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Abstract

:

Hydrodynamic cavitation (HC) is a green technology that has been successfully used to intensify a number of process. The cavitation phenomenon is responsible for many effects, including improvements in mass transfer rates and effective cell-wall rupture, leading to matrix disintegration. HC is a promising strategy for extraction processes and provides the fast and efficient recovery of valuable compounds from plants and biomass with high quality. It is a simple method with high energy efficiency that shows great potential for large-scale operations. This review presents a general discussion of the mechanisms of HC, its advantages, different reactor configurations, its applications in the extraction of bioactive compounds from plants, lipids from algal biomass and delignification of lignocellulosic biomass, and a case study in which the HC extraction of basil leftovers is compared with that of other extraction methods.
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1. Introduction


The sustainable valorisation of bioresources for the production of value-added products and biofuels [1,2,3], has become a hot topic over the past 20 years looking for a carbon footprint reduction. Extraction from biomass is often found as a pre-treatment for the production of bioenergy and platform chemicals, while the extraction of bioactive compounds is directly exploited by pharmaceutical, cosmetic, agrochemical and food industries. Even the valorisation of hard food-waste, such as cocoa shells, can be achieved via the efficient extraction of high value-added components with green protocols [4]. However, the complexity of extraction methods, the flexibility of bioactive components, and request of hazardous solvents and chemicals are still barriers to the widespread use of natural products [5]. As consumer demand grows, greener techniques have become extraction alternatives, especially for the nutraceutical, pharmaceutical and cosmetic manufacturing industries [6].



Microalgae and other microorganisms have become some of the most promising feedstocks for biodiesel production [7,8]. Some of the advantages that the development of biodiesel production from microalgae include high productivity, improved food security and a contribution to solving the problem of global warming.



For the efficient extraction of intracellular metabolites proteins, carbohydrates and lipids, the cell disruption is a crucial procedure [9]. However, the toughness of microalgae cell walls and membranes results troublesome when extracting most microalgae species. Hence, cell disruption is an energy intensive process [10] that causes a distinct problem: high-cost lipid extraction for the production of low-value biofuels [9,11]. Efficient microorganism surface disruption can be achieved by mechanical methods, including ultrasound, shock wave, high-pressure homogenisation, shear stress, bead milling and micro-fluidiser techniques [12]. High-pressure homogenisers and sonication entail specific energy consumption in the order of hundreds of MJ per kg dry mass; obviously, it is inappropriate for the production of biofuel (mega litres/day) [9]. By contrast, energy consumption is significantly reduced in hydrodynamic cavitation (HC) processes, which potentially fit the lipid extractions at large-scale [8,10].



As a highly renewable natural resource, lignocellulosic biomass (LCB) is the most economical in the world [13]. It is an abundant feedstock to produce biofuels and platform chemicals in future [14]. In the context of sustainability, LCB mainly refers to agricultural and forest residues, such as rice and wheat straw, grasses, corn stover, bagasse and wood residues, as their use does not deplete sources of food and animal feed [15]. LCB is generally involves 30% to 50% cellulose, 20% to 40% hemicellulose and 10% to 30% lignin, depending on material type [14]. However, cellulose and hemicellulose are densely packed in layers of lignin, which hinders the enzymatic digestibility of the cellulose present in LCB [16]. In order to facilitate the enzymatic hydrolysis of cellulose, pre-treatment is required to destroy the lignin layers, expose the cellulose and hemicellulose, and therefore increase the yields of sugars from the fermentation of cellulose and hemicellulose [15,16,17].



Recently, the pre-treatment of biomass, including mechanical, chemical, biological and combined methods, has been extensively studied. Above 90% of the theoretical sugar yield from biomass has been achieved via a number of methods [17]. Extraction techniques, such as maceration, reflux and Soxhlet extraction, are common processes in the purification and recovery of components from plant materials. However, some processes involve extreme temperatures and pressures [18]. Conventional extractions are laborious and time-consuming. In addition, the large amounts of organic solvents consumed cause healthy and environmental issues. They also cause the degradation of thermally sensitive components and excessive disposal costs [19]. Therefore, pre-treatment conditions must be adapted to the specific chemical and structural composition of the biomass [16]. Major technological innovations that are based on more economical and environmentally friendly methodologies are therefore currently in development in both academic laboratories and industry [18].



One novel approach, HC-based extraction (HCE), is gradually seeing more use in the extraction of bioactive compounds and antioxidants from plants [4,5,20], lipids from algal biomass [7,10,21,22] and delignification of LCB [23,24,25,26]. HCE generates in a flowing liquid shock waves, microjets, shear forces, turbulences, etc. during extreme implosion of cavitation bubbles, which is caused by a drop and successive rise in local pressure [27]. In this context, both the production of low-value bioenergy (biogas, bioethanol and biodiesel) and added-value chemicals (antioxidants and follow-up products based on lignin and cellulose) can be accomplished thanks to efficient delignification and the extraction of intracellular components using HCE. The latter is a new strategy and an alternative method that can provide highly efficient, convenient and low-cost extractions. The design of HC reactors (HCRs) and parameter studies offer much knowledge that aids in the development of innovative, eco-friendly and efficient processes.




2. Advantages of HC Extraction


Ultrasonic processing is a consolidated technique in solid-liquid extraction from laboratory scale to industrial applications. Generally, ultrasonic systems are less energy efficient than HC units [28]. The most important limitation of ultrasound is poor pressure-wave penetration through solid-liquid mixtures, meaning that cavitation effects only occur near the vibrating surface, leaving most of the mixture untreated.



Although HC is a harmful event for hydraulic equipment, it offers significant promise to intensify a variety of physical and chemical processes [29,30,31], as fluid energy can be used as an alternate energy source. HC technologies emerged in the 1990s and have been used in the fields of the environmental remediation, food processing, and biofuel production with the advantages of process acceleration and higher energy efficiency [29,30,32].



In order to efficiently extract valuable products and precious components from the agriculture and forest residues, as an enabling technology HCE has been employed to achieve better extraction yields, and produce healthy and high-quality products. Moreover, it demonstrates the capacity to potentially eliminate the need for toxic solvents, as well as reducing capital costs, resource consumption and production time [5,6,27]. In particular, HCE can be carried out on much larger operation scales with better energy efficiencies, and can also boast of its simple configuration and system construction compared to acoustic cavitation-based processes [29,30,31].




3. HC Reactors: Technical Aspects


Cavitation is termed as the creation of microbubbles, successive expansion and contraction, and then collapse in a liquid [33,34]. HC phenomena are usually generated in a fluidic region in which the pressure drops under the vapour pressure when a liquid stream or liquid/solid mixture passes through a fluidic control device. These microbubbles then collapse in higher pressure regions and lead to powerful shear forces, extreme pressures and temperatures in localised regions. The intense implosions facilitate some cavitation sub-effects, including turbulence, shock waves, microjets, free-radical generation, etc. [34,35].



Although HC phenomena are still regarded as inevitable trouble in flow systems, the deep interest that has been shown in the use of HC as a tool for the intensification of various physical/chemical processes led to the development of various devices, both static and dynamic [31]. In particular, the high-energy microenvironments (mainly mechanical effects) created by cavitation significantly enhance the deconstruction of biomass with lower energy requirement [4]. Likewise, HC can enhance extraction efficiency thanks to an improved mass transfer rate and cell-wall rupture [6]. This improved mass transfer has been proven in the formation of nanoemulsions using HC, which is also an efficient means for the transport of insoluble bioactive compounds [36].



Orifice plates [22,24,35,37,38,39], Venturi tubes [40,41], and high-pressure nozzles [42,43,44,45,46,47,48] are examples of static HC elements [49]. While they are cheap and simple devices, but they require powerful feeding pumps due to the high pressure loss needed to generate HC in these types of devices. Moreover, they run into frequent clogging problems, resulting in profit loss, when treating solid-liquid mixtures. Rotary equipment and dynamic cavitational elements were developed with the aim of overcoming these problems and generating HC with less energy input [25,43,44,50,51,52,53,54,55,56,57]. An example of this can be found in the rotor-stator device (RSD), which was developed by the University of Ljubljana. It is a cavitator that is made up of a set of teeth that are radially spaced both on the rotor and stator [58]. This device has been used to successfully treat suspensions, such as in sludge treatment for extra biogas production [59]. This paper Illustrates the mechanisms via an analysis of HCRs structure and a comparison of their ability to break up nanoparticle clusters, disrupt the cells of microorganisms and emulsify immiscible mixtures, so that the efficiencies and advantages of various HCRs on the plant and biomass extraction and valorisation can be well demonstrated.



3.1. Orifice-Structure HCRs


3.1.1. Orifice Plates


The loop orifice plate-type HCR (OP-HCR) is a common HC device for water disinfection and wastewater treatment (Figure 1) [35,60]. In general, hole diameters are in the 1–6 mm range depending on hole number and tube diameters, while orifice plate inlet pressures (P1) are less than 1 MPa. Negative downstream pressures (P2) can also cause cavitation when a pump is installed downstream of the orifice plate [61,62,63,64].



The cavitation number (Cv) is usually employed to characterise the cavitation event [65]:


   C v  =    P 2  −  P v    0.5 ρ  v 2     



(1)




where P2, Pv, v, ρ present the downstream pressure of the OP, the vapour pressure of the liquid at the operating temperature, the velocity of the liquid at the OP and the liquid density, respectively. Under ideal conditions, cavitation occurs at Cv ˂ 1.0.



Based on theoretical calculations, the energy efficiency of using HC is nearly an order of magnitude higher than that using ultrasound for the inactivation of microorganism [33]. The hole size, number and layout of orifice plates, the cavitation number, and the processing time all significantly influence the cavitational efficiency [37]. In general, cavitation effects increase with decreases in hole size and increases in hole number, processing time and flow velocity at the orifice plate. Reynolds shear stress augments with reduction in cavitation number, thus enhancing the cavitation efficiency [37]. Beside shock waves, the turbulent shear generated by the stable oscillation of cavities significantly contributes to the disruption of cells [39]. Therefore, the cavitation efficiency is closely linked to the shear stress, turbulence and pressure pulse formed from cavitation collapse, as well as the mechanical resistance of microbial cells [33].



In addition, the algal species have different responds to the extreme cavitation effects. Microcystis aeruginosa (gas-vacuolate) is more easily disrupted than gas-vacuole-negative alga Chlorella sp. [66]. As an indicator of lipid peroxidation, the increase of relative malondialdehyde content significantly proved the formation of free radicals during HC treatment. Moreover, the free-radical yield increased with the addition of H2O2, which improved algal reduction in the OP-HCR. Higher algal removal (88%), compared to 39% algal removal using an ultrasonic process, and energy efficiency were obtained in 10 min in the OP-HCR [66].



HC technologies have only recently gained significant attention compared to their ultrasonic analogues. Thus, the mechanisms of ultrasonic effects such as hot spots, mechanical and chemical effects induced by cavitation were adopted to interpret the roles of HC [67]. Actually, the mechanisms of HC effects are more complex than those of ultrasonic effects due to the complicated matrix of HC formation. Beside cavitation number, other hydrodynamic factors, such as inlet pressure, flow rate and velocities in the constrictions, α value (the ratio of total perimeter of the holes to the total area of the opening), and β0 value (the ratio of total area of holes to the cross-sectional area of the pipe), etc., synergistic efficiency [68,69].




3.1.2. Venturi Tubes


As one of the most common restricting structures, Venturi tubes can also induce HC in a flowing-fluid system (Figure 2) [40], which is very suitable for industrial scale applications [70]. According to Bernoulli’s equation, the very high energy dissipation rate and turbulent intensities are realized at high inlet pressure and conforming pressure drops across the Venturi-throat (constriction part). This, in turn, makes cavity-cluster collapse more violent [65]. Venturi-HCRs can therefore be used to produce free radicals to oxidize organic contaminants [70,71]. Moreover, the yield of the free radicals generated in Venturi-HCRs dominates the oxidation rate. Thus it can be used to measure the cavity-collapse intensity [72].



Their cavitational effects mean that Venturi-HCRs are also suitable for use in water disinfection [73,74], the intensification of biodiesel synthesis [75], the pre-treatment of LCB for lignin removal and glucose and xylose formation [40]. The throat diameter, throat/length ratio, throat velocity and cavitation number are generally the main factors that determine the efficacy of Venturi-HCRs [40,65,73].



Compared with OP-HCRs, the large bubble clouds formed in Venturi flow negatively affect the cavitational yield, since stronger interactions between cavitation bubbles result in inter-bubble coalescence and the recombination of the free radicals generated during cavitation collapse [74,76,77]. This is a significant feature of supercavitating flow regimes and choked flow. In supercavitation, the superabundant bubbles occupy the whole flow cross-section and cause the discontinuum of the liquid flow [78]. As OP-HCRs, it is insufficient only using the cavitation number to state the cavitation conditions. In fact, the geometry of Venturi tubes, gas content, temperature, flow velocity, and even surface roughness can influence the cavitational efficiency [78]. Despite these limitations, Venturi-HCRs can easily be scaled-up to create high-throughput systems with lower energy consumption for industrial applications [70,75,79].




3.1.3. High-Pressure Nozzles (Microfluidizers)


Microfluidizers are another special type of OP-HCR. It creates effective cavitation via a threshold of upstream high-pressure nozzle pressure (>15 MPa) [80]. HC is mechanically generated within the high-pressure fluid system via an extreme high pressure drop (Figure 3) [47,80]. The cavitation number σ is calculated in the high-pressure fluid system [80]:


  σ =    p d  −  p v     p u  −  p d    ≈    p d     p u     



(2)




where pd, pu, and pv present the downstream pressure, upstream pressure, and vapour pressure, respectively. The σ value should drop with the rising upstream pressure, leading to more cavitation events. In order to reach high pressure (e.g., 240 MPa), microfluidizers are generally equipped with a fine nozzle (80 μm diameter in Figure 4) [44].



The large pressure drop leads to the formation and collapse of bubbles, causing localised solvent heating and the formation of ultra-speed cumulative microjets [42,47]. The micro-strain in the materials is caused by the high cavitational and shear forces, in which the Reynolds and cavitation numbers are key factors [45]. Therefore, microfluidizers have mainly been used to produce nanostructured materials, such as metal oxides and supported metals whose grain sizes can be in the 1–20 nm range [46,47,48]. The cavitational state can be altered by simple mechanical regulation to moderate the properties of superfine and fine particles, which are formed by the mechanical breaking of weak intermolecular bonds in suspensions and emulsions [42,45].



The formation of hydroxyl radicals in the microfluidizer means that hydrodynamic stresses and cavitational effects play synergistic roles [71]. Microfluidizers have so far been used for the intensification of emulsification, dispersion, dissolution, extraction, chemical reactions, as well as sterilisation, etc., thanks to their mechanical and chemical effects [42,80].





3.2. Rotor-Stator HCRs


Rotor–stator homogenisers, which are characterised by their greatly localised energy dissipation, are extensively applied for reducing the size of dispersed phases and reactive mixing [57,81]. One advantage of the RSD is that one may easily realize the scale-up, meanwhile avoiding the orifices blockage with particles or viscous components occurred in traditional OP-HCRs. Owing to its compact design, a smaller installation space is demanded to directly ensure overall safety [54].



The mechanical processing of materials in the liquid-phase, such as the breakage of nanoparticle clusters, microorganism cell disruption, and the emulsification of immiscible mixtures with RSD, can be attached to the combined HC effects in narrow gaps between rotor and stator [52]. Micro-turbulence induced by HC significantly intensifies the mass transfer in heterogeneous system and enlarges contacts among substrates and media [54,57]. The physical and chemical mechanisms of rotor-stator mixers can be explained in terms of the breakage of nanoparticle clusters, microorganism cell disruption and the emulsification of immiscible mixtures.



3.2.1. Breakage of Nanoparticle Clusters


The Silverson 150/250 MS RSD contains a rotor with 4-inner blades and 8-outer blades and two disintegrating stators with holes, as shown in Figure 5 [82].



In RSD, very high hydrodynamic stress is generated to prepare the long-standing nanosuspensions by shattering nanoparticle clusters (disintegration of Aerosil 200 V agglomerates). The hydrodynamic stress generated by fluid deformation, inertia and cavitation differs with the flow field. At 9000 rpm, the smallest local pressure value is 59 kPa, which is over the saturated vapour pressure, meaning that less or no cavitation effects occur in rotor–stator simulations [43,44].



In contrast, the oxidation of KI via oxidants formed by cavitational effects was achieved in aqueous solutions using a barrel RSD (Figure 6) [52], indicating that cavitational events may occur at the pits and rotor surface. The rotation speed of the rotor dominates the shear rate and pressure area. The shear rate increases linearly as the rotational speed increases, but the area of the high shear zone shrinks [52].




3.2.2. Microorganism Cell Disruption


A vertical RSD with 58–80 rotor vanes and 8–16 stator vanes was designed for parametric analyses at 2400–3000 rpm of rotation rate (Figure 7). Its energy efficiency is up to two orders of magnitude higher for water disinfection (inactivation of E. coli and E. faecalis) using RSD than other cavitation devices. Moreover, a smaller gap between rotor and stator induces high shear forces in the constriction, which causes rapid colony disaggregation and the damage of individual cells. In addition, the angular velocity and number of contractions/expansions significantly affect inactivation efficiency [50].



The strong shock waves at high hydrostatic pressures induce extraordinary release of intracellular components [50], and the coagulation of cytoplasmic matter in the liquid [83]. Moreover, the lack of matter in the periplasmic space may indicate the role of local high temperatures during cavitational bubble implosions [50,84].



The cavitational mechanism and flow field in a RSD have been analysed with a high-speed camera at various rotor rotational speeds (2700–3600 rpm) and pump pressures (0.0–0.15 MPa) (Figure 8). Numerous cavitation bubbles and cavitation cloud separation (shedding) were clearly observed during the interaction between the rotor and stator. In such high-intensity separation regions, cavitation bubbles were produced as the pressures decreased under the saturated vapour pressure [51]. The microorganisms rupture under shear forces with the powerful turbulence flow [57].



The treatment rate using this RSD is extremely higher and the cost is relatively reasonable compared with previous HCRs studies [51].




3.2.3. Emulsification of Immiscible Mixtures


The improvement of mass transfer using RSD can be demonstrated by measuring droplet sizes during the emulsification of immiscible phases. Emulsions (W/O and O/W) have been prepared at rotational speeds of 5000 and 25,000 rpm using a Virtishear rotor/stator homogeniser (Virtis, Templest IQ, Figure 9). The shear forces generated in the cavitation zone between the rotor and the stator dominate the emulsion droplet size [56].



The flow becomes very turbulent with swirls of various scales at high speed rotation and agitation [56], resulting in powerful shear forces via the motion of turbulent flow [85]. The smaller micro-swirls are most effective on the surface of these liquid drops [85,86], which break to smaller drops. Thus the size of droplets decreases with increasing homogenisation power, rotational speed and processing time [56].



Continuous RSD (Figure 10) has been applied in triglyceride transesterification for biodiesel production. The micron-sized droplets of the immiscible of lipid and alcohol are formed by the high speed rotation of rotors leading to superior heat and mass transfer, thus the rate of the transesterification greatly rises in contrast to traditional stirring methods [54].



A fatliquor precursor for the application in the leather has been prepared using the same RSD via the oxidation/polymerisation of waste plant oils at 90 °C, enabled long-standing emulsification with water in absence of surfactants. A four-fold reduction in waste-oil oxidation time was achieved by using the cavitational techniques. The results all indicate that the very effective RSD is well-matched to a scale-up process [53].



Furthermore, RSD has been used to carry out the mechanical activation of blends of starch hydrogel and synthetic copolymer latex. The thermostatic chamber contains a stator, a rotor and the cylindrical rings with rectangular channels. Preliminary mechanoactivation consistently improved the compatibility of the components, while the amorphous phase ordering of the composite and the crystallisation of starch were promoted at 5000 rpm for 4–10 s. The elasticity of the samples increased with increases in starch content [57].






4. Extraction with HC Reactors


4.1. Extraction of Bioactive Compounds and Antioxidants from Plants


Antioxidants, including endogenously synthesised compounds, externally derived antioxidant nutrients and “non-nutrient” antioxidants, play an important role in reducing the oxidative damage of free-radicals [87]. As enabling technologies, microwaves [88] and ultrasound [89,90] have frequently been employed to extract bioactive compounds and antioxidants, since 2000, to improve efficiency and product quality. The introduction of cavitation facilitates the disruption of cells for the improved release of cellular contents. Although ultrasound-assisted extraction (UAE) is usually used to recover various natural products, HCE is considered as an appropriate alternative. Importantly, HCE has proven itself to be highly effective for the extraction on large scales [6]. The extraction materials, methods and effective factors in various HCRs are briefly discussed below.



The efficiencies of cocoa-bean-shell extraction using UAE and RSD have been compared [4]. The hydrophilic product contains polyphenols and methylxanthines, while the lipid layer was simultaneously obtained using either 70% ethanol or a co-solvent of water/ethanol/hexane. 25 L of slurry with a 1:10 solid/solvent ratio was processed in the RSD with 3000 rpm at room temperature for 11 min. Higher theobromine and total phenolic content (TPC) were achieved using RSD than with UAE at 19.9 kHz and 150 W (Table 1).



As listed in Table 1, the higher yield of recovering fats using RSD was also achieved compared to that by UAE. The valuable components, such as caffeine, theobromine, antioxidant flavanols and cocoa butter, were extracted conveniently. The comparable autoxidation characterized with radical scavenging activity (DPPH EC50) and Trolox Eq. were achieved by using either UAE or RSD [4].



A Venturi-shaped hydraulic loop HCR with a centrifugal pump (4.9–7.5 kW, 2900 rpm), and 120 L of biomass slurry (0.44% w/w dry basis) have been used to produce aqueous solutions of silver fir needles (Abies alba Mill. collected in northern Tuscany, Italy) for 60–90 min, resulting in comparable or higher in-vitro DPPH and ORAC antioxidant activities than those of reference substances, such as pure extracts, other water extracts and beverages. TPC and flavonoid contents increased with both temperature and processing time below 47 °C [5]. Integrated HC-vacuum extraction equipment was used to extract polyphenols from green tea [20]. Negative pressure cavitation (NPC) is also considered as a kind of HC. In this form, the negative pressure dominates the cavitation effects by a vacuum pump, and the turbulence throughout the reactor is retained by airflow [6]. The maximal extraction efficiency (28.2%) was obtained under the optimal extraction conditions (80% of ethanol concentration, 20/1 liquid/solid ratio, at 73 °C for 28.7 min) [20]. In addition, NPC extraction was more effective for the extraction of heat-sensitive compounds compared with UAE [6].



Furthermore, the micronisation of ginkgo flavonoids may be employed in drug delivery systems to improve drug absorption. The yield of ginkgo flavonoids from ginkgo biloba leaves reached about 37.5% by using supercritical carbon dioxide extraction with ethanol at 20 MPa and 40 °C for 90 min. After extraction, the microparticles of ginkgo flavonoids were achieved with supercritical fluid atomisation under the assistant of a HC mixer. The atomisation of the mixing solution was carried out through a nozzle, which allows for a localised pressure drop, leading to the cavitation effects. Thus the spherical particle sizes can be controlled and 0.2–3.0 μm particles were successfully gained [91].




4.2. Lipid Extraction from Microorganisms


The production of renewable energy resources such as biodiesel and biogas via the complex treatment of cyanobacteria biomass is a sustainable strategy. HC-based technologies can increase the efficiency of inedible fat extraction [92], since cell disruption is mainly restrained to the cell wall and membrane [9]. Given its energy efficiency, comparable extractability, and scale-up potential, HC may become an industrial-scale method for microalgae extraction [21]. A series of orifice plates with α = 2.5% to 10% and β0 = 1% to 10% has been designed in order to optimise the extraction of lipids in wet microalgae. The main HC parameters, such as cavitation number, α and β0 values, profoundly affect extraction efficiency. Maximum lipid extraction (ca. 46.0%) was obtained at 5% values of both α and β0 [22].



A Venturi-HCR has been used to treat a mixture containing 5 g dry weight of Nannochloropsis sp. within methanol/hexane (20.5 mL/47.5 mL) at 34 °C and 6.8 bar of sample chamber pressure. HCE is more rapid than the agitation method at 260 and 1000 rpm. A lipid yield of 8.9% was achieved by HCE in 10 min, while 5.44% and 7.3% yields were achieved in 60 min by stirring at 260 and 1000 rpm, respectively. The volumetric mass transfer coefficients of HCE was 7.373/s, while those of agitation were 0.534 and 0.121/s at 1000 rpm and 260 rpm stirring speeds, respectively. According to the thermodynamic parameters, ∆H° (20.72 kJ/mol), ∆S° (58.05 J/mol/K) and ∆G (1.969–3.013 kJ/mol at 34–50 °C), the process of lipid extraction was considered to be endothermic, non-spontaneous and irreversible, indicating that more energy was consumed compared to the extraction from other oil plant sources [8]. In a similar study, a closed-type 0.9 L HCR with an orifice plate (0.5 mm × 13 holes in radial pattern) was fabricated for the lipid extraction from wet microalgae Nannochloropsis salina with hexane (1:0.8 v/v). A higher lipid yield was observed by using HCE compared to using autoclave and via ultrasonication. The highest lipid yield reached 45.5% by using 0.89% sulfuric acid at 0.4 MPa inlet pressure in 25 min [21].



In a pilot-scale study, a loop HCR with an orifice plate (1 mm × 33 holes in radial pattern) was used to extract lipids from Tetraselmis suecica suspensions (40 L seawater containing 0.9 kg of the dry algae). As a result, HCR was shown to have 3 MJ/kg of specific energy consumption, indicating that HCR is much more efficient than UAE. Although HC can sufficiently injure the cell wall to leave solvents diffusion for lipid extraction, it still accounts for about 13% of the total biomass energy, which is too high for the biofuels production [9]. Similarly, lipids in microalgae Nannochloropsis sp. were extracted with co-solvent of hexane and methanol within a HCR. Under the optimum conditions, the specific energy consumption reached 16.743 MJ/kg lipid [11].




4.3. Delignification of Lignocellulosic Biomass


Producing biofuels from sustainable lignocellulosic feedstocks is a promising means of meeting energy requirements. The three processing steps for the valorisation of LCB are: pre-treatment to remove lignin, cellulosic hydrolysis for producing sugars, and further fermentation to obtain bioethanol [1]. HC technology to intensify LCB pre-treatment is an alternative strategy that has been offered for assimilation into biorefineries [1,29]. The purpose is to explore a green strategy for the applications of LCB [93]. For example, a RSD has been used to enhance the delignification efficiency of wheat straw that was pre-treated with alkali. The tensile index of the synthesised paper sheets increased by 50% to 55% after 10–15 min of treatment. Moreover, RSD is more effective than other delignification techniques in aspect of processing time and electrical consumption [25].



The sugarcane bagasse (SCB) was efficiently treated under alkaline conditions by using a loop HCR with an orifice plate (1 mm × 27 holes in radial pattern). In the 100 mL HCR, a cloth mesh cylinder (40 mesh) with the SCB powders (1.18–1.70 mm) was put in the cavitation zone. Under optimal conditions (0.48 M NaOH, solid/liquid ratio 4.27%, and 0.3 MPa inlet pressure), 52.1% of glucan content, 60.4% of lignin subtraction and 97.2% of enzymatic digestibility were attained at 23–64 °C in 45 min. Moreover, the hydrolytic yields of the pre-treated SCB reached 82%, that was 30% higher compared to the untreated controls [94]. With another loop orifice-HCR (1 mm × 16 or 27 holes in radial pattern, Figure 11), a cloth mesh cylinder (18 mesh) with the SCB powders (4.70 mm) was put in a 1 L reactor. Under the optimal conditions (0.3 M NaOH, 0.3 MPa, 70 °C), the hydrolytic yields for cellulose and hemicellulose reached 93.1% and 94.5%, respectively. Moreover, similar efficiencies were achieved with various orifice plates (1 mm × 16 and 27 holes with corresponding cavitation numbers of 0.017 and 0.048, respectively) over 10 min of pre-treatment [38].



In addition, NaOH-H2O2 can also be used for SCB-based biorefineries in a loop HCR with an orifice plate (1 mm × 16 holes in a radial pattern with a cavitation number of 0.017). A total of 20 g of SCB powders were processed in a 3 L HCR. Cellulosic-fraction digestibility (95.4%) was achieved at 0.3 MPa inlet pressure in about 10 min with 0.29 M NaOH and 0.78% H2O2 (v/v). After fermentation by Scheffersomyces stipitis NRRL-Y7124, 31.5 g ethanol were obtained from 1 L bulk liquid [95]. Corncob powders (≤212 µm) have been processed for delignification with enzyme laccase from a microbial source (Trametes versicolor) in a 6 L loop HCR with two kinds of orifice plate (OP1: 2 mm × 9 and OP2: 3 mm × 4 holes in a radial pattern). As a result, 47.4% of the lignin reduction was achieved with OP1 after 60 min with the optimal conditions. The cavitational yield and energy consumption were less than those of other pre-treatment methods. However, the orifice plate was obstructed with a high corncob-slurry biomass loading rate (>6.75%) [24]. Similarly, 16 g of corn stover powder (˂250 µm) was added in 400 mL of the 0.4 M Na2CO3/0.6 M H2O2 solutions, and the slurry was then circulated for 1 h at 30 °C within a Venturi tube HCR (40 mm length; 3.6 mm internal diameter; 1.8 mm throat diameter). Compared with an UAE pre-treatment method, HCR was found to give a similar removal extent to lignin, but the HCR had higher efficiency for glucose and xylose production [40].



Besides the production of bioethanol, HCR can also perform the digestion of lignocellulosic “waste” to accelerate the process of biogas production. In biogas fermentation after the treatment of straw cuts with a HC process, the methane concentration from the concentrate reached an average value (58%) in the biogas from waste. However, from the filtrate the methane content was 87% in the biogas, which is a superior result for the HC process [96]. The similar biomass solubilisation has been achieved using ultrasonic and HC pre-treatment for the mesophilic anaerobic co-digestion of wheat straw and cattle manure. The results show that the shorter pre-treatment time and the lower energy were required in the HC process as compared to the ultrasonic pre-treatment. The biogas production rate for HCR was 194 mL/mg, which is higher than that (177 mL/mg) of the ultrasonic pre-treatment. However, biogas productivity via ultrasound was higher than that of the HC pre-treatment. Neither method was able to increase the methane concentration in the biogas [97].





5. Case Study for Extracting Polyphenols from Basil


We include herein a case study where experimental tests have been performed using a ROTOCAV cavitator developed by E-PIC S.r.l. [98]. The unit achieves controlled HC by forcing fluids and mixtures through a RSD. Besides being successful in treating liquids, for example to produce biodiesel [54], or to speed up liquid-gas reactions [53], the ROTOCAV cavitator can also be used to treat solid-liquid mixtures, due to its particular geometry.



This RSD is made up of several channels of different shapes, which are periodically aligned during high speed rotation of the rotor; the processed fluid or mixture is accelerated in both radial and axial directions inside the cavitation chamber and, flowing through the free channels, it is subjected to pressure waves, resulting in cavitation. The distinctive feature of this RSD is that it maximises the cavitation volume inside the cavitation chamber, processing all of the mixture without a bypass. Moreover, the mixture is subjected to thousands of cavitational events, at the same time, and with the same energy input, unlike static elements.



During the extraction processes, the ROTOCAV cavitator generates several physical phenomena at the same time: mechanical and shear forces, agitation, microjets, cavitation, hot spots and shockwaves. Together, these are able to break cell membranes and to increase mass transfer, enhancing solvent access to the compounds of interest. High local temperatures and pressures are dynamically generated when bubbles collapse inside the medium and this is efficiently exploited to extract high added-value compounds from solid vegetable matrices. Matrix disintegration, increases in contact area and in porosity, coupled with intense mixing on the micro scale, ensure the optimisation of extraction yields in a continuous process [99].



This approach has therefore been used for the extraction of polyphenols from the leaves and stems of industrial leftovers of basil (Ocimum Basilicum L.), using water as the only solvent. The extraction efficiency was evaluated by measuring the yield, TPC and antioxidant capacity of the extracts and then comparing them with exhaustive extraction and UAE. The exhaustive extraction was carried out under reflux using 75% ethanol at 85 °C for 4 h, while the UAE was performed in an ultrasonic bath (Danacamerini, Turin, Italy) at 20 kHz and 100 W for 15 min using water at around 45 °C. Both procedures were performed with 10 g of fresh matrix and a 1:15 solid/liquid ratio. In a pilot-scale reactor, HC extraction was accomplished using 1000 g of sample and water (1:15 ratio) at 3000 rpm for 15 min, with an absorbed energy of 3.2 kW and a final temperature of 45 °C. After extraction, the extracts were filtered under vacuum and lyophilised for further analysis. TPC was assessed using the Folin–Ciocalteu test, while the same was done for antioxidant capacity using an ORAC assay.



The extraction yields obtained for leaf and stem basil in the different extraction procedures are presented in Figure 12. The exhaustive method showed a yield of 30.87% for the leaves and 25.87% for the stems. Similar values were obtained with UAE: 28.60% for leaves and 23.95% for stems. HCE performed on a large-scale gave lower extraction yields than the other procedures; 18.75% for leaves and 16.25% for stems. Although HCE gave lower extraction efficiency, it operated exclusively in water and was sixteen times faster than the exhaustive methods. Furthermore, a unique extraction cycle of 15 min on a large-scale achieved 187 g of extract per kg of dry material, meaning that, in 30 min (two extraction runs), it can recover more than the exhaustive method, which would give 308 g in 240 min. Thus, the shorter extraction time of the HC process can lead to increased productivity. Moreover, it should be noted that the specific energy applied for HCE was lower than that applied for UAE: tests with UAE were performed with a specific energy (2.5 kWh/kg of solid) of more than 3 times the energy of HCE (0.8 kWh/kg of solid).



The TPC and antioxidant capacities obtained from the extracts are shown in Table 2. The highest TPC extracted from the plant was achieved using the exhaustive extraction; 68.24 mg/g for the leaves and 50.23 mg/g for stems, followed by UAE with similar values (66.44 mg/g from leaves and 49.65 mg/g from stems). The HC method recovered 65% of TPC of the exhaustive method from the leaves (44.01 mg/g) and 80% from the stems (40.43 mg/g).



Although HC extracted lower amounts of phenolics from the plant material, it was observed that the obtained extract was more concentrated, in terms of mg of polyphenols per g of extract. Thus, the phenolic content in the HC leaf extract was 234.8 mg/g of dried extract, and for the UAE and exhaustive extracts, it was 232.30 and 220.9 mg/g, respectively. The same trend was observed for the stem extracts; the HC extract presented 238.80 mg/g of dried extract, followed by the UAE extract with 207.31 mg/g and the exhaustive extract with 199.9 mg/g. The ORAC assay for the measurement of antioxidant capacity revealed that HC extracts had remarkable values. The leaf extract from this process presented as much antioxidant capacity as the UAE extract, with 79.51 μmol ET/g DM from HC and 79.15 μmol ET/g DM from UAE. The higher value of the exhaustive extract may be due to the use of ethanol as a solvent, which can assist in the recovery of several compounds. The antioxidant capacity obtained from the stem extract from HC was 69.09 μmol ET/g DM, which is a comparable value to those obtained using the UAE and exhaustive methods (71.39 and 72.02 μmol ET/g DM, respectively).



In conclusion, HCE of polyphenols from basil gave extracts with high TPC and antioxidant capacity using only water in an easy, fast and economical process. This device has therefore shown itself to be a feasible alternative for the green extraction of natural products on large-scales. In several studies the huge industrial demand of green process intensification, could find in HC technology the best solution. The possibility to install compact HC units as implementation of existing extraction plants, represents a tremendous goal. The powerful effect of HC on plant matrices enables in most cases to replace ethanol and other organic solvents, with pure water. The remarkable energy saving, the short extraction time and the easy scalability of processes assisted by HC, should pave the road to further industrial applications.
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Figure 1. Schematic of HC device equipped with various orifice plates. (Reproduced with permission from Gogate [60]). 
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Figure 2. Venturi tube HCR. (Reproduced with permission from Nakashima et al. [40]). 
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Figure 3. Schematic of a microfluidizer and its cavitational chamber. (Reproduced with permission from Sunstrom IV et al. [47]). 
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Figure 4. Presentation of the high-pressure nozzle disintegrator. (Reproduced with permission from Bałdyga et al. [44]). 
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Figure 5. Schematic of rotor-stator mixer and its geometry. (Reproduced with permission from Bałdyga et al. [82]). 
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Figure 6. Barrel RSD. (Reproduced with permission from Badve et al. [52]). 
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Figure 7. Vertical RSD setup. (Reproduced with permission from Cerecedo et al. [50]). 
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Figure 8. Horizontal RSD setup. (Reproduced with permission from Sun et al. [51]). 
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Figure 9. Schematic representation of the configuration of a rotor/stator homogeniser. (Reproduced with permission from Maa and Hsu [56]). 
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Figure 10. Pilot apparatus of HC: (1) Feed tank, (2) Rotor-stator unit, (3) Collector tank. (Reproduced with permission from Crudo et al. [54]). 
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Figure 11. HC system for SCB pre-treatment. (Reproduced with permission from Terán Hilares et al. [38]). 
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Figure 12. Yield results expressed as the dry weight obtained from leaf and stem extractions (UAE and HC in pure water). 
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Table 1. Comparison of extracted yields of theobromine and caffeine content, TPC, antioxidant activity and fatty acid methyl esters (fats) from the raw cocoa shells with the 30:49:21 Hexane/EtOH/H2O mixture between using UAE and RSD. (Reproduced with permission from Grillo et al. [4]).
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Hydro-Alcoholic Phase

	
Hexane Phase




	

	
Theobromine

	
Caffeine

	
TPC

	
DPPH EC50

	
Trolox Eq.

	
Fats






	
Method

	
w/w%

extract

	
mg/g

shells

	
w/w%

extract

	
mg/g

shells

	
mg/g

extract

	
mg/g

shells

	
μg/mL

	
μmol/g

extract

	
w/w%

extract

	
mg/g

shells




	
UAE

	
5.04

	
7.02 ± 0.11

	
0.81

	
1.13 ± 0.09

	
51.1

	
7.1

	
76.9 ± 3.6

	
204.7 ± 9.6

	
91.7

	
23.2




	
RSD

	
9.25

	
13.5 ± 0.16

	
0.75

	
1.09 ± 0.12

	
79.9

	
11.7

	
72.1 ± 4.1

	
218.3 ± 12.4

	
94.3

	
95.0








Note: TPC: Total phenolic content; DPPH EC50: The ability of the extracts to scavenge at 50% of the DPPH (1,1-diphenyl-2-picrylhydrazyl radical); Trolox Eq.: The antioxidant activity was quantified relative to a soluble vitamin E analogue (Trolox).
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