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Abstract

:

The depletion of fossil fuels, along with the environmental damages brought by their usage, calls for the development of a clean, sustainable and renewable source of energy. Biofuel, predominantly liquid biofuel such as biodiesel, is a promising alternative to fossil fuels, due to its compatible direct usage within the context of compression ignition engines. However, the industrial production of biodiesel is far from being energy and time efficient, which contributes to its high production cost. These inefficiencies are attributed to poor heat and mass transfer of the transesterification reaction. The utilisation of microchannel reactors is found to be excellent in escalating heat and mass transfer of the reactants, benefitting from their high surface area-to-volume ratio. The microchannel also intensifies the mixing of reactants via the reactor design, micromixers and the slug flow patterns within the reactor, thus enhancing the contact between reactants. Simulation studies have aided in the identification of mixing regimes within the microchannel reactors, induced by various reactor designs. In addition, microwave irradiation heating is found to enhance biodiesel production by localised superheating delivered directly to the reactants at a molecular level. This enables the reaction to begin much earlier, resulting in rapid biodiesel production. It is postulated that the synergy between microchannel reactors and microwave heating would catapult a pathway towards rapid and energy-efficient biodiesel production by enhancing heat and mass transfer between reactants.
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1. Introduction


The increasing energy demand from coal, natural gas and oil are the major negative contributors to global warming and climate change, which are the two alarming crises of today [1]. Other environmental issues associated with the usage of fossil fuels include the emission of greenhouse gases (GHGs), thinning of the ozone layer and air pollution [2]. Cumulatively, the global electricity production in 2021 emitted 13 gigatonnes of carbon dioxide (Gt CO2), which contributes to one-third of the global CO2 emission related to energy [3]. On another note, the increasing energy demand also accelerates the depletion of fossil fuels.



In the past three years, the global energy scenario was strongly influenced by the COVID-19 pandemic. There was an oversupply of fuel due to lower demand, caused by slow-moving economies. During this period, the oil price dropped to an average of USD 44 per barrel. Currently, global economies are improving gradually. Demand for coal in 2021 increased to 5640 million tonnes of coal equivalent (Mtce). This was caused by the drastic increase in coal-fired electricity production, as global economies improved after the pandemic [4].



However, the Russia–Ukraine conflict in February 2022 dampened the recovery of the global economy after the pandemic, which further complicated the global energy situation. As a result, fuel prices hiked to an average of USD 105 per barrel in 2022 [5]. This affected the supply of natural gas the most, especially to Europe. Russia had cut approximately 80% of its natural gas pipeline flows to the European Union [6]. As a result, Europe needed to import an additional 50 billion cubic metres (bcm) of liquefied natural gas (LNG) in 2022 compared to 2021 to compensate for the fuel shortage [7]. This has caused a shortage of LNG to other Asian importers, despite the lower demand from China currently due to its pandemic-induced slow-moving economy.



Globally, measures such as the Kyoto Protocol in 1997 [8] and the Paris Agreement in 2015 [9] have been implemented to curb the effects of fossil fuel combustion by promoting the usage of renewable energy. These agreements require nations to comply with the set greenhouse gas emission limits to control climate change. Furthermore, many countries around the globe have set respective regulations to ensure the utilisation of clean energy, in line with the current energy scenario [2]. A few examples would be the National Action Plan on Climate Change by India [10], the Climate Change Act by the United Kingdom [11], the Italian National Energy Strategy by Italy [12] and the Renewable Energy Sources Act by Germany [13].



Moving forward, the need for clean and sustainable energy is a necessity in the present moment and the future [14]. To achieve this, multiple options for renewable energies are available such as solar, hydropower, biomass, biofuel and wind energy. Figure 1 shows a forecasted global renewable energy map in the year 2050, with a total final energy consumption of 222 exajoules (EJ) [15]. Apart from wind and solar, liquid biofuel is forecasted to be the third-highest contributor towards renewable energy, and it will constitute 10% of global renewable energy sources by 2050. Liquid biofuels such as biogas, biodiesel and bioethanol serve as excellent sources of renewable energy to curb the depletion of fossil fuels and the disadvantages that come along with the usage of fossil fuels simultaneously [16]. This is due to the easy availability of raw materials and reactants, the high energy density of biofuels and the pre-existing infrastructure for biofuel production.



Biodiesel offers several advantages in comparison with other liquid biofuels. Within the context of diesel engines, biodiesel has an advantage, offering direct usability without any engine modification required [17]. This is possible as biodiesel has similar chemical and physical properties as petroleum diesel, such as viscosity, ignition properties and energy content. Other than that, the usage of biodiesel accounts for various environmental benefits such as lower emissions of unburned hydrocarbons, carbon dioxide, carbon monoxide, nitrogen oxide and exhaust particles [18]. Furthermore, biodiesel is also a sustainable source of energy, especially in the Southeast Asian region. Vegetable oil such as palm oil is the raw material for the production of first-generation biodiesel [19]. Southeast Asian countries like Malaysia are among the world’s largest palm oil producers, hence enabling an uninterrupted supply of raw material for biodiesel production [20].



Nevertheless, all production processes of feedstocks such as vegetable oils, non-edible oils and animal fats are subjected to environmental emissions. This means that the utilisation of palm oil as feedstock for biodiesel production is an indefinite measure for producing a ‘green’ source of biofuel. Therefore, the life cycle assessment of feedstocks is crucial as a comprehensive measure in determining the environmental effects of the production process in terms of carbon dioxide emission. In addition to cost-, time- and energy-efficient biodiesel production methods, it is noteworthy that the environmental implication of feedstocks plays a prominent role in producing an environmentally friendly fuel source as a whole.



Biodiesel is known as a liquid biofuel that contains mono-alkyl esters of long-chain fatty acids, obtained from vegetable oils or animal fats [21]. Biodiesel can be produced through a variety of physical and chemical methods. Among physical methods for biodiesel production, direct blending or dilution was a pioneer practice. This method includes directly blending petroleum diesel with vegetable oil in various ratios. The main reason for the discontinuation of this method was the solidification of the highly viscous vegetable oil in cold weather. Other disadvantages included the high free fatty acid content, gum formation and low volatility of vegetable oil that led to engine malfunction, such as improper atomisation, plugging of injector nozzles and incomplete fuel combustion [2]. Microemulsion is another physical method for biodiesel production, formed by the mixture of solvents and triglycerides to attain a clear and stable dispersion of fuel with surfactants. However, immense carbon deposition, improper fuel combustion and the poor efficiency of biodiesel produced via microemulsion resulted in this method being unpopular [22].



Pyrolysis or thermal checking is a chemical method for biodiesel production which involves converting organic materials at extreme reaction temperatures in the absence of oxygen. Pyrolysis is considered obsolete for biodiesel production in current times since it is costly and requires complex equipment, and the output resembles petrol rather than diesel [23]. Meanwhile, the transesterification reaction is the most widely used chemical method for biodiesel production [1], as this process enables simple and high-yield biodiesel production at a low cost compared to other methods. In the transesterification reaction, triglycerides chemically react with alcohol in the presence of a catalyst to form biodiesel and glycerol as a by-product [24]. Unreacted triglycerides and alcohol can be recovered and reused, which aids in lowering the biodiesel production cost. Moreover, glycerol (by-product) could be recovered to be sold or repurposed.



The transesterification process requires a catalyst to drive the reaction by lowering the required activation energy. While various transesterification catalysts exist, the most common categories include acid and base catalysts. Acid catalysts like sulphuric acid are usually utilised for feedstock with high free fatty acids (FFAs) beyond 1–2% FFA content, such as waste cooking oil (WCO). This is because acid catalysts are inert towards the FFAs in feedstock [25]. Base catalysts, however, react with high-FFA feedstocks to form soap in a process known as saponification. Hence, base catalysts are suitable for catalysing biodiesel production using low-FFA-content feedstocks. Among common base catalysts utilised for biodiesel production are potassium hydroxide, sodium hydroxide and calcium oxide [21].



Efficient biodiesel production is dependent on various reaction parameters that include the alcohol-to-oil molar ratio, percentage of catalyst loading, reaction time, reaction temperature and mixing speed [18]. Industrial biodiesel production involves controlling these reaction parameters in large-scale biodiesel reactors. Figure 2 shows an overview of chemical reactors used for biodiesel production.



Commercially, biodiesel is commonly produced using stirred tank reactors (STRs) [26]. However, despite technological development and the prevalence of commercial STRs, the biodiesel production process is far from being energy and cost efficient. The reaction time of biodiesel production in an STR is typically between 1 and 2 h as reported by researchers [27]. Reaction kinetics in STRs is rather slow due to poor heat and mass transfer. This is due to the low surface area-to-volume ratio of reactants in STR batch reactors; hence, long reaction time and high heat energy are required to achieve high biodiesel yields [28]. Thus, the production process is not efficient and cost savvy, although a high yield of biodiesel is achievable [1]. Other reactors reported for biodiesel production include membrane reactors that require 1 to 3 h of reaction time [29], packed-bed reactors with 2 to 3 h of reaction time [30], and oscillatory baffled reactors with a reaction time of 0.5 h [29]. However, these reactors are time and energy inefficient, which would reflect on the biodiesel production cost as well.



Hence, there are several limitations of biodiesel production via the transesterification reaction. Poor production efficiency of biodiesel is caused by the heat and mass transfer limitations of the reactants. This results in a lengthier time taken for the reaction to begin. The conventional mixing process of reactants in industrial reactors inhibits the reaction from beginning instantaneously due to inefficient mixing and heat transfer. Current processes require high energy utilisation for high-yield biodiesel production; however, most energy is lost to the surroundings via conduction and convection. Furthermore, industrial biodiesel production in commercial STR batch reactors reduces production efficiency by hindering continuous production. Also, the long time needed (about 4 h) for gravitational by-product (glycerol) separation at the end of the reaction contributes to the inefficiency of the current biodiesel production process. In short, the current industrial production of biodiesel is far from being energy and time efficient, as the amount of time and energy invested is not proportionate to the biodiesel produced in return.



Thus, this review focuses on the utilisation of microchannel reactors for biodiesel production, by which heat and mass transfer of the reaction could be enhanced. Several segments of the microchannel reactor, which include the reactor design, the influence of micromixers and the heat delivery mechanism within the reactor, are discussed. Next, the flow of reactants within the microchannel reactor is discussed, focusing on the formation of reactant slugs and their mass transfer. This review also includes flow patterns and findings from simulation studies on the usage of microchannel reactors for biodiesel production. Also jointly reviewed are the challenges faced by the utilisation of microchannel reactors. Finally, the potential future direction for biodiesel production in microchannel reactors is explored in combination with microwave heating.




2. Microchannel Reactor


This section discusses the usage of microchannel reactors for biodiesel production. The design of microchannel reactors, the types of micromixers and the heat delivery mechanism of reactants are jointly reviewed.



2.1. Microchannel Reactors for Biodiesel Production


Research on the utilisation of microchannel reactors for biodiesel production is currently the focus of researchers. This is due to the ability of microchannel reactors to significantly enhance heat and mass transfer between reactants, attained through the high surface area-to-volume ratio within the microchannel and the intensified mixing effect of reactants [31]. As a result, energy- and time-efficient biodiesel production of high yield is achievable. Table 1 summarises the recent usage of microchannel reactors for biodiesel production from 2020 to 2023, including details on the different microchannel reactor features for biodiesel production using various feedstocks, catalyst choices and reaction conditions.



Akkarawatkhoosith et al. [32] reported a recent biodiesel production study in a microchannel reactor using rice bran oil fatty acid distillate as feedstock. The microchannel reactor consisted of a T-mixer and an internal diameter of 0.9 mm. A furnace was used to heat the reaction to a temperature of 280 °C. A biodiesel yield of 93% was achieved within 19 min using 0.4 wt.% sulphuric acid to catalyse the reaction. In comparison with batch processes, this study resulted in a more energy-efficient and continuous biodiesel production due to the high surface area-to-volume ratio of the microchannel reactor that enhanced the rate of heat and mass transfer of the reaction.



Yusuf et al. [34] investigated the potential of three microchannel reactor designs for biodiesel production with vegetable oil. The microchannel reactors were fabricated via laser etching on polymethyl methacrylate acrylic sheets with varying designs: (1) T-mixer, (2) Y-mixer and (3) Tesla-shaped. The transesterification reaction was carried out with a sodium hydroxide catalyst loading of 1.0 wt.%, while a water bath was used to maintain a reaction temperature of 60 °C. The best biodiesel yield of 97.9% was achieved by the Tesla-shaped microchannel design at 4.85 s, while the T-mixer and Y-mixer designs had biodiesel yields of 93.3% and 94.3%, respectively. The effectiveness of the Tesla-shaped design was due to its design geometry comprising grooves and valves, which promoted superior mixing efficiency of reactants.



Aghel et al. [38] reported the utilisation of a 1 cm3 microchannel reactor for the biodiesel conversion of waste cooking oil. The microchannel reactor was connected to a T-mixer equipped with peristaltic pumps to flow reactants through the reactor. A mixture of waste cooking oil and a calcined cow bone-supported KOH catalyst with an 8.5 wt.% concentration was fed into the reactor from one end of the T-mixer, whereas a mixture of methanol and toluene was fed in from another end. In this study, toluene was used as a co-solvent to improve the solubility of methanol and oil. A temperature-controlled hot water bath system maintained the reaction temperature at 63.53 °C. An optimum biodiesel yield of 97.21% was obtained in a reaction time of 85 s.



Mohadesi et al. [40] conducted a semi-industrial pilot study of biodiesel production in microchannel reactors using waste cooking oil. The set up included reservoirs, distributors, micromixers and microtubes of 800 mm. Reactant-holding reservoirs were equipped with peristaltic pumps to enable flow rate adjustment into the distributor. The distributors then split the reactants into 50 flow streams before channelling each stream into its respective T-mixers. The output of each T-mixer was then connected to microchannel reactors of 5 m long microtubes. The study revealed a 96.58% biodiesel yield at an oil-to-methanol volumetric ratio, reaction temperature, reaction time and catalyst loading of 5:2.15, 60 °C, 12.5 min and 7.87 wt.% kettle limescale deposit, respectively. The high biodiesel yield obtained was in line with the hypothesis of this study, where microchannel reactors offer higher biodiesel yield and enable easier manoeuvring in the industry.



Mohadesi et al. [36] reported a 99.24% biodiesel conversion from waste cooking oil in a stainless steel microchannel reactor in the presence of a heterogeneous base catalyst. The reactor had an internal diameter of 0.8 mm and a volume capacity of about 1 cm3. Reactants were fed into the reactor via a T-mixer using a peristaltic pump, and a reaction temperature of 63.1 °C was maintained via a bain-marie bath, as shown in Figure 3. Since the utilisation of heterogeneous catalysts generally requires long reaction times, the microchannel reactor was successful in containing the reaction time within 60 s at optimised conditions.



The utilisation of a 1 m long microchannel reactor for biodiesel conversion was reported by Thangarasu et al. [42] using Aegle Marmelos Correa seed oil as feedstock. The experimental set up included an electrically heated water bath and ultrasonic pre-mixing of reactants. The transesterification reaction was catalysed by 1.3 wt.% sodium methoxide at an oil-to-methanol molar ratio of 1:9, and a reaction temperature of 48 °C was maintained throughout. The effect of two different internal diameters of the microchannel reactor was studied. The reactor with a 0.8 mm internal diameter achieved a 91.8% biodiesel yield at 25 s, whereas the reactor with a 0.3 mm internal diameter achieved a 98.0% yield within 15 s. The higher yield obtained by the microchannel reactor with the smaller internal diameter of 0.3 mm was due to its higher surface area-to-volume ratio, which promoted better contact and mixing of reactants during the reaction.



Pavlovic et al. [39] investigated the potential of a custom-made microchannel reactor to facilitate the transesterification reaction of biodiesel production. The microchannel reactor had an internal diameter of 0.8 mm and a length of 800 mm, and it was made of Teflon. The experimental set up included a T-mixer equipped with syringe pumps to deliver reactants into the reactor as shown in Figure 4. The transesterification reaction was carried out using sunflower oil as feedstock with an oil-to-methanol volume ratio of 3:1, in the presence of a calcined waste chicken eggshell-derived calcium oxide catalyst. A biodiesel yield of 51.2% was obtained at a reaction time of 10 min. The effectiveness of the microchannel reactor was proven when a lower biodiesel yield (18.6%) was obtained when the transesterification reaction was repeated at similar reaction conditions in a stirred batch reactor.



Another semi-industry pilot study using a microchannel reactor was conducted by Mohadesi et al. [18] for biodiesel production via the transesterification reaction of waste cooking oil. The microchannel reactor had an internal diameter of 0.8 mm and a length of 5 m. The oil and methanol were fed into individual T-mixers, and then into the microchannel reactors via peristaltic pumps, upon distribution into 50 channels. The results report a 97.4% biodiesel yield within 13.4 min with a reaction temperature of 65 °C. In the study, 8.1 wt.% clinoptilolite-supported potassium hydroxide was used to catalyse the reaction and a 1:2.25 oil-to-methanol molar ratio was maintained. The study postulated that the utilisation of the microchannel reactor escalated the mixing of reactants, hence reducing the reaction time in return.



An experimental module incorporating a slug generator, a microchannel reactor and a camera-equipped microscope was utilised by Laziz et al. [1] for the investigation of palm biodiesel production. Oil and methoxide slugs were formed inside a luer lock T-mixer made from ethylene tetrafluoroethylene. The microchannel reactor was made from transparent fluorinated ethylene propylene with an internal diameter of 0.69 mm and a length of 1 m. During the study, the slug flow properties and slug velocity were determined via an Olympus microscope and camera, respectively. The flow rate inside the microchannel reactor was maintained at 200 mL/min, while the temperature, oil-to-methanol molar ratio and catalyst loading were maintained at 25 °C, 1:7.6 and 5 wt.% potassium hydroxide, respectively. A 98.6% biodiesel yield was reported at a reaction time of 40 s. The study indicated that the overall transesterification reaction was improved due to the enhanced mixing and mass transfer of reactants within the microchannel. This was achieved via passive mixing through slug flow within the reactor.



Yusuf et al. [43] investigated the potential of biodiesel production using sunflower oil in a microchannel reactor. The reactor had a width of 0.4 mm and a depth of 0.78 mm and was fabricated using polymethyl methacrylate via laser etching. The total volumetric capacity of the microchannel reactor was 125 mm3, while the flow rate of reactants was controlled at 50 µL per minute. The transesterification reaction was catalysed by 4 wt.% lipase enzyme at a temperature of 30 °C. As a result, a biodiesel yield of 68.90% was reported with an oil-to-methanol molar ratio of 1:2.5. Although the usage of the microchannel reactor reportedly enhanced the rate of reaction, lipase-catalysed transesterification is typically slower and has lower yield, comparatively.




2.2. Microchannel Reactor Design


Microscale chemical processes are made possible by innovations in microchannel reactors due to advancements in microfluidic technologies. Researchers have shown interest in the usage of microchannel reactors (which some may refer to as a lab-on-a-chip) due to their advantages compared to conventional batch reactors. These advantages include higher yield of the chemical processes while promoting efficient reaction kinetics, heat and mass transfer [44]. Compared to conventional batch reactors, the continuous process in microchannel reactors enables a reduction in time to below 1 min, often only requiring a few seconds to produce the desired output [45]. Furthermore, microchannel reactors have large surface area-to-volume ratios at about 20,000 m2 m−3 in contrast to conventional reactors with 1000 m2 m−3 [46].



Microchannel reactors adopt the numbering-up approach for scaling up reaction output without the need to expand the reactor dimensions. The numbering-up approach of microchannel reactors is when a cluster of multiple reactors is run concurrently, enclosed within a single module. This feature enables all optimised parameters such as reaction temperature, reaction time and flow rate of a single microchannel reactor to be applicable, regardless of stepping up the output scale [47]. Intensification of reaction yield in microchannel reactors is focused on optimising heat and mass transfer of chemical reactants [48]. This is because efficient mass transfer by enhanced molecular diffusion between chemical reactants influences the reaction yield.



The design of microchannel reactors plays an important role in achieving good mixing of reactants, which in return elevates the heat and mass transfer of the reaction. Although gaining popularity in a variety of application domains, microchannel reactors extensively benefit biological, chemical and biochemical processes [49]. Biodiesel production is a biochemical process that could benefit from the usage of microchannel reactors. Hence, in this section, the latest development of microchannel reactors is reviewed to further inspire the development of biodiesel microchannel reactors.



Wang et al. [48] reported the study of a staggered herringbone groove microchannel reactor for the alkylation process of isobutane to produce alkylate, catalysed by sulphuric acid. The alkylate produced is a superior component to increase the octane of gasoline, contributing to lower exhaust emissions. This study intended to improve the heat and mass transfer of the alkylation process via the staggered herringbone groove microchannel reactor as observed in Figure 5a. This reactor was designed to have three layers, which are the coolant channel layer, the staggered herringbone groove microchannel layer, and the bottom sheet layer that comprises the inlet and outlet nozzles as illustrated in Figure 5b. The high conversion by the herringbone groove microchannel reactor was due to efficient mass transfer induced by the intense mixing effect, indicated by the simulation results of this study. The staggered herringbone groove microchannel reactor has the potential to replace conventional batch-stirring reactors for the alkylation process, as it has efficient mass and heat transfer, enables shorter reaction time and lowers the process cost by enabling the usage of reduced reactants. Hence, this contributes to a lower conversion cost due to a reduced capital expenditure investment.



Yusuf et al. [34] reported the study of a novel Tesla-shaped microchannel reactor for the production of biodiesel. Three different shapes of microchannel reactor designs were comparatively investigated, namely the Y-shaped, T-shaped and the novel Tesla-shaped microchannel reactor, as observed in Figure 6. Four permutations of the T-shaped microchannel reactor were initially fabricated to determine optimum microchannel dimensions, following which, one Y-shaped microchannel reactor and the Tesla-shaped microchannel reactor were fabricated. The width and depth of all microchannel reactor designs were 400 μm × 400 μm. However, the number of bends, length and volume of the best-performing T-shaped and Y-shaped microchannel reactors were 10 bends, 41 cm and 0.06456 mL, respectively. On the other hand, the Tesla-shaped microchannel reactor had a total of eight bends with a length of 33 cm and a volume of 0.0970 mL.



The transesterification reaction was carried out at a reaction temperature of 60 °C, methanol-to-oil molar ratio of 9:1 and sodium hydroxide (NaOH) catalyst loading of 1 wt.%. The highest biodiesel yield of 97.8% was achieved by the Tesla-shaped microchannel reactor due to the unique geometry shape of the microchannel which comprised grooves. Convective mixing and the increase in contact between phases of reactants caused by the grooves induced efficient diffusion of reactants, which was reflected by the high biodiesel yield. The results denote that the biodiesel yield is influenced by the geometric design of microchannel reactors, which also reflects the slightly higher reaction time in the Tesla-shaped reactor.



Santana et al. [46] reported the development of a micromixer with triangular baffles and circular obstructions (MTB) microchannel reactor as observed in Figure 7a. The MTB microchannel reactor was developed for the mixing of reactants with a reduced pathway for molecular diffusion, to split and recombine the reactants within the microchannel and to generate a vortex. Multiple permutations of the microchannel dimensions were studied, with heights in the range of 200 μm to 2000 μm and widths in the range of 1500 μm to 3000 μm. The MTB microchannel reactor with the best dimension configuration was reported to have a width of 3000 μm and height of 400 μm, with the greatest biodiesel production of vegetable oil and ethanol. The highest oil conversion of 92.67% was achieved with these reactor dimensions at a residence time of 30 s.



The novelty of the MTB microchannel reactor design is the convergent–divergent segment, which is in combination with circular obstacles, as illustrated in Figure 7b. The circular obstacles served to split the flow of reactants into sub-streams. This enhanced the contact of reactants, which intensified molecular diffusion and simultaneously reduced the diffusion pathway required to achieve efficient mixing. On the other hand, the dimensions of the circular obstacles influenced the mixing efficiency of reactants where the larger the obstacle diameter, the better the mixing of reactants.




2.3. Micromixers in Microchannel Reactors


Micromixers are an essential component to achieve the mixing of two or more reactants in a microchannel reactor [50]. Micromixers determine the mixing uniformity of reactants [51]. Thus, the efficiency of micromixers influences the performance of the microchannel reactor [52]. Research focusing on processes at the microscale level has unlocked possibilities to control reaction parameters. Hence, various biochemical processes such as enzyme bioassays, nanomaterial synthesis and biochemical production involve the usage of microscale reactors to complete the process reactions. The evolution of microscale technology over the past two decades engendered homogeneous micromixing of two or more reactants to be an essential part of the process [53]. In microchannel reactors, slow flow rates at low Reynolds numbers below 10 and small microchannel dimensions (0.01 mm to 1 mm) result in laminar flow throughout the microchannel [54,55]. Hence, achieving good micro-level mixing of reactants is often dependent on strong molecular diffusion-based mixing, to attain homogeneous mixing [56].



Therefore, the incorporation of an efficient micromixer that is compatible with the type of reaction is important in a microreactor. Rapid micro-level mixing via a micromixer is crucial to obtain the desired reaction output such as chemical conversion yield, which could vary based on the reaction needs. This is because an effective micromixer promotes a higher chance of particle collision, thus increasing the rate of reaction [57]. As such, the effectiveness of micromixers determines the occurrence of the microscale reaction, while the intensity of micromixing determines the quality of the reaction and its products. Moreover, the performance of a micromixer is crucial, as poor micromixing rates would result in the formation of unwanted by-products that could jeopardise the reaction qualitatively and quantitatively [58].



Various methods are deployed to induce micro-level mixing in microreactors. These methods are generally categorised into two groups, namely active micro-level mixing and passive micro-level mixing. Table 2 summarises the latest development of micromixers in microchannel reactors for the mixing of fluid flow. The micromixer type, along with the respective method utilised by each micromixer to achieve mixing of fluid flow, is tabulated.



The main difference between active micro-level mixing and passive micro-level mixing is that active micro-level mixing involves the intervention of an external energy source to promote mixing, whereas passive micro-level mixing does not require external energy [59]. The external energy sources of active micro-level mixing are in the form of acoustic, ultrasonic, magnetic and electric energy [60]. These active micromixers integrate into the microreactor to induce micromixing by creating turbulence in fluid flow. Furthermore, active micromixers are also capable of actively controlling the intensity of mixing by altering the intensity of external energy sources [45].



Zhao et al. [45] reported the development of an acoustic-based active micromixer, as shown in Figure 8. This micromixer was designed and fabricated to have a novel flower-like sharp-edged pattern. The acoustic micromixer mixes fluid by propagating acoustic waves into the fluid. The acoustic waves induced by the piezoelectric transducer are created by oscillating objects that are either microbubbles or micro solids. The multiple petals on the flower-like sharp-edged acoustic micromixer can produce counter-rotating vortices upon actuation by the oscillating objects. These acoustic streams of waves and vortices interact with the hydrodynamics of the reactant flow in the microreactor. The laminar flow of reactants is interrupted upon interaction with the acoustic stream, hence inducing rapid mixing.



Although known to attain high mixing efficiencies and quality, active micromixers have their limitations. The biggest drawback of active micromixers is their energy consumption [61]. The external energy source needed to promote mixing prevents the microchannel reactor system from being energy efficient. Furthermore, active micromixers are relatively difficult to fabricate and integrate into microchannel reactors [62]. This is due to the small size of microchannels and the complexity of active micromixer mechanisms. The maintenance and reusability of active micromixers is another limitation as they are difficult to access once they are incorporated and fabricated into the microchannel reactor [49].



Passive micromixing is a popular type of micromixer that requires no external energy. Instead, passive micromixers predominantly rely on the structural shape design within the microchannel and the inlet flow rate of reactants to achieve the mixing of reactants [45,63,64]. Adequate mixing is achieved using passive micromixers by incorporating complex geometry structures that are designed and fabricated within the microchannel [45]. These structures create the mixing effect of reactants simply by disturbing the fluid flow within the microchannel [49]. Hence, optimising the geometry structure in passive micromixers can significantly improve the mixing efficiency of reactants in the microchannel reactor due to improved molecular diffusion from turbulent flow [49]. In addition, passive micromixers are easy to manufacture and incorporate into microchannel reactors due to their simple structure design, in contrast to active micromixers, which require the incorporation of external components [65].



The lamination-based split-and-recombine (SAR) micromixer is a passive micromixer, effective at micromixing at low Reynolds numbers below 10, where the flow rate of reactants is slow [66]. This type of micromixer is designed to perform passive mixing by splitting the fluids into multiple sub-channels, followed by combining the multiple channels to form a single channel. T-shaped micromixers and Y-shaped micromixers are the two lamination-based SAR micromixers that are widely utilised [44,67]. The SAR micromixer promotes efficient mixing, hence enabling the usage of shorter microchannel lengths to complete the reaction. This results in a shorter residence time overall.



Zhu et al. [58] reported the study of a lamination-based SAR passive micromixer with a Y-shaped inlet as observed in Figure 9. The Y-shaped inlet receives two different reactants in separate flows and combines them into a single flow. The reactor comprises an input module (IM) layer on the top, multilayered microchannel layers called enhancement modules (Ems) in the middle and an output module (OM) on the bottom. The EM layer that features stackable modules is intended to improve the mixing of reactants while maintaining a compact reactor design. Additionally, the EM module is an excellent method to enhance mixing by enabling better molecular diffusion of reactants due to the multiple stackable layers.



Chaotic micromixers are another type of passive micromixer used in microchannel reactors. Chaotic micromixers are suitable for achieving fast mixing with reactants at slow flow rates and low Reynolds numbers [44]. Generally, chaotic micromixers induce the mixing of fluids by either looped microchannels, designing obstacle barriers within the channel, asymmetrical microchannel shapes or multilayer channels [60]. These microchannel structure modifications significantly increase the contact area between the fluids, hence improving the mixing intensity [68]. Moreover, the ability of chaotic micromixers to induce efficient mixing within short microchannel lengths enables a reduction in the overall residence time of the reaction [69].



Figure 10 illustrates two types of chaotic micromixers, namely the space chaotic micromixer and the plane chaotic micromixer [49]. The microchannels of space chaotic micromixers are designed to create fluid mixing by splitting and re-channelling the flow from within, throughout the channel. On the other hand, plane chaotic micromixers induce fluid mixing by structural designs within the microchannels that create turbulent flow [63]. The plane chaotic micromixers are known to be relatively cheaper and easier to manufacture in comparison to space chaotic micromixers.



Yuan et al. [44] reported a microchannel study focused on chaotic micromixers. The study investigated the mixing of methyl blue and ethanol as the working fluids, injected via syringe pumps into the inlets of the microchannel reactor. Chaotic mixing was induced by the microchannel design, where the direction of flow was divided by split structures throughout the channel as illustrated in Figure 11a. The split structures were in the form of double symmetrical V-shaped baffles. For simplicity, the baffle configurations were named MMA, MMB, MMC and MMD, as observed in Figure 11b. The geometric positions of MMA and MMB have their centre lines aligned with the x-axis of the microchannel. On the other hand, the centre lines of MMC and MMD alternate with the z-axis in a configuration of positive (+1) and negative (−1) as observed in the figure. The +1 and −1 configuration refers to the geometric position along the z-axis, with regard to the baffles. The changes in the position of the baffles in MMC and MMD with regard to the z-axis were an effort to diversify the geometrical obstruction within the reactor. This would alter the reactant flow pattern, leading to varied mixing intensities, compared to MMA and MMB.



The MMA and MMB configurations provided better mixing at a low Reynolds number of 0.5. The mixing effect was due to the enhanced molecular diffusion of reactants. However, the MMC and MMD configurations denoted an enhanced overall performance at a high Reynolds number of 50. Stronger chaotic mixing was caused by the irregular flow due to multidirectional baffles on the MMC and MMD configurations. While it was concluded that an efficient mixing effect is achieved by chaotic micromixers, the design geometry of chaotic micromixers is also crucial in determining the degree of mixing. The degree of mixing by chaotic micromixers not only relies on inducing vorticity but also depends on the position of the vortex [44]. Optimisation of the microchannel design geometry depending on the flow characteristics of the application (Reynolds number) would result in achieving an ideal and optimum mixing of flow.



The design and fabrication of micromixers are constantly developing, depending on the requirements of their usage. In some applications where vigorous mixing of reactants is required, active micromixers could be utilised if the additional energy cost is acceptable. On the other hand, fabricating a passive micromixer involves balancing its design simplicity with achieving the desired degree of mixing degree by incorporating the necessary geometric features. Complex designs of passive micromixers could be fabricated using high-precision laser cutters, 3D printers or injection moulding.




2.4. Biodiesel Yield, Reaction Time and Heat Delivery Mechanism in Microchannel Reactors


Since microchannel reactors are continuous flow reactors, the determination of reaction time and biodiesel yield differs from conventional batch reactors. The reaction time for transesterification is determined by the duration of reactants flowing through the microchannel. This involves timing the entry point of the reactant flow into the microchannel until its exit point to distinguish the reaction time of a known volume of reactant. Alternatively, the reaction time could be pre-determined, while the throughput volume within the reaction time could be measured. Meanwhile, the yield of biodiesel produced via microchannel reactors could be determined by the instantaneous characterisation of samples extracted from the flow output. Alternatively, the biodiesel yield could be periodically characterised from samples derived based on the pre-determined reaction time. Either way, it is noteworthy that changes in the reactant flow rate would result in a deviation in the throughput and reaction yield at a fixed reaction time and microchannel length.



Reaction temperature is among the main parameters for the transesterification reaction. Maintaining a stable and constant reaction temperature throughout the reaction is crucial, as it influences the biodiesel conversion. In microchannel reactors, the conduction heating method is often utilised for biodiesel production, which involves the surface transfer of heat from a heat source to the reactants through contact between the transfer mediums. The transfer medium may include the material of microchannel reactors, a heating plate or even liquid in the case of a water bath.



In microchannel reactors, the most-utilised heat delivery method for biodiesel production is the temperature-controlled water bath [70]. Under normal reaction conditions (non-supercritical), the reaction temperature is maintained between 60 °C and 65 °C, which is below the boiling point of the most commonly used alcohol (methanol). However, a study by Arias et al. [71] reported biodiesel production in a microchannel reactor by maintaining the reaction temperature in a furnace.



On the other hand, biodiesel production in microchannel reactors under supercritical conditions was reported in studies by Akkarawatkhoosith et al. In the investigations, biodiesel production at a reaction temperature of 280 °C was maintained in a furnace [32], and reaction temperatures of 360 °C [35] and 300 °C [41] were maintained in a convection oven.





3. Flow in Microchannel Reactors


The flow pattern within a microchannel reactor determines the mixing of reactants and is crucial in quantifying their rate of heat and mass transfer. Hence, this section reviews the types of flow within microchannel reactors, focusing on slug flow pattern, its formation and mass transfer. Slug flow within microchannel reactors occurs due to the difference in density, viscosity and immiscibility between two fluids. As such, liquids and gases are two fluids with the aforementioned differences. The formation of slug flow pattern, the mixing between two fluids and the mass transfer between them is easily explained via liquid and gas slugs in the sections below, due to the distinctively divergent properties between both species. Similarly, biodiesel production through the transesterification reaction involves alternating slug flow of oil and alcohol. Although oil and alcohol form a liquid–liquid flow pattern, both these species are two dissimilar fluids which are immiscible in one another and have different densities and viscosities.



3.1. Slug Flow in a Microchannel Biodiesel Reactor


There are various benefits of slug flow patterns in microchannel reactors. These advantages include reduced reaction time and elevated heat and mass transfer rates [72]. These advantages are achieved, as gas slugs in between liquid slugs significantly improve the mixing of reactants due to internal mixing induced by recirculating flow in between the slugs [73,74]. In the case of biodiesel production, the incorporation of a two-phase liquid–liquid slug flow between triglycerides and alcohol could improve the heat and mass transfer in the transesterification reaction. Existing work on slug flow for the transesterification reaction includes a study by Laziz et al. [75] to produce biodiesel in a T-junction microchannel reactor with a droplet slug flow. The study resulted in a 98% biodiesel conversion in a reaction time of 80 s at room temperature, 25 °C. The methanol-to-oil molar ratio was found to impact the study, where the molar ratio was directly proportional to the biodiesel conversion. The high biodiesel conversion was the result of the higher molar ratio affecting the hydrodynamics of flow, creating a higher number of slugs and a greater interfacial area (surface to volume).



López-Guajardo et al. [76] reported biodiesel production in a tubular microchannel reactor using sunflower oil. A 99% biodiesel conversion was obtained at a 6:1 alcohol-to-oil molar ratio and a 0.7 wt.% catalyst concentration. The reported reaction time was 4 min, which was 15 times faster than conventional batch reactors. Simulation of computational fluid dynamics revealed that the high biodiesel conversion at a fast reaction time was due to an internal mixing effect via slug flow that intensified the mass transfer between reactants.



Sun et al. [77] reported an investigation on slug flow pattern for biodiesel production from cotton seed oil with a 6:1 methanol-to-oil molar ratio, 1% potassium hydroxide catalyst loading and reaction time of 6 min. The study was carried out in a stainless-steel microchannel reactor with a diameter and length of 0.25 mm and 30 m, respectively. Figure 12 illustrates the scheme of (a) reactants and (b) products in the slug flow. The immiscibility of oil, alcohol, biodiesel and glycerol that was caused by high interfacial forces between the fluids resulted in the formation of alternating slugs in the microchannel. Biodiesel yield increased from 96.2% to 99.4% with the increase in reaction temperature from 30 °C to 60 °C with a slug flow pattern. However, further increasing the reaction temperature to 70 °C resulted in a slight drop in yield to 99.1%, with a change in flow pattern from slug to bubble flow due to the boiling of methanol. Furthermore, the specific surface area of microchannels was 2000 m2m−3, 7547 m2m−3 and 16,000 m2m−3 with diameters of 2.0 mm, 0.53 mm and 0.25 mm, respectively. As illustrated in Figure 13, a larger microchannel specific surface area is a result of smaller microchannels, simultaneously creating smaller slugs. Moreover, smaller slugs result in a larger specific surface area between the slugs. The large specific surface area of both microchannels and slugs enhances heat and mass transfer between oil and alcohol, hence contributing to high biodiesel yield.



The surface area of microchannel reactors is anywhere between ten and one hundred times that of conventional reactors, depending on the channel dimensions. Hence, a slight alteration in the flow pattern of microchannel reactors greatly affects the reaction parameters such as temperature, pressure and reactant concentration. This is because the diffusion distance is lower and the interfacial area in the microchannel is higher compared to conventional reactors [47]. Therefore, flow patterns such as slug flow, with properties such as slug formation and slug distance, are important in quantifying mass and heat transfer [78].




3.2. Slug Flow Formation


The flows inside microchannel reactors follow various patterns. Common internal flow patterns in microchannel reactors are bubble flow, slug flow, churn flow and annular flow as observed in Figure 14. Other flow patterns include stratified flow and droplet flow. Comparatively, slug flow is known to be a complex flow pattern that has unstable flow properties [79]. Slug flow has a two-phase flow pattern of gas slug and liquid slug in an alternating order [80]. Usually, the gas slug comprises a gas bubble, which is surrounded by the liquid film, as illustrated in Figure 15. The gas slug may also appear as two bubbles that separate a liquid slug. Since gas is lighter than liquid, a thin liquid film would exist between the microchannel wall and the gas slug [73]. The wettability of the channel wall and the liquid determines the degree of liquid film formation [72].



The formation of slug flow (long slugs) occurs at a low-to-intermediate volumetric flow rate of gas and liquid, when the interfacial tension surpasses the inertia force of the flow [72,79]. However, gas and liquid slugs in an alternating order (small slugs) occur when the inertial forces of flow increase with flow rate while reducing the interfacial forces. As a result, small spherical-like slugs are formed in an alternating order, as the flow shear stress acts to reduce the growth of slug formation [74]. Maintaining stable slug flow in microreactors throughout the reaction is currently possible due to advancements in the research of microchannel flow patterns. Slug flow could be induced into microchannels by the injection of gas bubbles into a liquid flow at a stipulated pace [73]. This alters the flow dynamics from a single-phase liquid flow to a slug flow. A steady slug flow could be sustained by maintaining constant operational parameters such as the flow rates of liquid and gas, the physical properties of liquid and the dimension of the microchannels [72].



Two-phase gas–liquid slug flow reactions are widely applied for both microscale and industrial-scale chemical reactions. Slug flow utilisation in microscale industrial applications includes pharmaceutical drug production, synthesis of nano particles and heat dissipation for electronic components [78]. Other chemical applications include nitrification, polymerisation, crystallisation, membrane separation, distillation and purification of end products [72,83]. On the other hand, heavy industry application of slug flow mainly occurs in the energy sector. In the petrochemical industry, slug flow benefits oil and gas production and transportation, where mixing and mass transfer in pipelines are crucial [79]. Moreover, slug flow is used in nuclear power plants for reactor cooling and for the generation of steam in the power plant [79]. Slug flow improves heat transfer for these applications.




3.3. Mass Transfer of Slug Flow


Mass transfer of slug flow patterns in microchannels is affected by a few conditions such as microchannel dimension, size or length of gas and liquid slugs, liquid film thickness and the volumetric flow rate through the microchannel. The effect of microchannel dimensions on the mass transfer of slug flow was reported by Singh et al. [84] by quantifying the mass transfer coefficient. The manipulated parameter for this study was the diameter of microchannel capillaries. It was found that mass transfer was higher with smaller microchannel dimensions since smaller microchannel capillary diameters result in higher mass transfer coefficients.



As illustrated in Figure 15, a liquid film is formed between the wall of the microchannel and the gas slug. Efficient mass transfer that is significantly higher than other parts of the flow occurs at the liquid film segment, as this segment has the highest specific surface area for mixing [83]. The size and dimensions of gas slugs can be well controlled with precise microchannel manufacturing methods [83]. Thus, short liquid slugs can be induced by introducing long gas slugs in between to divide the liquid. Therefore, the long gas slug creates a long liquid film between the wall of the microchannel and the gas slug. High mass transfer is achieved at these liquid film zones induced by the consecutive long gas slugs, which increases the specific surface area for mixing. Moreover, the thickness of the liquid film formed is another crucial parameter of slug flow patterns. The liquid film thickness has a direct effect on the heat and mass transfer properties of reactants in the microchannel. Hence, knowing or predicting the liquid film thickness would benefit reactive flow studies that intend to quantify mass transfer rates of slug flow reactions within microchannels [80].



Santiago et al. [74] reported a correlation between volumetric flow rate and mass transfer for slug flow in microchannels. The specific interfacial area within the microchannel was measured via image processing and was used as the responding variable. The specific interfacial area reportedly increased constantly as the volumetric flow rate increased. This happened because the slug size in the microchannel was reduced at higher volumetric flow rates due to the inertial forces and shear forces. The smaller slug size resulted in an increase in specific interfacial area. This phenomenon increased the mass transfer for the reactants. The mass transfer was quantified via overall volumetric mass transfer coefficients, where the higher the volumetric flow rate, the higher the mass transfer coefficient values. This is because the increased specific interfacial area decreases the mass transfer resistance. Therefore, increasing the volumetric flow rate enables higher mass transfer of reactants for slug flow patterns in microchannels.



Nie et al. [85] elaborated on the occurrence of mass transfer in a microchannel with slug flow. In a microchannel, there are often changes in channel dimension to induce mixing. These changes are in the reactant inlet segment, curves or bends of the channel pathway and are intentional obstacles to the channel’s internal geometry. Reactants that flow through a narrower part of the channel would accelerate due to the instantaneous shrinkage of the channel’s cross-sectional dimension. As a result of the acceleration, reactants inside the microchannel experience a drop in pressure. Once past the channel’s narrow segment, the channel is widened to its original dimension, hence slowing the flow of reactants. However, kinetic energy is generated during acceleration of the flow at the narrow segment. Kinetic energy is transformed into pressure, thus increasing and normalising the internal flow pressure. Frictional resistance in the flow is also overcome by the kinetic energy generated.



Once all the kinetic energy has been exhausted, the flow velocity eventually attains a stagnation point, where the local velocity of the reactants is zero [85]. The flow of reactants reduces while pressure continues to increase when the reactants flow beyond the stagnation point. As a result, backflow would occur due to the effect of pressure and inertia. The flow pattern would then be disturbed as backflow causes the flow to collide with the reactants at the back, thus promoting better mixing. Hence, mass transfer is intensified, as better mixing is achieved in microchannels between the liquid slug and liquid film.



Slug flow promotes mixing in an efficient way by creating recirculation zones. In a slug flow pattern, interfacial forces acting over inertial forces cause liquid and gas slugs to be arranged in an alternating manner throughout the microchannel. This results in the occurrence of internal circulation zones between the slugs. The internal circulation is caused by the tension between the slug interface and microchannel walls [74]. Recirculation zones are often formed at the flow’s stagnation point and induce mass transfer through convection.



Furthermore, a smaller slug size enables superior heat and mass transfer properties via recirculation zones, in comparison with slug flow with bigger slug formation. A smaller slug size creates more recirculating zones throughout the flow. Simultaneously, frequent interruption of the boundary layer takes place, both of which result in superior mass transfer and better mixing [73]. The mixing of liquid elements via the recirculation zones to enhance mass transfer in slug flow is illustrated in Figure 16.



A study by Zhang et al. [86] reports the mass transfer properties of slug flow of an immiscible liquid–liquid system using ethyl acetate and water in a circular polytetrafluoroethylene (PTFE) microchannel. The dispersion of alternating slug formation, its size and stability were determined by the flow interfacial tension, which overpowers the flow viscosity and inertia. It was found that both the volumetric mass transfer coefficient (kLa) and the mass transfer coefficient (kL) were affected by flow rate, where the mass transfer coefficients were reported to increase with the reactant flow rate. The kLa range was reported to be between 0.03 and 0.3 s−1 m/s, whereas kL was found to be between 2 × 10−5 and 7 × 10−5 m/s. The microchannel dimensions studied were 0.8 mm, 1.2 mm and 1.8 mm. The smaller the microchannel dimensions, the higher the mass transfer coefficients. This was because smaller microchannel dimensions enabled better mass transfer due to the larger surface area of slugs. Furthermore, both kLa and kL increased with an increase in temperature. Higher temperature led to higher mass transfer due to better diffusion coefficients.



Ramji et al. [87] developed a model mass transfer featuring a liquid–liquid slug flow system in a microchannel. Using the model, the mass transfer rate was related to the Peclet number (Pe), flow viscosity and slug liquid film. The mass transfer increased with an increase in Peclet number, while other flow conditions such as slug holdup and aspect ratio were kept constant. The effect of Pe on mass transfer was investigated by examining five Pe values ranging from 1 to 10,000. Pe = 1 denoted slug mixing as diffusion, while a transmission phase was denoted at Pe = 100 where diffusion and convection patterns took place at the same time. At Pe = 1000, the slug mixing was predominantly convection, whereas the convection pattern stabilised at a uniform equilibrium point at Pe = 10,000. The higher the Peclet number, the greater the mass transfer coefficient. The mass transfer coefficient was about 40 at Pe = 1 and increased to about 118 at Pe = 5000. The increase in the mass transfer rate of reactants with Pe in a slug flow pattern was evidently enhanced via convection mixing.



Furthermore, the study reported that a more viscous flow through the microchannel resulted in a higher mass transfer. Reactants of higher viscosity enabled slugs of smaller length to be formed. Additionally, smaller slug formation enables a higher slug quantity to be formed in the microchannel. The interfacial area in between each slug was higher with smaller slug formation, thus promoting better mass transfer. Also reported in the study was the effect of liquid film (the thin film that is formed between the slug and the microchannel wall) on the mass transfer. The presence of the liquid film enhanced mass transfer, as the rate of mass transfer was lower in the case study without the presence of liquid film. In addition, the size of the liquid film positively affected the mass transfer rate, where the thicker the liquid film, the higher the mass transfer. The thickness of the liquid film was attributed to a higher interfacial area between the slug and microchannel wall for mixing to occur, thus promoting greater mass transfer.



Xu et al. [88] reported a liquid–liquid two-phase slug flow experimental investigation on mass transfer in a microchannel. The study adopted Danckwerts’ model to distinguish the volumetric mass transfer coefficient at various experimental operating parameters. Slug formation in microchannels was driven by the interfacial force of the flow that dominated shear stress. The size of slugs was found to be influenced by flow velocity. The slug size was inversely proportional to the flow velocity. However, the velocity of the formed slug heavily influenced the volumetric mass transfer coefficients in the microchannel. The volumetric mass transfer was denoted as the function of slug velocity, where the higher the slug velocity, the higher the mass transfer rate. This was because an increased slug velocity induced an increase in the severity of flow internal recirculation within the slug. Also, the shear force between the slug and the microchannel wall increased. As a result of better internal recirculation, the slug boundary layer thickness was reduced. This promoted better mixing of reactants, thereby enhancing the mass transfer of reactants.



Furthermore, the dimension of microchannel capillaries also affected the volumetric mass transfer coefficient. Capillary diameters were manipulated to investigate their effect on mass transfer. Capillary sizes of 0.6 mm and 0.8 mm were utilised in the experiment while maintaining slug velocity as constant. The volumetric mass transfer coefficient increased with a reduction in the capillary diameter. This was due to the increase in interfacial area, caused by the decrease in the microchannel capillary diameter. The interfacial area of 0.6 mm and 0.8 mm capillary diameters was about 40,000 m2/m3 and 3000 m2/m3, respectively. Higher interfacial area promoted better mixing, hence resulting in a higher volumetric mass transfer coefficient.



This subsection provided critical information on maximising the yield of chemical reactions in microchannel reactors by enhancing mass transfer between reactants. Key considerations include the size of microchannel reactors, especially the internal diameter, which determines the formation of slug flow, and the interfacial area of slugs within the microchannel and between individual slugs. Additionally, the shape of the micromixer’s geometric obstacles, the volumetric flow rate and the viscosity of reactants determine the degree of mixing via internal recirculation zones and affect slug properties such as size and length. Thus, to enhance the mass transfer of reactants in a microchannel reactor, it is crucial to optimise all these considerations, as the aforementioned factors dictate the effectiveness of mass transfer.





4. Simulation Studies in Microchannel Reactors


Computational fluid dynamics (CFD) is within the domain of fluid mechanics, which solves fluid flow problems by applying computational tools [89]. CFD cases are simulated using partial differential equations to represent two-dimensional or three-dimensional flow. CAD software would first be used to generate the physical model of the flow geometry, and thereafter, a mathematical model would be used for the representation of fluid flow parameters. Conservation laws are utilised to control volume; hence, the flow is described by dependent field variables. The field variables in the partial differential equations include velocity and pressure, whereas time and domain dimensions are examples of independent variables. This section discusses the simulation studies that have been conducted to investigate fluid flow within microchannel reactors. As such, Table 3 summarises the CFD simulation studies in microchannel reactors for biochemical processes, such as biodiesel production.



Laziz et al. [1] utilised 3D CFD simulation to study the flow of biodiesel production in a microchannel. A T-junction microchannel was used in this investigation for the transesterification of vegetable oil and methanol with a KOH catalyst. Both experimental and numerical studies were performed using a transparent capillary microchannel with a length and inner diameter of 1 m and 690 μm, respectively. The simulations were solved using volume fractions in each phase, and surface tension was determined via continuous surface force. The results indicated that a 98.6% biodiesel conversion was achieved. However, a high 5% catalyst concentration was required. Additionally, the beginning stages of the flow indicated that there were no mass transfer limitations in relation to residence time. Furthermore, simulation results indicated a torus-shaped recirculation zone in between the slugs, as shown in Figure 17. The recirculation zone promoted enhanced mixing that improved the mass transfer of oil and methanol for biodiesel conversion.



Santana et al. [90] reported the investigation of biodiesel production using sunflower oil with ethanol in microchannel reactors. The effectiveness of a micromixer with static elements (MSE) was evaluated against a T-micromixer (micromixer without static elements). The biodiesel reaction conditions investigated were reaction temperature (25–75 °C), inlet velocity of oil (6.66, 7.40, 8.88 m/s), inlet velocity of ethanol (5.18, 4.44, 2.96 m/s) and alcohol-to-oil molar ratio (6:1, 9:1, 12:1). Fluid mixing was studied with Reynolds numbers of 0.1 to 100. The kinetic model used for the simulation was adopted by Tapanes et al. [94] and Freedman et al. [95]. The results revealed that numerically, the MSE micromixer had a biodiesel conversion of 91.53% at a reaction temperature, alcohol-to-oil molar ratio and catalyst concentration of 75 °C, 9:1 and 1%, respectively. Also, the highest mixing was achieved at a Reynolds number of 100, as observed in Figure 18. Experimentally, the MSE micromixer produced the highest biodiesel percentage of 99.53% at a reaction temperature, alcohol-to-oil molar ratio and catalyst concentration of 50 °C, 9:1 and 1%, respectively. The biodiesel conversion had an 8% difference between the simulation and experiment results.



In another study, Santana et al. [91] investigated the flow simulation of the transesterification reaction for Jatropha curcas oil and ethanol in a microchannel reactor with single-phase turbulence. The kinetic model adopted for this study was proposed by Tapanes et al. [94] and Freedman et al. [95]. Three designs of microreactor were investigated, namely the double-T-shaped, T-shaped and cross-shaped microreactors. The mixing index was used to determine the efficiency of the micromixer designs and was calculated by biodiesel conversion and the variation in the mass fraction. On the other hand, Reynolds numbers ranging between 10 and 100 were used to evaluate the mixing of fluid. The results indicated the highest oil conversions of 98.48%, 98.55% and 96.00% in the T-micromixer, cross-shaped micromixer and double-T-micromixer, respectively. Furthermore, the mixing effect in the cross-shaped microreactor indicated no fluctuations with the difference in Reynolds number. However, the mixing effect was directly proportional to the Reynolds number in the T-micromixer and inversely proportional in the double-T-micromixer, as shown in Figure 19. However, the increase in residence time improved biodiesel yields across all microreactor designs.



A study on numerical simulation of biodiesel production in microchannels with circular obstructions was reported by Santana et al. [92]. Two microchannel designs with circular obstructions, namely T-channel with circular obstructions and T-channel with alternate circular obstructions, were investigated. A T-channel microchannel was used as a control design for comparative study. The circular obstructions in microchannel reactors split and recombined the flow stream. This induced vortex in between the circular obstacles promoted the mixing of reactants, as shown by the simulation velocity vectors in Figure 20. Reynolds number and residence time were varied from 1 to 160 and 0.20 to 100 s, respectively. The results indicated the highest biodiesel yield and mixing degree of 99.09% and 0.99, respectively, by the T-channel with alternate circular obstructions. Comparatively, the T-channel and the T-channel with circular obstruction microreactors had a biodiesel yield of 99.07% and 99.01%, respectively.




5. Challenges, Limitations and the Future of Microchannel Reactors


As discussed in previous sections, microchannel reactors are advantageous in aspects of energy consumption, time and continuous flow for the production of biodiesel. However, there are certain limitations and drawbacks associated with the usage of microchannel reactors. Table 4 summarises the main challenges of utilising microchannel reactors and the potential solutions that create a pathway towards the future of microchannel reactors.




6. Future Directions


The future direction of biodiesel production requires microchannel reactors to be integrated with a more efficient heating mechanism to limit heat losses and further elevate heat and mass transfer of the reaction. Hence, this section discusses the potential of microwave irradiation heating for biodiesel production and its integration with microchannel reactors.



6.1. Microwave-Assisted Heating


Heat delivery is an important component of temperature-dependent reactive chemistry. The transesterification reaction for the production of biodiesel is an example of a temperature-dependent chemical reaction for the production of biodiesel. Being endothermic in nature, the rise in temperature moves the equilibrium of the transesterification reaction forward towards the product side. Conventional heat delivery in the form of thermal conductive heating is the most common heating mechanism used for biodiesel production. Conductive heating transfers heat energy onto the surface of materials thermodynamically [2]. Heat is delivered to the reactants via surface thermal conduction and convection currents. Heat delivery to reactants via conduction involves the heating of mediums such as the reaction vessel, hot plate surface and oil bath, as heat flows from an externally hot area to a cooler area inside the reactor [105]. The energy required depends on the properties of the mediums heated such as thermal conductivity, density and specific heat. Therefore, this process expedites energy loss to the surroundings and requires a large amount of energy to deliver heat to reactants [2]. Thus, the conventional heat delivery method for biodiesel production has various limitations, such as low efficiency, requiring long reaction time and high energy demand [106].



In recent years, the microwave heating mechanism has gained popularity as a choice of heat delivery for biochemical processes such as the transesterification reaction [107]. Studies have reported that microwave-assisted transesterification has improved the efficiency of biodiesel production compared to conventional thermal conductive heating in various ways. Microwave irradiation eliminates heat loss to the environment and material surfaces. This enables the availability of sufficient activation energy through lower energy consumption [108], thus making biodiesel production an energy- and cost-effective process [2]. Microwaves deliver heat directly to the reactants [109], with the pathway direction being from the inside to outside, as observed in Figure 21. Thus, in contrast to conductive heating, microwave irradiation enables transesterification to begin much earlier [110] while accelerating the rate of reaction [111] with substantially lower energy consumption [112]. Moreover, microwave heating enables short reaction times via rapid heating [105], improves the quality [113] and yield [17] of the biodiesel produced, and enhances the separation of glycerol (a by-product of the transesterification reaction) [110].



Microwaves are a type of electromagnetic radiation that is generated by the magnetron in a microwave using electricity. Microwave heating is efficient due to its ability to deliver localised superheating directly to the reactants at a molecular level [112]. Since microwave heating occurs via the phenomenon of dipolar polarisation, reactants with polar molecules are favoured, where microwaves cause resonation of the polar molecules, resulting in their temperature increase [17]. In biodiesel production, the reactants mainly consist of triglycerides and alcohol. Predominantly, triglycerides do not respond to microwave irradiation as they are non-polar molecules. However, methanol (a common choice of alcohol for biodiesel production) can be heated via microwaves because its molecules have ionic components and -OH groups, which are polar molecules that are dipole sensitive [114] and have high dielectric loss [115]. Energy is transferred to the methanol’s polar molecules by microwaves, where energy is absorbed due to their dipolar rotational force and ionic conduction [116], as observed in Figure 22. Dipolar polarisation induces the vibration of methanol dipoles and causes them to continuously spin and realign based on the constant oscillation of microwaves [115], thus resulting in localised superheating due to the vibration of methanol molecules. Furthermore, microwave irradiation causes the methanol ions to oscillate back and forth [105], hence generating heat through the friction of ions colliding with one another and their molecular rotational force while spinning [116].



The literature has reported that the formation of transesterification by-products is slow at lower microwave irradiation levels [112]. High microwave irradiation could damage the molecular structure of triglycerides, promoting degradation into free fatty acids, which react with the base catalyst used for transesterification to form soap via the saponification reaction. The degradation of triglycerides into undesired by-products before the reaction would certainly reduce the biodiesel yield [101]. On the other hand, higher microwave power output results in a higher reaction temperature for transesterification. This is because higher reaction temperature promotes a higher rate of transesterification, until the equilibrium phase is attained. Thus, controlling and optimising microwave power output is vital during the usage of microwave heating for biodiesel production, as transesterification is a temperature-sensitive reaction.




6.2. Microwave-Assisted Transesterification for Biodiesel Production


Biodiesel production through microwave-assisted heating has been investigated by researchers due to its many advantages. From the previous subsection, microwave heating is understood to enable localised superheating directly to the reactants through ionic conduction and dipolar polarisation. This increases the rate of transesterification and simultaneously limits heat losses through conduction. This section discusses the utilisation of microwave irradiation for biodiesel production, as it is viewed to possess great potential to be used alongside microchannel reactors in the near future. Table 5 summarises reviews of microwave-assisted transesterification for biodiesel production from the years 2020 to 2023.



Yang et al. [118] recently investigated the potential of microwave-assisted biodiesel production using waste cooking oil and soybean oil as feedstocks. The transesterification reaction was carried out using a 30 mL glass vial in the microwave reactor while maintaining a temperature of 80 °C with an oil-to-methanol molar ratio of 1:11. The highest biodiesel yield was 99.5%, with soybean oil as feedstock. Microwave-assisted heating reportedly enabled rapid soybean biodiesel production with a reaction time of 5 min, in comparison with 20 min via the conventional heating method.



Prajapati et al. [119] studied biodiesel production using microwave irradiation as a heat source for the transesterification of waste cotton seed cooking oil, in the presence of a calcium oxide base catalyst. Response surface methodology (RSM)-based Central Composite Design (CCD) was applied for this study. A 99.83% biodiesel yield was achieved under optimised reaction conditions of a 1:9.63 oil-to-methanol ratio and 1.34 wt.% catalyst loading at 9.87 min of reaction time in a batch reaction process. The reaction temperature was maintained at 50 °C at a microwave power of 180 W. This indicated that increased contact between reactants was achieved with extended periods of microwave irradiation exposure.



Ergan et al. [121] studied microwave-assisted biodiesel production using canola oil in comparison with conventional heating. All reaction conditions were kept constant for both heating methods, which were catalyst loading, oil-to-methanol molar ratio, reaction time, temperature and microwave power of 5 wt.%, 1:9, 120 min, 65 °C, and 48 W, respectively. The microwave-assisted biodiesel production had a conversion of 99.1%, which was 30.2% higher than that of conventional heating. Besides the high biodiesel yield, time- and cost-effective biodiesel was achieved through the microwave-assisted system. The effect of microwaves on the catalyst was believed to have contributed to the higher biodiesel conversion by increasing the local surface temperature through the vibration of dipoles.



Gouda et al. [106] converted oleic acid into methyl oleate via a microwave-assisted transesterification reaction at 50 W of microwave power. A biodiesel yield of 98.3% was obtained at reaction conditions of a 1:20 oil-to-methanol molar ratio, 1 h reaction time and 100 °C reaction temperature. In comparison with the convectional process, microwave irradiation in combination with the catalyst utilised reportedly increased the rate of the transesterification reaction, resulting in rapid biodiesel production.



Pham et al. [122] utilised waste catfish oil as feedstock for biodiesel production with microwave irradiation heating. In this investigation, the effect of two co-solvents was studied (acetone and isopropanol), which served to dissolve the catfish oil and methanol for better diffusion. Furthermore, second-order polynomial regression models were used in this study to predict the biodiesel yield. The highest predicted yield and actual yield were 99.0% and 98.9%, respectively, using acetone as a co-solvent. The reaction temperature, microwave power, reaction time and catalyst loading were 53.2 °C, 300 W, 94.4 s and 1 wt.% of potassium hydroxide, respectively. The usage of microwave-assisted heating reportedly led to a rapid transesterification reaction with an increased biodiesel yield.



Nazir et al. [123] reported the conversion of waste cooking oil into biodiesel using sugarcane bagasse biochar as a catalyst. Microwave irradiation was used to maintain the reaction temperature at 60 °C. The highest biodiesel yield of 92.12% was obtained within 15 min using 5 wt.% of catalyst loading at a 1:15 oil-to-methanol molar ratio. The influence of microwave heating was highlighted as being energy and cost efficient, since the reaction time of biodiesel production was significantly reduced when compared against 2.5 to 5 h for conventionally heated transesterification.



In another study, Zhang et al. [124] reported a 95.0% biodiesel conversion from chicken feather meal oil using 1 wt.% of a chicken eggshell-derived calcium oxide catalyst. The transesterification reaction was carried out inside a microwave reactor, with 500 W of microwave irradiation serving as the heat source. In the study, the microwave power was varied between 200 W and 800 W; however, increasing the power beyond 500 W negatively impacted the biodiesel yield. Accelerated and efficient biodiesel production was made possible by microwave heating through limiting heat losses throughout the reaction. The biodiesel produced had a high heating value and flash point of 50 MJ/kg and 153 °C, respectively. Also, the biodiesel was of low viscosity at 4.15 mm2/s and had a cetane number and pour point of 50 and 12 °C, respectively.



Ali et al. [131] reported the usage of a custom-built microwave-assisted reactor for the transesterification of waste cooking oil into biodiesel as shown in Figure 23. An activated limestone-based catalyst was deployed for the reaction while maintaining conditions such as reaction temperature and oil-to-methanol molar ratio at 65 °C and 1:12.21, respectively. A biodiesel yield of 96.65% was achieved at 55.26 min of reaction time. In comparison with conventionally heated water bath transesterification that produced a lower yield of 77.5%, the microwave-assisted reaction was proven to be superior by channelling direct heat to the reactants.



Binnal et al. [126] reported the conversion of dairy scum oil to biodiesel via microwave-assisted heating in a two-step esterification and transesterification reaction. Due to its high acid value, dairy scum oil was esterified in the presence of sulphuric acid to reduce its free fatty acid content. The transesterification reaction was then carried out at 600 W microwave power, maintaining a reaction temperature of 60 °C, and catalysed by 1 wt.% potassium hydroxide. A biodiesel yield of 93.47% was obtained in 5 min of reaction time. Using microwave-assisted heating, the activation energy (Ea) of 9.87 kJ/mol and the rate constant (kT) of 0.574 min−1 were found to be lower and higher, respectively, in comparison with those of an electrically heated transesterification reaction.



Hsiao et al. [127] investigated the effect of microwave heating on the transesterification of waste cooking oil in contrast to conventional heating via a water bath. Microwave irradiation significantly improved the reaction time of the transesterification reaction, as biodiesel conversion was 98.2% at 75 min via microwave-assisted heating, Comparatively, conventional heating required 140 min to achieve the same biodiesel conversion. All other reaction parameters were kept constant at an oil-to-methanol molar ratio, reaction temperature and catalyst loading of 1:8, 65 °C and 4 wt.% calcium oxide, respectively. It is worth noting that microwave-assisted heating was found to enhance the efficiency of the transesterification reaction by escalating the heat transfer between reactants.



Similarly, Athar et al. [128] studied the effect of microwave irradiation heating in comparison to conventional heating for biodiesel production, using 4-dodecylbenzenesulfonic acid as a catalyst. Sunflower oil was used as feedstock with a reaction temperature and oil-to-methanol molar ratio optimised at 76 °C and 1:9, respectively. Under these reaction conditions, a biodiesel yield close to 100.0% was achieved in 30 min with 300 W microwave-assisted heating, in contrast to 6 h with conventional heating. This was due to microwave heating enhancing the rate of the transesterification reaction. Direct absorption of microwave irradiation by the OH group caused a localised increase in temperature and provided activation energy for transesterification in abundance, thus increasing the rate of reaction. Also, the reorientation of methanol dipoles when subjected to microwave irradiation enhanced the contact between methanol and oil.




6.3. Combined Microchannel Reactor and Microwave Heating


Based on the review of microchannel reactors for liquid reactants, the novel research of utilising microchannel reactors in combination with microwave heating is proposed. At the point of writing this review, no research has reported the usage of a microchannel reactor coupled with microwave irradiation heating to facilitate a reactive flow chemical reaction, such as transesterification to produce biodiesel.



The utilisation of microchannel reactors offers continuous biodiesel production, which provides various advantages compared to batch processing, as summarised in Table 6. Furthermore, microchannel reactors allow for superior mass and heat transfer of reactants, enabling a high yield of products and a fast reaction time of below 1 min [133]. This is possible by taking advantage of the small dimensions of microchannel capillaries (0.01 mm to 1 mm), where the effect of reaction parameters such as temperature, chemical loading, mixing and time are multiplied by anywhere from ten to a hundred times (depending on microchannel capillary dimension) in contrast to conventional reactors. Furthermore, small microchannel capillary dimensions enable the formation of flow patterns such as slug flow, which further enhances the mass and heat transfer of reactants through internal circulation zones in between slugs.



On the other hand, the introduction of microwave heating to reactions in microchannel reactors is predicted to further enhance the reaction efficiency in terms of energy utilisation and conservation, cost and time as reported by researchers [134]. Microwave heating offers several benefits compared to conventional surface contact heating via conduction. Microwave irradiation enables non-contact penetrative heating that prevents heat loss to the surroundings and other materials such as hot plates, oil baths, glass appliances, and the surface walls of materials and vessels by conduction and convection. Furthermore, microwave heating transfers energy directly to the molecules of reactants via irradiation. This allows for direct, efficient and rapid heat delivery to reactants. Thus, microwave-assisted heat delivery in combination with microchannel reactors has great potential to create a path towards a green and sustainable biodiesel production method. However, further research is required to improve microwave-assisted heating technology. This is because microwaves, being sinusoidal waves, can create a combination of cold and hot spots upon their emission for heating purposes. The challenges to be overcome include maintaining a homogeneous and stable reaction temperature throughout the medium being heated.





7. Conclusions


Fossil fuels are subjected to depletion and their use is known to cause harmful emissions of greenhouse gases into the environment. Furthermore, in the past two years, the COVID-19 pandemic and the Russia–Ukraine conflict have caused fluctuations in fossil fuel prices. All these factors prompt the development of an alternate source of clean energy that is renewable and sustainable. The development of renewable energy, specifically liquid biofuels such as biodiesel, involves biochemical processes. Microchannel reactors are being increasingly researched and developed for reactive flow chemical processes, due to their ability to achieve high heat and mass transfer in chemical reactions. This results in a rapid reaction time, lower energy consumption and lower chemical production cost. From an environmental perspective, the reduction in time, energy and chemicals utilised for the reactions translates to overall reduced greenhouse gas emissions (carbon dioxide equivalent). In this review, the recent developments in microchannel reactors for biodiesel production, along with the flow of liquid reactants and their mass transfer properties, were discussed. The key to enhanced mass transfer is the design of microchannel reactors and micromixers. An ideal design enables the enhanced mixing of reactants (by disrupting the laminar flow), thus increasing their mass transfer. Additionally, the heat delivery method is crucial for efficient reactions, as it influences the rate of mass transfer. Conventional conductive heating is inefficient as it is prone to heat losses. In contrast, microwave-assisted heating is being increasingly explored for biodiesel production due to the efficient heat delivery of microwave irradiation directly to the reactants through localised superheating. As a result, time-, energy- and cost-effective biodiesel production is achievable while eliminating heat losses. Therefore, the outcome of this review suggests that future research for biodiesel production should utilise microchannel reactors in conjunction with microwave irradiation heat delivery, as this combination has high prospects of facilitating rapid reactions with enhanced mass transfer between reactants.
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Figure 1. Forecast map of renewable energy utilisation in 2050 [15]. 
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Figure 2. Types of reactors for biodiesel production. 
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Figure 3. Experimental set up for biodiesel transesterification in a stainless steel microchannel reactor [36]. 
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Figure 4. Transesterification experimental set up of a custom-made biodiesel microchannel reactor [39]. 
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Figure 5. (a) Geometry structure and (b) microchannel layers of the staggered herringbone groove microchannel reactor (adapted from [48]). 






Figure 5. (a) Geometry structure and (b) microchannel layers of the staggered herringbone groove microchannel reactor (adapted from [48]).



[image: Energies 17 01652 g005]







[image: Energies 17 01652 g006] 





Figure 6. (a) Y-shaped, (b) T-shaped and (c) Tesla-shaped microchannel reactor (adapted from [34]). 
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Figure 7. (a) Geometry structure; (b) triangular baffles and circular obstructions in the micromixer with triangular baffles and circular obstructions (MTB) microchannel reactor (adapted from [46]). 
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Figure 8. Acoustic-based active micromixer with flower-like sharp-edged pattern (adapted from [45]). 






Figure 8. Acoustic-based active micromixer with flower-like sharp-edged pattern (adapted from [45]).



[image: Energies 17 01652 g008]







[image: Energies 17 01652 g009] 





Figure 9. Lamination-based SAR passive micromixer with a Y-shaped inlet (adapted from [58]). 
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Figure 10. (a) Space chaotic micromixer and (b) plane chaotic micromixer (adapted from [49]). 
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Figure 11. (a) Chaotic micromixer design; (b) double symmetrical V-shaped baffle configuration (adapted from [44]). 
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Figure 12. Slug flow scheme of (a) reactants and (b) products in a microchannel for biodiesel production (adapted from [77]). 
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Figure 13. Comparison between large and small microchannels. 
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Figure 14. Internal flow patterns of microchannel reactors [81]. 
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Figure 15. Gas slug surrounded with a liquid film in between the gas slug and microchannel capillary wall [82]. 
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Figure 16. Mixing via recirculation zones in gas–liquid slug flow [47]. 
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Figure 17. Streamline plot inside a slug simulation indicating a torus-shaped recirculation zone (adapted from [1]). 
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Figure 18. Simulation of mixing in the T-micromixer and MSE at Reynolds numbers of 0.1 and 100 (adapted from [90]). 
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Figure 19. Mass fraction distributions of oil in T-micromixer, cross-micromixer and double-T-micromixer at Re = 10, Re = 55 and Re = 100 (adapted from [91]). 
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Figure 20. Velocity vectors of (a) T-channel with circular obstructions and (b) T-channel with alternate circular obstruction microreactors at Re = 86 (adapted from [92]). 
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Figure 21. Direction pathway of conventional heating and microwave heating [2]. 
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Figure 22. Ionic conduction and dipolar polarisation under microwave irradiation [117]. 
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Figure 23. Custom-built microwave-assisted reactor for the transesterification of waste cooking oil (adapted from [131]). 
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Table 1. The recent usage of microchannel reactors for biodiesel production from 2020 to 2023.
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	Microchannel Reactor Features
	Microchannel Reactor Material
	Feedstock
	Alcohol
	Catalyst
	Reaction Conditions

(Temp, Time, Oil/Alcohol Ratio *)
	Yield
	Year
	Reference





	ID: 0.9 mm, T-mixer
	-
	rice bran oil fatty acid distillate
	ethanol
	0.4 wt.% sulphuric acid
	280 °C, 19 min, 1:7
	93.00%
	2023
	[32]



	ID: 0.8 mm, T-mixer
	stainless steel
	waste cooking oil
	methanol
	3.9 wt.% GO@MgO
	63 °C, 174.2 s, 2.67:1 (vol ratio)
	99.23%
	2022
	[33]



	ID: 0.8 mm, T-mixer
	stainless steel
	waste cooking oil
	methanol
	4.7 wt.% MgO
	63 °C, 176.39 s, 2.46:1(vol ratio)
	93.84%
	2022
	[33]



	0.4 mm (W) × 0.4 mm (D), Tesla-shaped
	polymethyl methacrylate
	vegetable oil
	methanol
	1.0 wt.% NaOH
	60 °C, 4.85 s, 1:9
	97.90%
	2022
	[34]



	-
	-
	rice bran oil fatty acid distillate
	-
	catalyst free
	360 °C, 35 min, 1:11
	97.10%
	2021
	[35]



	ID: 0.8 mm, T-mixer
	stainless steel
	waste cooking oil
	methanol
	8.5 wt.% calcined cow bone
	63.1 °C, 60 s, 2.25:1 (vol ratio)
	99.24%
	2021
	[36]



	ID: 1 mm, T-mixer
	polytetrafluoroethylene
	sunflower oil
	methanol
	lipase enzyme
	40 °C, 20 min, 1:90
	94.00%
	2021
	[37]



	Vol: 1 cm3, T-mixer
	-
	waste cooking oil
	methanol
	8.5 wt.% calcined cow bone-supported KOH
	63.53 °C, 85 s, 2:1 (vol ratio)
	97.21%
	2021
	[38]



	ID: 0.8 mm, T-mixer
	Teflon
	sunflower oil
	methanol
	0.1 g g−1 CaO (waste chicken eggshell)
	60 °C, 10 min, 3:1 (vol ratio)
	51.20%
	2021
	[39]



	ID: 0.8 mm, T-mixer
	-
	waste cooking oil
	methanol
	7.87 wt.% kettle limescale deposit
	60 °C, 12.5 min, 5:2.15 (vol ratio)
	96.58%
	2020
	[40]



	ID: 0.8 mm, T-mixer
	-
	rice bran oil fatty acid distillate
	ethanol
	catalyst free
	300 °C, 24 min, 1:5
	75.00%
	2020
	[41]



	ID: 0.3 mm, Ultrasonic mixing
	copper coils
	Aegle Marmelos Correa seed oil
	methanol
	1.3 wt.% sodium methoxide
	48 °C, 15 s, 1:9
	98.00%
	2020
	[42]



	ID: 0.8 mm, Ultrasonic mixing
	copper coils
	Aegle Marmelos Correa seed oil
	methanol
	1.3 wt.% sodium methoxide
	48 °C, 25 s, 1:9
	91.80%
	2020
	[42]



	ID: 0.8 mm, T-mixer
	-
	waste cooking oil
	methanol
	8.1 wt.% clinoptilolite supported KOH
	65 °C, 13.4 min, 1:2.25
	97.40%
	2020
	[18]



	ID: 0.69 mm, T-mixer
	fluorinated ethylene propylene
	palm oil
	methanol
	5 wt.% KOH
	25 °C, 40 s, 1:7.6
	98.60%
	2020
	[1]



	0.4 mm (W) × 0.78 mm (D), T-mixer
	polymethyl methacrylate
	sunflower oil
	methanol
	4 wt.% lipase
	30 °C, 50 µL/min (flow rate), 1:2.5
	68.90%
	2020
	[43]







* Note: Oil/alcohol ratio refers to molar ratio unless otherwise stated.













 





Table 2. Latest micromixers in microchannel reactors for mixing of fluid flow.
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	Micromixer Type
	Main Findings/Mixing Method of Fluid Flow
	Year
	Reference





	Flower-like sharp-edged acoustic micromixer
	Counter-rotating vortices produce waves and vortices upon acoustic actuation to mix fluid flow
	2022
	[45]



	Lamination-based split-and-recombine micromixer
	Multiple stackable layers of enhancement modules within the reactor enhance the mixing of fluid flow
	2022
	[58]



	Space chaotic micromixer
	Splitting and re-channelling the flow from within the reactor, throughout the channel
	2022
	[49]



	Plane chaotic micromixer
	Structural designs within the microchannels inducing fluid mixing via turbulent flow
	2022
	[49]



	Plane chaotic micromixer
	Dividing the direction of flow via double symmetrical V-shaped baffle configuration split structures throughout the channel
	2022
	[44]
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	Microchannel Reactor Type
	Main Findings
	Year
	Reference





	Microchannel reactor with triangular baffles and circular obstructions
	
	
Circular obstacles and convergent–divergent segments induced split and recombination of flow, as well as turbulence.



	
Circular obstacles induced the formation of a vortex pair in the form of internal recirculation zones.





	2019
	[46]



	Microchannel reactor with flower-like sharp-edged acoustic micromixer
	
	
Acoustic actuation promoted the mixing of reactants via the following:



	
Inducing chaotic flow and high-turbulence mixing.



	
Counter-rotating vortex pairs generated at the tips of each petal.





	2022
	[45]



	Microchannel reactor with split-and-recombine lamination-based passive micromixer
	
	
The enhancement modules induce chaotic mixing that intensifies the molecular diffusion of reactants.



	
Up to 4 enhancement modules were tested. The higher the number of enhancement modules, the higher the mixing effect of reactants.





	2022
	[58]



	T-junction microchannel reactor
	
	
Simulation results indicated a torus-shaped recirculation zone in between the slug flow of reactants.



	
Recirculation zone promoted enhanced mixing that improved the mass transfer of reactants.





	2020
	[1]



	Microchannel reactor with a micromixer with static elements
	
	
The highest mixing was achieved at a Reynolds number of 100.



	
The conversion of the chemical reaction via simulation was 91.53%, while the experimental conversion was 99.53%.





	2017
	[90]



	Microchannel reactor with single-phase turbulence
	
	
The double-T-shaped, T-shaped and cross-shaped microreactor designs were studied.



	
The cross-shaped microreactors had the highest conversion of chemical reaction at 98.55% and their mixing effect of fluids showed no fluctuations with different Reynolds numbers tested (Re = 10 to Re = 100).





	2015
	[91]



	Microchannel reactor with circular obstructions
	
	
The circular obstructions split and recombined the flow stream, inducing a vortex in between the circular obstacles that promoted the mixing of reactants.



	
The microchannel reactor comprising a T-channel with alternate circular obstructions obtained the highest biodiesel yield of 99.09%.





	2015
	[92]



	Split-and-recombine microchannel reactor
	
	
Three microchannel reactor designs were tested to induce chaotic flow, namely circle mixing (CM), square mixing (SM) and circle square mixing (CSM).



	
The best mixing was achieved by the CSM reactor design at a Reynolds number of 100, with a mixing index of 99.9%.





	2020
	[93]










 





Table 4. The main challenges of microchannel reactors for biodiesel production and their potential solutions.
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Reference

	
Challenges/Limitations of Microchannel Reactors

	
Potential Solutions






	
[96]

	
Low throughput, as the output from a single microchannel module is typically between 10 mL/h and 200 mL/h.

	
Adopt the numbering-up approach by simultaneously operating multiple microchannel reactors.




	
[97]

	
Maintenance of equal reactant delivery, pressure and flow rate at inlet points, in the case of operating multiple microchannel reactors.

	
Set up an automated system to monitor the operation of multiple microchannel reactors, including reactant flow properties and inlet and outlet pressure.




	
[98]

	
Monitoring of multiple reactors, in the case of operating multiple microchannel reactors.




	
[99]

	
Leakage from common points of failure such as inlets, outlets and joints combining various segments of the reactor.

	
During the fabrication of microchannel reactors, emphasise materials that are inert towards the relevant reactants and chemicals.




	
[100]

	
Micro cracks at curvature points and joints upon prolonged exposure to reactants and chemicals.




	
[14]

	
Separation of by-products and the purification of products in a continuous flow process.

	
Set up a membrane separation for continuous flow biodiesel production or integrate with existing biodiesel production infrastructure for the processing of post-reaction products.




	
[101]

	
Fouling causes discrepancies in volumetric flow rate, product contamination and clogging of microchannels.

	
Ensure a smooth internal surface of microchannels to prevent fouling. Additionally, check on the output of microchannel reactors periodically to look out for signs of fouling through differences in the flow rate, volume and mass of product output.




	
[53]

	
Clogging was caused by the dislodging of heterogeneous catalyst over time, which were embedded onto the microchannel reactor.




	
[102,103]

	
Clogging due to saponification, as a result of using high-free fatty acid (FFA) feedstocks for biodiesel production.

	
Identify and pre-treat high-FFA feedstocks through acid-catalysed esterification reaction prior to transesterification.




	
[104]

	
Precise and accurate fabrication of microchannel reactors, since a minute offset in dimension may cause a substantial effect on the results of reactions within.

	
Ensure periodic calibration of fabrication equipment (e.g., laser cutter, 3D printer) to maintain accurate and precise fabrication of microchannel reactors.
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	Microwave Condition
	Feedstock
	Alcohol
	Catalyst
	Reaction Conditions

(Temp, Time, Oil/Alcohol Ratio *)
	Yield
	Year
	Reference





	-
	soybean oil
	methanol
	5 wt.% SrO–ZnO/MOF
	80 °C, 5 min, 1:11
	99.5%
	2023
	[118]



	-
	waste cooking oil
	methanol
	5 wt.% SrO–ZnO/MOF
	80 °C, 30 min, 1:11
	90.0%
	2023
	[118]



	180 W
	waste cotton seed cooking oil
	methanol
	1.34 wt.% calcium oxide
	50 °C, 9.87 min, 1:9.63
	99.83%
	2022
	[119]



	800 W
	jatropha oil
	methanol
	5 wt.% waste oyster-derived calcium oxide
	65 °C, 180 min, 1:9
	91.1%
	2022
	[120]



	48 W
	canola oil
	methanol
	5 wt.% dolomite
	65 °C, 120 min, 1:9
	99.1%
	2022
	[121]



	50 W
	oleic acid
	methanol
	8 wt.% sulphonated UiO-66-SO3H
	100 °C 1 h, 1:20
	98.3%
	2022
	[106]



	300 W
	catfish oil
	methanol
	1 wt.% KOH
	53.2 °C, 94.4 s, 1:5.6
	98.9%
	2022
	[122]



	1000 W
	waste cooking oil
	methanol
	5 wt.% sugarcane bagasse biochar
	60 °C, 15 min, 1:15
	92.12%
	2022
	[123]



	800 W
	camelina oil
	methanol
	1.26 wt.% KOH
	-, 5.85 min, 1:6.91
	95.31%
	2022
	[105]



	500 W
	chicken feather meal oil
	methanol
	1 wt.% CaO
	40–60 °C, 5 min, 1:8
	95.0%
	2022
	[124]



	600 W
	waste cooking oil
	methanol
	0.8 wt.% NaOH
	65 °C, 2 min, 1:12
	98.2%
	2021
	[125]



	600 W
	dairy scum oil
	methanol
	1 wt.% KOH
	60 °C, 5 min, 1:7
	93.47%
	2021
	[126]



	300 W
	waste cooking oil
	methanol
	4 wt.% CaO
	65 °C, 75 min, 1:8
	98.2%
	2020
	[127]



	300 W
	sunflower oil
	methanol
	0.09:1 molar ratio or 4-dodecyl benzene sulphonic acid to oil
	76 °C, 30 min, 1:9
	100%
	2020
	[128]



	850 W
	crude ceiba pentandra oil
	methanol
	0.84 wt.% KOH
	-, 388 s, 60%
	96.19%
	2020
	[129]



	595 W
	waste lard
	methanol
	8 wt.% zeolite-supported CaO
	-, 1.25 h, 1:30
	90.89%
	2020
	[130]



	900 W
	waste cooking oil
	methanol
	5.47 wt.% activated limestone-based catalyst
	65 °C, 55.26 min, 1:12.21
	96.65%
	2020
	[131]



	800 W
	palm oil
	methanol
	6 wt.% choline hydroxide (ChOH)
	68 °C, 5 min,

1:13.24,

20 mL/min flow rate
	89.72%
	2020
	[132]







* Note: Oil/alcohol ratio refers to molar ratio unless otherwise stated.













 





Table 6. Comparison of biodiesel production via batch, semi-batch and continuous reactions [100].
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	Parameter
	Batch
	Semi-Batch
	Continuous





	Space requirement
	High
	Medium
	Low



	Capital requirement
	High
	Medium
	Low



	Operating cost
	High
	Medium
	Low



	Product quality
	Batch-to-batch variation
	Uniform
	Uniform



	Running time
	Until chemical equilibrium
	Until chemical equilibrium
	Until catalyst inactivation or process maintenance



	Production rate
	Low
	High
	Highest



	Selectivity
	Low
	High
	High



	Versatility
	High
	Low
	Low



	Operational challenges
	Low
	Low
	Medium



	Heat transfer
	Inferior
	Superior
	Superior



	Reaction time
	Slow
	Fast
	Quick
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