment. Zhu et al. [86] extracted proteins and polyphenols from purple sweet potato under the following optimal conditions: 40 minutes, pH 2,5, 58% ethanol, and a supplementary hot extraction at 80° for up to 120 minutes. The resulting yield obtained was about 3.877 mg/g of polyphenols including 0.293 mg/g of anthocyanins, and 0.753 mg/g of proteins. The energy consumption calculated was advantageous and minimal (8406 J/mg).




          Khadhraoui et al. [87] described the mechanisms responsible for the desired effect of ultrasounds on rosemary leaves. It highlights a succession of impacts, namely erosion; shear forces, sonoporation, fragmentation, capillary effect, and detexturation. UAE processing can also be interesting for combined utilization. In this context, another recent study of our team (Green laboratory-Avignon University in France) discussed by Tabib et al. [6] have described the separation of almond skin and the extraction of polyphenols using ultrasounds. The influencing parameters in this process include temperature, time, and ultrasonic intensity. Phenols extraction was 258% higher with UAE compared to the conventional method, and many effects were observed macroscopically and microscopically after observation by Scanning Electron Microscopy (SEM), such as erosion, fragmentation, and sonoporation.




          

            Table 2 Ultrasound-Assisted Extraction.




            

              

                

                  	Matrix



                  	Analyte



                  	Experimental Conditions



                  	Detection and Analysis



                  	References

                


              



              

                

                  	Rapeseed oil



                  	Fats



                  	40 A, 15 B, 20 C, 7.7 W/cm2D, Hexane E, Ultrasonic probe F




                  	GC-FID



                  	[84]

                




                

                  	Spirulina



                  	Proteins



                  	24 A, 20 B, 20 C, 55 W/cm2D, Sodium phosphate buffer 1:20 (g/g) E, Probe F




                  	Lowry method



                  	[85]

                




                

                  	Purple Sweet Potato



                  	Proteins, polyphenols



                  	25 A, 40 B, 45 C, 178 W D, 1:20 (PSP/ Hydroalcoholic solution) E, Ultrasonic bath F




                  	HPLC-DAD-ESI-MS2




                  	[86]

                




                

                  	Rosemary leaves



                  	Phenols



                  	25 A, 60 B, 20 C, 41.7 W/cm2 ± 0.4 D, demineralized water E, Probe F




                  	UHPLC



                  	[87]

                




                

                  	Almonds



                  	Polyphenols



                  	20 A, 20 B, 20 C, 9.47 W/cm2D, Distilled water E, Probe F




                  	UPLC DAD/


                  ESI-MSn



                  	[6]

                




                

                  	Pomegranate wastes



                  	Carotenoids



                  	51,5 A, 30 B, 20 C, 130 W D, Sunflower oil (peel/solvent ratio 0,10) E, Probe F




                  	Spectro


                  -photo


                  -metry 470 nm



                  	[88]

                




                

                  	Mulberries



                  	Anthocyanins



                  	48 A, 10 B, 24 W C, 200 D, Methanol 76% E, Probe F




                  	UHPLC-QToF-MS



                  	[89]

                




                

                  	
A: temperature (°C), B: time (min), C: frequency (kHz), D: power, E: solvent, F: type of ultrasound apparatus

                


              

            




          




          A high yield of carotenoids recovered from pomegranate peel was observed by Goula et al. [88] with optimal conditions in UAE (51.5 °C, peel/solvent ratio of 0:10, 58.8% of amplitude level, and sunflower oil as a solvent). Similarly, optimal parameters were investigated for the determination of anthocyanin and total phenolic compounds in mulberries [89], including methanol composition, solvent ratio, temperature, amplitude, cycle, and pH. This method showed high reproducibility and repeatability and was proven to be easy and eco-friendly.


        


      




      

        Subcritical Water Extraction




        Water is very abundant and used in daily life, and its physicochemical variations make it a very interesting solvent. The subcritical state is reached when water is kept in a liquid state at a temperature between 100 and 374 °C under pressure between 1 and 221 bars [90]. Several studies have been conducted within this context to evaluate the feasibility of extracting bioactive compounds (polar and nonpolar) from natural matrices.




        

          Principle




          Subcritical water extraction (SWE), also called superheated water extraction or pressurized hot water extraction, is a green technique that uses only water as a solvent at its subcritical state [91, 92]. SWE depends on several parameters: temperature, pressure, solvent flow rate, and particle size. Other factors can also affect the extraction like co-solvents, time, and solvent/sample ratio. Other than the pressure and water temperature, SWE conditions could be compared to a conventional maceration.




          The critical point can be defined as the state where water properties (thermal behavior, density, viscosity) are modified under two main parameters: temperature (374 °C) and pressure (221 bar). Under this point, water is kept in the liquid state by avoiding its vaporization along with varying its temperature between 100 and 374°C and its pressure between 1 and 221 bar [12, 93]. Changes in the chemical and physical properties of water lead to a variation in its polarity, measured by the dielectric constant (ε = 80 at 25 °C and atmospheric pressure) [92]. This parameter gets lower at the subcritical state, and water becomes similar to low-polar organic solvents allowing the extraction of medium polar compounds such as terpenoids, aromatics, or polyphenols. For instance, the dielectric constant of water at 250 °C and 50 bars equals that of ethanol (ε = 27) and becomes close to that of methanol (ε = 33) at 25 °C and 1 bar [12, 21, 91].




          Subcritical water is a non-toxic, non-corrosive, and non-aggressive solvent. It enhances the extraction yield and the quality of the extracts in a shorter time. In




          addition to that, the viscosity is decreased and the diffusibility is increased. It is a better solvent for hydrophobic compounds compared to ambient water since its concentration in H3O+ and OH- varies as the temperature increases [90]. Four major steps occur in SWE [94] (Fig. 12):





          

            	Step 1: solute desorption from the active sites in the matrix under high temperature and pressure;




            	Step 2: diffusion of the solutes into the matrix;




            	Step 3: diffusion of the solutes from the matrix into the solvent;




            	Step 4: separation of the extracts from the solvent by chromatography.


          




          Thus, several improvements can be considered, including the solubility and mass transfer from the matrix to the solvent as well as the destruction of the surface material promoted by the high pressure.
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Fig. (12))


          Mechanism of active compounds extraction from a natural matrix using subcritical water as a solvent.

        




        

          Instrumentation




          SWE equipment includes two main methods of extraction: (i) static or batch mode, where we have two possible alternatives: in the first one, the plant material is introduced in a column with a neutral filler. The column is afterward put in an oven and filled with water using a pump. Under controlled temperature, pressure, and continuous stirring, the solvent, and the matrix stay in contact for a specific time. Then they are drained out with a valve along with the gas, cooled, and collected. The second way is a closed system under pressure and high temperature (Fig. 13); (ii) dynamic or continuous mode is similar to percolation, where the subcritical water flows through the plant material placed previously in the extraction vessel with a controlled solvent flow rate. It consists of a pump, an extraction chamber, a collector, a heating system, and a pressure control system. A constant temperature is maintained throughout the extraction process thanks to a stainless tube coiled inside the heater [12, 94].
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Fig. (13))


          Schematic representation of a subcritical water extraction unit; an example of a laboratory-scale batch setup.



          SWE can be combined with other green techniques to improve its efficiency. For instance, microwave subcritical extraction is an interesting method since it decreases the pressure needed to reach the subcritical state and produces higher yields. A recent study carried out by Yang et al. [95] showed that this combination is a great and promising alternative for conventional extraction of steviol glycosides from Stevia rebaudiana leaves because it reduces significantly the extraction time from 45 min to only 1 minute with less solvent used to have the same yield.


        




        

          Applications In Food Analysis




          The feasibility of subcritical water extraction was explored on various matrices and several articles have been published in this regard. This technique is in full expansion and more and more trendy. Table 3 shows that SWE can be applied for the recovery of various compounds: carbohydrates [96, 97, 99, 101], phenolics [96, 97, 100, 101], essential oil [98], sugars, and more. The interest in the industrialization of this process is increasing since it was initially used on a small scale.




          

            Table 3 Subcritical Water Extraction.




            

              

                

                  	Matrix



                  	Analyte



                  	Experimental Conditions



                  	Detection and Analysis



                  	References

                


              



              

                

                  	Potato peel



                  	Carbohydrates


                  Phenolics


                  antioxidants



                  	40 A, 9 B, 190 C




                  	HPLC-UV



                  	[96]

                




                

                  	Tobacco



                  	Leaves



                  	Carbohydrates


                  phenolics



                  	580 A, 25 B, 160 C. Solvent-solid ratio 23 mL/g



                  	HPLC-VWD



                  	[97]

                




                

                  	Scarp



                  	580 A, 23 B, 150 C. Solvent-solid ratio 28 mL/g

                




                

                  	Dust



                  	580 A, 20 B, 160 C. Solvent-solid ratio 10 mL/g

                




                

                  	Midrib



                  	580 A, 25 B, 150 C. Solvent-solid ratio 30 mL/g

                




                

                  	Japanese mint



                  	Essential oil



                  	200 A, 5 B, 180 C




                  	GC-FID



                  	[98]

                




                

                  	Chlorella pyrenoidosa



                  	Proteins



                  	55 A, 10 B, 270 C. 15% Microalgal Biomass



                  	Lowry assay



                  	[99]

                




                

                  	Carbohydrates



                  	23,2 A, 5 B, 220 C. 10% Microalgal Biomass



                  	Phenol-sulfuric acid method

                




                

                  	Kanuka



                  	Phenols



                  	40 A, 20 B, 170 C. solid-to-solvent ratio 15 g/L



                  	HPLC-DAD



                  	[100]

                




                

                  	Ginseng roots



                  	Sugars


                  Phenols



                  	60 A, 20*2 B, 200 C.




                  	Phenol-sulfuric acid method; UFLC–MS/MS



                  	[101]

                




                

                  	Proteins



                  	60 A, 20*2 B, 180 C




                  	Bradford assay

                




                

                  	
A: Pressure (bar), B: time (min), C: Temperature (°C)

                


              

            




          


        


      




      

        Supercritical Fluid Extraction




        Supercritical Fluid Extraction (SFE) is among the most widely-used techniques for the extraction of bioactive products from plants. It uses a fluid phase with properties between those of a gas and a liquid to influence the solubilization of the active compounds [102]. This method was first introduced to the large-scale setup in the 1970s for various applications, including recovering flavors and pungencies




        from spices, decaffeination of coffee and tea, and more [103]. The application of SFE for purification and extraction fields will keep on growing.




        

          Principle




          SFE is based on the use of supercritical fluids (SF) as a green alternative for organic solvents. The supercritical state is a homogeneous phase reached at high pressure and temperature above the critical point [104]. It combines the two characteristics of the liquid state and the gaseous state of the fluid. Indeed, the density of the supercritical fluid is liquid-like and higher than that of the gas state, the viscosity is gas-like, and the diffusivity is twice higher than that of the liquid state [105]. Variations in temperature and pressure lead to changes in the dielectric constant and the solubility of the SF, thus inducing a variable density and selectivity and allowing an enhanced mass transfer of different classes of active compounds [106, 107]. Other parameters that can influence the extraction process include the aspect of the solid matrix (particle size, porosity, sample conditions, pre-treatments…), the solvent and co-solvent (flow-rate, ratio), the solutes (polarity, volatility), the time, the extractor geometry, etc [105, 107, 108]. One of the main advantages of this technique is the easy removal of the solvent, which can be achieved by either decreasing the pressure or increasing the temperature after leaving the extraction column. In addition to that, it can be considered a promising technology thanks to its high selectivity, short extraction time, and non-hazardousness to the health and the environment to produce high purity extracts [109].




          Supercritical carbon dioxide (scCO2) is by far the most commonly used in the SFE. Compared to other solvents such as water, hexane, or methanol, CO2 presents low temperature and pressure parameters (TC = 31°C and Pc = 7.38 MPa). It is therefore an excellent solvent for thermolabile compounds since it does not degrade them and preserves their chemical composition [108]. Here, the active compound or the mixture of solutes is solubilized in the solvent and then dilated in a container at atmospheric pressure. Here, the CO2 loses its supercritical solvent properties and releases the extracted compounds.




          ScCO2 is used in more than 90% of SFE extraction for its numerous advantages: availability, reusability, non-explosiveness, high density enabling high selectivity, low toxicity, non-flammability, and low price [104, 107]. Moreover, the separation phase of the extract and the solvent is simpler because the carbon dioxide depressurization leads to its return to the gaseous state and thus allows the recovery of the solvent that can be recirculated in the storage tank.




          SFE applications cover the deterpenation of essential oils [110], chemical separations and purifications, regeneration of adsorbents, drying at critical points, wastewater, solid waste treatment, etc. This system has been developed over the last few decades, leading to a scaled-up process to reproduce the same extractions achieved at the laboratory scale.


        




        

          Instrumentation




          Like other techniques, the SFE equipment is available at the laboratory, pilot, or industrial scale. The common elements between the three scales are as follows: a pump for solvent, a modifier pump for organic solvents or water, a cell to keep the sample, a pressure regulator, an extraction vessel, and a fractionation vessel. For instance, when CO2 is used as a solvent, it is transferred as a liquid (below 5 °C) to a heating zone where it is heated under high pressure to reach the supercritical state. It then flows through the extraction vessel through the biological material. The solvent-extract mixture arrives at the separator where the pressure is reduced. This induces the variation of the solvent density, and thus, its dissolving power, inducing the deposition of the extracts and the return of the CO2 to the gaseous state after cooling and decompression. It can either be recycled or released into the atmosphere (Fig. 14 and 15) [102, 104, 111].
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Fig. (14))


          Role of scCO2 as a solvent in particle formation techniques [107].



          A recent patent published by Zhang et al. described a new portable supercritical fluid extraction apparatus. Unlike industrial equipment, this device has the advantage of being lightweight and can be carried by a single person, with mechanically passive components. Various solvents can be used, including carbon dioxide, n-hexane, ethanol, methanol, and more [112].


        




        

          Applications In Food Analysis




          The application of SFE on an industrial scale is becoming more and more common to meet the demand for a more sustainable and eco-friendly process. This technique uses reduced quantities of solvents, usually green, that can be recycled and enhances the extraction yields. Its selectivity allows it to extract several compounds of interest from various matrices, namely phenols, essential oils, and more [113-119] (Table 4).
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Fig. (15))


          Schematic diagram of SC-CO2 system.

        


      


    




    

      



      COMPARISON AND FUTURE TRENDS




      Table 5 compares the advantages and limitations of extraction techniques discussed in this chapter: ultrasound-assisted extraction (UAE), microwave-assisted extraction (MAE), subcritical water extraction (SWE), and supercritical fluid extraction (SFE). Here, many requirements in terms of quality control guidelines, reduction or substitution of solvent use, reduced extraction time, and low costs are being set out to avoid the hazardous aspect induced by these techniques, namely problems of water and environmental pollution that are linked directly to the intensive use of volatile organic solvents and higher energy inputs. In this context, a combination of green chemistry with more eco-friendly technologies becomes compulsory.




      

        Table 4 Supercritical Fluid Extraction.




        

          

            

              	Matrix



              	Analyte



              	Experimental Conditions



              	Detection and Analysis



              	References

            


          



          

            

              	Cacao pod husk



              	Phenols



              	60 A, 299 B, 6 mL/min C, 150 D, CO2 + 13,7% Ethanol E.




              	Folin-Ciocalteu method



              	[113]

            




            

              	Rosmarinus officinalis



              	Essential oil



              	40 A, 172.4 B, 126,2 ± 2 mL/min C, 180 D, CO2 E.




              	GC-MS



              	[114]

            




            

              	Patchouli



              	Essential oil



              	40 A, 120 B,0,1667 g/s C, 240 D, CO2 E. Particle size 0,3-0,6 mm



              	-



              	[115]

            




            

              	Clove (Syzygium aromaticum) leaves



              	Eugenol



              	40 A, 220 B, 1,99 g/min C, 80 D, CO2 E.




              	GC-MS



              	[116]

            




            

              	Arbutus unedo



              	Phenols



              	55 A, 300 B, 10 g/min C, 90 D, CO2 + 20% Ethanol E.




              	GC-MS, LC-MS/MS



              	[117]

            




            

              	Cannabis



              	Cannabinoids



              	60 A, 320 B, 150 g/min C, 600 D, CO2 E.




              	UPLC-MS



              	[118]

            




            

              	Ripe bitter melon pericarp



              	β-carotene



              	70 A, ~390 B, 35 mL/min C, 190 D, CO2 E.




              	SF chromatography - UPC2 system



              	[119]

            




            

              	
A: temperature (°C), B: pressure (bar), C: flow rate, D: time (min), E: solvent

            


          

        




      




      

        Table 5 Comparison of sample preparation techniques.




        

          

            

              	Name



              	Ultrasound-Assisted Extraction (UAE)



              	Microwave-Assisted Extraction (MAE)



              	Subcritical Water Extraction (SWE)



              	Supercritical Fluid Extraction (SFE)

            


          



          

            

              	Description of system



              	The sample is immersed in a solvent and submitted to ultrasound using a US probe or US bath.



              	The sample is placed in a vessel with and without solvent and submitted to microwave energy.



              	The sample is extracted under high pressure (1–22.1 MPa) and temperature (100 °C - 374 °C).



              	The sample is extracted using a supercritical fluid as a solvent (temperature and pressure are higher than the critical point).

            




            

              	Investment



              	Low



              	Moderate



              	High



              	Moderate

            




            

              	Ease of operation



              	Easy to use



              	Easy to use



              	Easy to use



              	Relativity easy to use

            




            

              	Solvent use



              	10 – 1000 mL per extraction



              	10 – 1000 mL per extraction



              	10 – 300mL per extraction



              	10 – 1000 mL per extraction

            




            

              	Sample size



              	1-100g



              	11-100g



              	1-100g



              	1-100g

            




            

              	Extraction time



              	10-60 min



              	3-30 min



              	5-30 min



              	5-30 min

            




            

              	Main disadvantages



              	Large solvent volume; filtration step required; non-selective



              	Extraction solvent must absorb microwave energy; filtration step required; low selectivity of solvents and molecules



              	Hard moisture removal; thermal degradation may occur at higher temperatures; expensive setup



              	High setup cost; technical knowledge of SF properties required (e.g., phase behavior, cross-over region)

            




            

              	Main advantages



              	Easy to use; low energy input; rapid extraction; relatively low additional cost.



              	Rapid extraction; easy to handle; no solvent or moderate consumption; high stability and reproducibility, moderate cost.



              	Water as a solvent is green, cheap, and readily available; extraction of polar, moderately polar, low-polar, and non-polar compounds can be separated; high diffusion rate



              	A small amount of organic solvent or no solvent; preserves thermally labile compounds; selective extraction (small number of compounds extracted); is inexpensive to run.

            


          

        




      


    




    

      CONCLUSION




      Extraction is a limiting step with an important impact on the development, modernization, and valorization of biological material. As the industry develops, requirements for optimizing yields and extract quality are increasing. To serve this purpose, the existing techniques are developed to improve sample preparation and extraction parameters to efficiency while respecting the environmental aspect. An increasing number of reports are published in this regard, including combinations of existing techniques, or reducing hazardous solvent use.
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