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journal such as Green Chemistry, and generally labelled as too specialized studies and often relegated to other mainstream journals with a larger audience of researchers.

We have noted that some specialized journals have been created to publish these studies in more specific communities. However, it is also prudent to widely communicate the potential of these original technologies that have transformed the classical chemistry by changing reactivities, energy usage and scientific approaches.

In the framework of the special issue on ISGC2019 conference, where a scientific session was dedicated to "Alternative Technologies", we describe herein a bibliometric analysis of the studies published specifically in Green Chemistry journal from 1999 to now, involving sonochemistry and microwave-assisted chemistry. The objectives are to illustrate the evolution of the research on US and MW themes and to identify the current scientific needs and future challenges; impediments for publication in a less specialized journal such as Green Chemistry are alluded as well.

Graph 1 depicts the evolution of the number of papers published in Green Chemistry journal from 1999 on each topical subject: sonochemistry (77 articles, average of 6 articles published each year during the last five years), microwave-assisted chemistry (297 articles, average of 14 articles published each year during the last five years) with 19 articles promoting the combination of these two technologies. In terms of the staying power in the journal, the citation rate is relatively low for a large majority of these papers (between 0 and 40 citations per articles), although some articles, highlighted in the following sections, have attained more than 1,000 citations. In addition to the targeted applications, strong demonstrations of the effects brought about by these activations can explain the interest from a larger community.

Globally, the number of publications have clearly increased, also because of the routine access to the dedicated commercial equipment in the chemical laboratories. 

II. Use of ultrasound for green chemistry:

Sonochemistry is the use of ultrasound irradiation in chemical processes in a liquid medium, leading to the generation of different physicochemical effects. [START_REF] Mason | Sonochemistry[END_REF][START_REF] Chatel | Sonochemistry -New opportunities for Green Chemistry[END_REF] The intense mechanical, thermal and chemical effects of ultrasound are the consequence of the cavitation phenomenon, through the formation, the growth and the sudden collapse of gaseous microbubbles in the liquid phase. [START_REF] Suslick | [END_REF][START_REF] Mason | Practical Sonochemistry: Power ultrasound uses and applications[END_REF] By imploding, these bubbles create locally extreme pressures (up to 1,000 bar) and high temperatures (up to 5,000 K) that can generate some interesting physical effects and initiate high-energy radical mechanisms. One year after the publication of the twelve principles of Green Chemistry, [START_REF] Anastas | Green Chemistry: Theory and Practice[END_REF] Luche and Cintas described the connection between green chemistry and sonochemistry in the first issue of Green Chemistry journal (1999), a paper entitled Green chemistry: the sonochemical approach. [START_REF] Cintas | [END_REF] This manuscript highlighted the main advantages of sonochemistry: (a) the possibility to change the course of a reaction to attain new selectivities via a "sonochemical switching"; (b) the improvement of rates, yields, and enhancement of selectivity in several examples; (c) the possibility to use non-classical reagents or reagents obtained under unusual conditions, even in aqueous media. Interestingly, other discoveries highlighted the substitution of phase transfer reagents in multiphase reactions using ultrasound. 8 The interest in ionic liquids (ILs) as promising solvents, prompted Varma to emphasize that these solvents can never be green from the life cycle perspective if another solvent is used to prepare them; he pursued solvent-free preparation of ILs using ultrasound in 2002. 9 During the intervening years, more than 70% of the studies published in the journal reported organic chemical reactions under US irradiation for syntheses of some ILs under ambient conditions [10][11][12] or the preparation of organic molecules focusing on the inherent advantages to conduct synthesis in aqueous solutions, 13,14 under environmentally benign conditions 15 and/or with improved kinetics. 16 The first US study on the preparation of nanoparticles was published in 2006 describing a simple ultrasound-assisted coating of paper with ZnO nanoparticles without adding any binder. 17 In 2008, Varma introduced a special issue of Green Chemistry with an editorial discussing the potential of chemical activation by mechanochemical mixing, MW and US irradiation for developing cleaner processes. 18 From 2012 onwards to present, although some examples from organic chemistry were still reported and not even highlighted or mentioned in the title, the keywords or in the abstract, the trend is towards the preparation of materials and (nano)catalysts involving ultrasound such as functionalized SBA-15, 19 coated TiO2 or ZnO nanoparticles, 20,21 copper oxide or graphene catalysts. 22,23 The most reported effects are the depassivation of the surface, the reduction of nucleation periods and better control of crystal size without agglomeration, an improved size distribution, and the better colloidal properties. Another growth area in the recent years is the description on biomass dissolution and the extraction of organics from biomass feedstock, and pretreatment involving ultrasound. [24][25] Typical examples include US-promoted depolymerization of cellulose derivatives, 26,27 conversion of lignin, 28 valorization of bio-waste 29,30 or extractive-type processes. 31,32 Highly cited article in Green Chemistry (2009) pertains to the dissolution and partial delignification of wood in ILs. 33 In this study, Rogers et al. demonstrated that ultrasonic pretreatment of yellow pine sawdust for 1 h at 40 °C reduced to less than half the time of complete dissolution in a chosen ionic liquid in comparison to wood without pretreatment. Many factors can affect the cavitation phenomenon such as the frequency, the acoustic power, the gas atmosphere, the hydrostatic pressure, the nature and the temperature of the solvent, the geometry of the reactor, etc. 34 The rigorous characterization of sonochemical parameters is crucial to understand the associated chemistry and facilitate the comparison between each study reported in the literature. It is important to remind here that all the sonochemical parameters and experimental conditions have to be rigorously reported in the experimental section of publications. In addition, some considerations have been made to understand and demonstrate how sonochemistry can efficiently contribute to green chemistry area in future studies. 35 Importantly, the deployment of ultrasonic cleaning bath-type equipment is more an art than science as one has to have a level of water in the bath and immersion of the reacting vessel to certain depth. The inhomogeneity of their ultrasonic field could be problematic for both reproducibility and effective understanding of the phenomena occurring during US irradiation. In contrast, probe type or cup-horn equipment with good controls may be preferred for reproducibility. The design of new and specific sonochemical reactors should be one of the key parameter to help developing new processes at lab and semi-industrial scale.

III. Use of microwaves in Green Chemistry:

Electromagnetic radiation with frequency in the range 0.3-300 GHz, MW region, can heat matter through a dielectric mechanism that may involve dipolar polarization and ionic conduction. It is the ability of a material to absorb microwave energy and convert it into heat that causes bulk heating; the temperature of the whole sample can rise simultaneously contrary to conventional conductive heating. [START_REF] Loupy | Microwaves in Organic Synthesis[END_REF][START_REF] Cravotto | Microwave Chemistry[END_REF] Even if nonthermal effects have been invoked for reactions in which the transition state is more polar than the ground state, it is generally accepted that rate enhancements largely stem from thermal effects. [START_REF] De La Hoz | [END_REF]39 Solvent-free reactions or use of benign reaction media such as polyethylene glycol and water in combination with This journal is © The Royal Society of Chemistry 20xx
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Please do not adjust margins Please do not adjust margins the use of alternative energy-input systems, such as MW, contribute to the development of new greener reactions. 40 Although MW effects have not been comprehensively explained, the MW strategy leads to time savings and achieves selectivity in organic reactions. There is continuing and contentious discussion [41][42][43][44][45] between "specific microwave effects" that cannot be easily emulated via conventional heating means and "non-thermal microwave effects" which are proposed to explain unusual observations in MW-assisted chemistry. 46 However, a large number of examples documented in the literature, reported the advantages of MW-based systems in greener terms. [START_REF] Strauss | Microwaves in Green and Sustainable Chemistry[END_REF][START_REF] Varma | Advances in Green Chemistry: chemical synthesis using microwave irradiation[END_REF] In all cases, it is important to remember that MW-assisted chemical reactions depend on the capacity of the reaction mixture to effectively absorb MW energy, which frequently depends on the polarity of reactants or ensuing intermediates, in addition to chosen solvents.

The first issue of Green Chemistry journal in 1999 had a review article from Varma entitled Solvent-free organic synthesis: using supported reagents and microwave irradiation that has been now cited more than 1250 times. [START_REF] Varma | [END_REF] This article summarized the activity of the solvent-free reactions under MW irradiation and how it can change the performance and the selectivity of the studied systems; in those days many dedicated laboratory MW systems did not exist and hence the use of open vessel chemistry on mineral supports.

From 1999 to 2003, almost exclusively, only MW-assisted organic reactions were revisited in Green Chemistry journal (an average of 10 articles/year). The proposed systems included the eco-friendly synthesis of 2-alkylated hydroquinones, 50 performed in dry media for the synthesis of -aminoalcohols, 51 efficient synthesis of N-arylamines, 52 solventless for Suzuki coupling reaction on Pd-doped alumina, 53 solvent-free preparation of indazoles, pyrazolopyridines and bipyrazoles by cycloaddition reactions, 54 clean oxidation of benzoins on zeolite, 55 one-pot synthesis of tetrasubstituted imidazoles, 56 accelerated Suzuki cross-coupling reaction in PEG, 57 among others. Remarkably, the reaction between two solids that occur below their melting points in the absence of any catalyst or a solvent, have been also demonstrated under MW. 58,59 In addition, medicinal chemistry and drug synthesis are also research fields where MW can contribute beneficial advantages. [START_REF] Kappe | Microwaves in Organic and Medicinal Chemistry[END_REF] Interestingly, two publications involving biomass were published in 2002 for the MW-assisted phosphorylation of microcrystalline cellulose [START_REF] Gospodinova | [END_REF] and the preparation of chelating agents from sugarcane by MW irradiation. 62 In the first case, involving solvent-free system, monosubstituted phosphorous acid esters of cellulose of varying degrees of substitution of hydroxy functions (0.2-2.8) were obtained without pretreatment. [START_REF] Gospodinova | [END_REF] A clear improvement in the degree of substitution of cellulose was discerned under MW (300 W, monomode system) in comparison with convention heating. The second case involved an efficient means of producing chelating agents with 14.8% of nitrogen-amide functional groups in 82% yield. 62 Bagasse-derived chelating resins showed almost an identical proficiency to remove Cu(II) and Hg(II) as the commercial resin, Duolite GT-73; authors demonstrated that this method for the production of bagasse-derived chelating agents would be a viable alternative for the economic treatment of wastewater.

Fascinatingly, the next trend (from 2001) was the use of MW for the synthesis of ionic liquids (ILs) originally by Varma, initially performed in kitchen MW system while pulsing with 'on' and 'off' cycles. 63,64 It was soon followed by a study under controlled conditions using a dedicated MW reactor in 2003 by Deetlefs and Seddon for the preparation of some ionic liquids. 65 The MW-based methods (200 to 300 W, multimode MW reactor) dramatically reduced reaction times compared to conventional methods (from several hours to 4-60 min), minimized the generation of organic waste (reduction of haloalkane excesses from 10% to 1-2%), and also afforded the ionic liquid products in excellent yields and purity. Although it was clearly pointed out in the original studies 64 that being polar and ionic, ILs efficiently absorb MW energy as confirmed subsequently in studies by, Wasserscheid et al. 66 and Baboulène et al. 67 which promoted ILs as solvents and cosolvents in diverse applications; several investigations have been published in this area during almost one decade .68 Rogers et al. proposed a clean, quantitative formation of methylcarbonate salts with no waste providing a platform to access large libraries of ionic liquids around common cations that are entirely halide-free, with only carbon dioxide and methanol produced as by-products through simple acid/base chemistry; 69 synthesis of 1-butyl-1-methylpyrrolidinium methylcarbonate was attained in nearly quantitative yield in only 1 h using microwaves.

From 2008, the use of MW heating technique shifted to the preparation of nanoparticles, including of magnetic nature. [70][71][72] For examples, silver nanoparticles ranging from 5-10 nm in size were prepared in water using glutathione as benign oxidant. 73 The proposed method yielded the nanoparticles within 30-60 s at a power level as low as 50 W. Interestingly, in many cases, MW power have a beneficial effect on the morphology of synthesized nanoparticles which served as ideal nanocatalysts under quasi-homogeneous system thus bridging the good attributes of both, homogeneous and heterogeneous catalysts. 74 In recent years, the dissolution of biomass and waste through the use of MW heating has been a hot topic in Green Chemistry. In this area, the fusion of ionic liquids/MW showed significant enhancement in term of dissolution of biopolymers for delignification, 33 complete dissolution of lignocellulosic biomass, 33 pretreatment of biomass, 75 cellulose depolymerization, 76 hemicellulose dissolution, 77 hydrothermal treatment of biomass carbohydrates, 78 to name a few. Generally, developments and applications involving biomass and MW are reported more frequently in the journal: extraction processes, 79 -81 waste valorization, 82 (conversion of post-harvest tomato plant waste to levulinic acid, 83 pyrolysis of waste office paper, 84 hydrolysis of urban biowastes to added lignin-like products, 85 valorization of fruit and vegetable by-products, 30 Please do not adjust margins Please do not adjust margins biorefinery, 86 direct production of levoglucosenone from agricultural wastes, 87 etc.) transformation of biomass to platform molecules (conversion of carbohydrates to levulinic acid, 88 conversion of polysaccharides to 5-chloromethyl furfural, 89 hydrolysis of cellulose to glucose, 90 production of furfural from corn stover hemicellulose, 91 alcoholysis of furfural alcohol into alkyl levulinates, 92 selective production of 5-hydroxymethyl furfural/levulinic acid from seaweedderived agarose, 93 starch etherification and esterification, 94 hydrothermal processes for the production of value-added chemicals from glycerol, 95 and production of biofuels 96 among others).

Finally, an innovative subject on which researchers have published article in Green Chemistry journal is the scale-up of the technology. Indeed, several examples reported the development of continuous processes under MW for examples for hydrodechlorination of chlorinated benzenes, 97 for the oxidation of benzyl alcohol as a model reaction, 98 for the preparation of highly crystalline materials, 99 or for the synthesis of self-assembled hierarchical hematite superstructures. 100 Several studies involved microwaves as a heat source for carrying out various types of reactions employing circulation reaction vessels. Its use for chemical syntheses can attenuate the problem of MW heating (nonuniform heating and penetration depth) and maximize the benefits (rapid heating and first temperature adjustments). 101 The process intensification involving MW is currently an important challenge to develop green processes on larger scales. Interestingly, some researchers combined the effects of both, US and MW in the same system to highlight some synergetic effects. 102 The first paper reported in Green Chemistry journal proposed a simultaneous MW and US irradiation for the synthesis of hydrazides from esters and hydrazine monohydrate. 103 Table 1 reports the yield improvements between conventional reflux, US reaction, MW-assisted reaction and combination thereof in 73, 79, 80 and 84%, respectively. More than an improvement in yield, this fusion of technologies allowed a drastic reduction of the reaction time from 9 h to 40 s under optimum conditions. This effect was attributed to a combination of enforced heat transfer due to MW irradiation and intensive mass transfer at phase interfaces due to US activation. Cravotto and Cintas summarized the conceptual differences between MW and US (Table 2). 104 They specified that the effects of these technologies often interpreted in terms of similar activation processes, but the nature of these effects are intrinsically different. The majority of the papers associated MW with a superior heating and US with an efficient agitation or mixing, but these techniques represent a great potential in term of innovation, providing additional impetus for their development in synthesis and processing. Both of them also share the inherent advantage of being green technologies, as by reducing reaction times and increasing yields they lead to an overall energy saving. However, the reproducibility still requires further attention, especially because some design parameters are sometimes overlooked. In all these cases, it is crucial to compare, separately, the silent, coupled and non-coupled conditions to highlight the synergetic effects of the combination. The synergies brought by these combinations open the door to many new applications in green chemistry where the contribution of US and MW becomes essential, although many studies on the larger scale development is imperative.

IV. Combination of ultrasound and microwaves:

The papers combining US and MW published in Green Chemistry journal follow the trend from a majority of examples in organic chemistry (until 2006) towards progressively more applications for extraction and biomass valorization in the last ten years. In particular, the extraction of essentials oils 105 or from different waste, 106,30 and the valorization of glycerol 107 have been investigated using the combined technology. In these explorations, low consumption of reagents, total automation, newer results and increased safety have been the main objectives. 104 The reported examples demonstrate that the combination of US and MW can promote and improve the extraction processes for valued natural products.
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V. Recommendations and outlooks

We have summarized in this perspective paper that deployment of ultrasound-and microwave-irradiation, individually or in combination, have brought forth beneficial effects and innovative approaches to green chemistry. Indeed, the use of ultrasound and/or microwave is in complete agreement with the principles of green chemistry/engineering, through their numerous advantages: change of reactivity, improvement of yields and selectivity, reduction of reaction time, limitation of energy consumption and waste production, use of water/PEG as solvent instead of volatile organic solvents or solventless reactions, activation of catalysts, to name a few. The articles published in Green Chemistry journal from 1999, validate the potential of this research for developing new eco-friendly processes. Through this analysis of the literature, we also show the distinctive emerging trends in terms of applications and subject matter of research, and their evolution over the last 20 years of Green Chemistry debut. It also points out the future needs, the settlement of controversial theories, and the delineation of unknown mechanisms, thus anticipating promising years ahead for research on these two technologies.

In our opinion, when researchers want to publish on the use of US or/and MW for the benefit of a large audience and high impact journal such as Green Chemistry, it is important to propose (i) a simple, unique but not too specific system; (ii) studies and explanations on how it works (in-situ or postcharacterization of species or materials, proposition of mechanism, etc.) and can be applied to others reactions/syntheses/preparations. So, recommendation would be to focus on the following pillars: "novelty, understanding and application". In these cases, it is crucial to communicate to a large community with a didactic approach, without being too specific. It is really necessary to widely communicate the potential of these original technologies that can change the classical chemistry by altering reactivities, energy usage and scientific approaches.

Another important aspect in the area is the rigorous characterization of parameters from US and MW to understand the associated chemistry and facilitate the comparison between each study described in the literature. It is important to remind here that all the specific parameters and experimental conditions have to be rigorously reported in the experimental part of publications (frequency, powers, ultrasonic intensity, radical production, shape and geometry of the used reactors, mode of irradiation, etc.). Moreover, a systematic comparison with corresponding silent conditions (blank reaction) is required to clearly highlight the effects brought about by MW or US at specific temperatures; its optimized measurements with proper devices is very critical element for validity of the claims. Clearly, it has not been the case every time an article gets published in the literature, even in specialized journals.

Based on all this, we foresee some specific future areas of research:

(1) Finding new applications: While keeping a very rigorous approach, the newer applications will allow innovative developments (combinations of technologies, new fields of application, etc.). The analysis of articles since 1999 has shown that an innovative idea in the field often opens fresh substantial studies on these innovative appliances. Be always more innovative!

(2) Combine with other technologies: The innovation could be achieved by coupling between US/MW and other unconventional media or methods of activation. For example, use of ionic liquids in combination with ultrasound could lead to new reactivities. 108,109 The combination between MW and photochemistry has shown several interesting examples where electrodeless lamps were used in MW reactors to speed up the chemistry. 110 Sonophotocatalysis is also a field where synergetic effects could be significant. 111,112 The use of the combined technology could also be interesting for a biochemical approach, for example as it was made for solid phase peptide synthesis under ultrasound irradiation. 113 (3) Need for fundamental studies: The fundamental studies on sonochemistry and MW-based chemistry and their effects are essential for better understanding and recognizing the systems, delineating proposed mechanisms or demonstrate new theories. The debate, proofs of concept, and future discussions will be exciting and essential for the next generation of developed processes! (4) Scale-up and industrial applications: The true realization of US and MW in green chemistry areas is dependent upon the possibility of scaling-up the excellent laboratory results for industrial uses. Some preliminary results have been encouraging with continuous or pilot scale processes, but it is essential to demonstrate the possible contribution of US and MW that open the doors to industrial applications. Scaling-up is now the challenge for these technologies!

(5) Energy issues: The overall understanding of the energy consumption for a sonochemical or MW-assisted process is essential at the laboratory scale, but even more at industrial scale. Often, the benefits brought by the technology (i.e., time savings) lead to the reduction of energy consumption. Cravotto et al. have estimated the overall energy consumption for a new pilot flow ultrasound reactor, and illustrated how to calculate the total energy consumption as exemplified in the case of biodiesel synthesis, taking into account the sum of (i) the energy to heat the oil, (ii) the energy to heat methanol and (iii) the energy to sonicate the mixture for a defined time period. 114 (6) Computational calculations and modeling: We identify this track as essential, in association with fundamental studies (modeling of the phenomena under US/MW, confirmation of theories, etc.) but also the development of large-scale processes (calculations and simulations of continuous flow may help assist in the design of reactors). This journal is © The Royal Society of Chemistry 2019

Please do not adjust margins Please do not adjust margins (7) Life-Cycle Assessment (LCA): To justify the greenness aspects of the developed processes, it would be imperative to determine more thoroughly the LCA of the systems to take into account more global parameters on efficiency and environment. 115 The comparative LCA between classical conditions, US, MW or US/MS would be very informative as the data becomes available. [116][117][118][119] 
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 1 Evolution of the number of articles published on US and MW in Green Chemistry journal (Scopus research, September 2019).
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Table 1 .

 1 Hydrazinolysis of methyl salicylate using different methods.103 

	Entry	Method	Reaction	Isolated
			time	yield (%)
	1	Conventional reflux	9 h	73
	2	Ultrasound (20 kHz, 50	1.5 h	79
		W) + reflux		
	3	Microwave (2.45 GHz,	18 min	80
		200 W)		
	4	Simultaneous MW (200	40 s	84
		W) and US (50 W)		

Table 2 :

 2 Differences in MW and US actions as a function of application.104 

	Application	US			MW	
	reaction media	aqueous and organic	MW-absorbing liquids,
		solvents			solvent-free protocols
	use of bulk metals	favorite domain		forbidden practice
	acceleration	variable (from min to h) large (min, even s)
	activation	cavitation			thermal effects
	scaling-up	possible but still a	Possible but still a
		challenge	for	some	challenge	for	some
		applications			applications	
	chemical effects	selectivity	changes,	selectivity	changes,
		mechanistic switching,	waste reductions
		waste reductions			
	other effects	light emission, cleaning,	heating above boiling
		microstreaming,		points, change in solvent
		solubilization, etc		properties, etc.
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