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A B S T R A C T   

The production of biodiesel conventionally relies on batch reactors for the transesterification of 
oil and alcohol. However, the inherent limitations of batch-wise biodiesel production, including 
biphasic oil and alcohol, the establishment of equilibrium during transesterification, and 
heightened manufacturing costs, underscore the need for intensifying biodiesel synthesis. The 
integration of microreactors and micromixers presents a promising avenue to achieve these ob
jectives, driving significant interest in the development of continuous biodiesel synthesis within 
microreactor systems. Continuous microreactors, empowered by micromixers, offer key advan
tages such as a heightened interfacial area between immiscible reactants and phases, as well as 
reduced mass transfer resistance, culminating in elevated biodiesel yields. Consequently, the 
micromixer emerges as a pivotal component in microreactor systems. This review delves into the 
pivotal role of micromixers in biodiesel production within microreactors, shedding light on 
micromixer types, channel configurations, reactor dimensions, mixing indices, and the influence 
of co-solvents in micromixers. The efficiency of various micromixer types is meticulously 
analyzed using a mixing index and yield of oil. Furthermore, the review addresses the challenges 
inherent in biodiesel production when employing micromixers and microreactors.   

1. Introduction 

Research into biofuels is initiated because of environmental pollution. High fossil fuel prices also play a role. There’s a need to 
secure energy and the environment. Uncertainty about future petroleum availability is an issue. This uncertainty stems from rising 
demand and declining reserves. Biodiesel, made from vegetable oil or animal fats, is rapidly replacing fossil fuels. The process of 
transesterification involves a chemical interaction between a vegetable oil primarily made up of triacylglycerides and alcohol. This is 
the most popular approach to producing biodiesel [1–3]. Hence, to address environmental concerns and reduce dependence on finite 
fossil fuel resources’ It’s imperative to continue advancing research into renewable biofuels like biodiesel. To further accelerate this 
transition, efforts should focus on optimizing transesterification processes and implementing sustainable production practices to 
ensure a viable alternative to petroleum-derived fuels. 

The oil-alcohol immiscibility causes the transesterification to proceed in two phases. A biodiesel-glycerol two-phase system is 
developed during the second phase of transesterification. This is a quick and chemically regulated phase where the reaction is a 

* Corresponding author. 
E-mail addresses: yonasdesta27@gmail.com (Y.D. Bizualem), amaregashu1000@gmail.com (A.G. Nurie), talewtadesse4897@gmail.com 

(T.T. Nadew).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e34790 
Received 23 January 2024; Received in revised form 27 June 2024; Accepted 17 July 2024   

mailto:yonasdesta27@gmail.com
mailto:amaregashu1000@gmail.com
mailto:talewtadesse4897@gmail.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e34790
https://doi.org/10.1016/j.heliyon.2024.e34790
https://doi.org/10.1016/j.heliyon.2024.e34790
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e34790

2

homogeneous medium. This phase is proceeded by another one, which is a slow equilibrium regime until the conclusion of the re
action. Mass transfer between the two immiscible phases (oil and alcohol) governs the first phase, which is sluggish. The immiscibility 
of raw materials to biodiesel slows down mass transfer between two phases and lengthens the reaction times. To achieve the higher 
reaction rate required, it is necessary to overcome the mass transfer constraint between these reactants. Hence, effective contact 
between the mixture of oil, alcohol, and catalyst becomes essential. The challenges posed by oil-alcohol immiscibility in trans
esterification, enhancing mass transfer between these phases is crucial to improve reaction rates. Approaches to achieve this could 
include optimizing mixing conditions, catalyst selection, and reactor design to facilitate effective contact between oil, alcohol, and 
catalyst, thereby accelerating biodiesel production while minimizing reaction times and energy consumption [3]. 

Therefore, a large amount of churning of the mixture is necessary to reduce the resistance of mass transfer and enhance contact 
surfaces. As a result, Stirred-tank reactors are employed in several industrial facilities. Even though this conventional biodiesel syn
thesis method is commonly employed on an industrial scale, several significant obstacles still need to be overcome. This may include 
long reaction time or residence time required to achieve a better yield of biodiesel [1,2], which can range from 60 to 120 min. Also, it 
induces high capital investment costs, is energy-intensive, has low manufacturing efficiency, and the unprofitable economics of 
industrial-scale batch reactors and a huge extent of wastewater generation [3]. Also, it necessitates a mechanical stirring tool (external 
mixers), which uses a lot of energy. Moreover, the size of the batch reactor places a cap on the amount of biodiesel that can be 
converted [4,5] in the absence of product withdrawal, thus the benefits of continuous operation are not presented [2]. Therefore, 
research into renewable biofuels, driven by the need for sustainable energy amid environmental concerns is a promising alternative. 
However, challenges such as sluggish mass transfer in transesterification and drawbacks in conventional stirred-tank reactors hinder 
efficient production. Overcoming these obstacles is vital for widespread biodiesel adoption, emphasizing the importance of advancing 
reactor technologies for sustainable and economically viable biofuel production. 

Several intensification technologies have been developed to get over the drawbacks of the conventional batch transesterification 
process [6]. For instance, various heating and mixing technologies, including microwave irradiation, the supercritical-fluid method, 
hydrodynamic cavitation, reactive distillation, and ultra-sonication were employed to increase manufacturing efficiency [7–14]. The 
biggest obstacle to increasing the capacity of biodiesel production, however, is the high operational cost and technological complexity 
of the new approaches compared to the conventional process [15]. Therefore, intensification technologies like microwave irradiation, 
supercritical-fluid methods, and others aim to improve biodiesel production efficiency. Yet, their high costs and complexity hinder 
widespread adoption. Future research should focus on optimizing these methods for better cost-effectiveness and scalability to inte
grate them into commercial production. 

Microtechnology application for an effective biodiesel production process is one of the efficient ways to get over these challenges. 
The term microtechnology refers to a group of procedures, methods, and equipment used to produce miniaturized structures with a size 
between 0 and 103 μm. High surface-to-volume ratio, rapid heat, and mass transmission, less consumption of energy, adaptable ca
pacity and design, safety, and environmental friendliness are just a few benefits of Microtechnology [16,17]. Microtechnology offers 
advantages like high surface-to-volume ratio and rapid heat and mass transfer. Optimizing microreactor systems through precision 
engineering could enhance efficiency of biodiesel production processes, fostering broader adoption across industries. Microreactors 
typically have internal characteristics with dimensions between 0 and 1000 μm. Microchannels’ compact dimensions enable the use of 
small reagent amounts under perfectly controlled operating conditions, allow for the quick screening of reaction operational condi
tions, and enhance process safety in general. In addition, the microreactor system exhibits superior mass and heat transfer, a short 
residence time, fewer waste byproducts, laminar flow, efficient mixing, a close molecular diffusion path, improved control of the 
process, and reduced consumption of energy. Therefore, microreactors are being used in more and more industries, including the 
chemical industry, biotechnology, pharmaceutical industry, and medicine [18]. The use of this technology in the synthesis of biodiesel 
may represent the next significant development in both process intensification and economics. Different geometries such as micro size, 
multiplicity architecture, and materials are what define microreactor systems. 

A micromixer for enhancing mixing and a microchannel, also known as a micro tube, to reach the reaction to completion mainly 
make up the microreactor system. These can be used singly or collectively for biodiesel production [19]. Micromixer-microreactor 
systems offer compact dimensions and excellent mass and heat transfer, suitable for diverse industries. Utilizing them in biodiesel 
synthesis can boost efficiency and economics. Since two immiscible phases (oil and alcohol) are involved in biodiesel synthesis, it 
presents a chance for intensification of the process employing a microreactor system [20]. The use of a microreactor system 
(microreactor and micromixer) can greatly increase the mixing between the immiscible phases, boosting the transfer rates and, as a 
result, raising the yields of biodiesel. Therefore, the key step in the biodiesel production process is mixing, which adds residence time 
and expense [21]. In many microreactor systems, effective mixing is crucial. Mixing is a procedure that makes all of a system’s at
tributes homogeneous within a short time. Typically, it goes through two steps: The process begins by forming a finely distributed 
structure of a heterogeneous mixture. The second stage results in a homogeneous mixture between the adjacent molecules as a result of 
diffusion. Hence, mixing equipment relies on rearranging the fluids such that their constituent parts are evenly distributed. Larger 
contact surface areas are consequently created during efficient mixing, which enhances mass and heat transport and highly encourages 
fast chemical reactions. The reaction, however, could be slowed down if there is a local scarcity of one of the reactants, an uneven 
distribution of the catalyst, and temperature no uniformities if the mixing process is subpar. Due to its impact on several factors, 
including heat and mass transfer rates, process running time, costs, and ultimately product quality, mixing efficiency in a micromixer is 
crucial for enhancing the performance of the process [21]. 

A few μL/h to a few mL/h are typical flow rates for biodiesel production using a continuous microreactor system. A laminar flow 
regime results from these quite slow flow velocities. Reynolds numbers in the microreactor are therefore low. It is widely recognized 
that the laminar regime does not support the creation of high heat and mass exchanges since there is no turbulence in the flow [4,22]. 
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Thus, it is crucial to build micromixers with higher mixing efficiency in tiny channels and at lower Reynold numbers. Laminar flow is 
characterized by low Reynolds numbers, which can occasionally make it difficult for different species to mix. This can be justified 
because molecular diffusion produces the fluid mixture in the majority of micromixers. Most micromixers work well using the 
diffusional mixing method without any help from turbulence because they almost always have a laminar regime because of the small 
dimension of the microchannel. This implies that in biodiesel production using continuous microreactors, low flow rates create a 
laminar flow regime with challenges for heat and mass exchanges. Micromixers with higher efficiency are essential in tiny channels to 
overcome the limitations of laminar flow. Despite low Reynolds numbers, molecular diffusion predominantly drives fluid mixture 
creation in micromixers, the importance of their effectiveness in micro channels [23]. Hence, to enhance biodiesel production in 
continuous microreactors, prioritize developing more efficient micromixers to address challenges posed by low Reynolds numbers and 
laminar flow. Enhancing mixing efficiency in microchannels, especially at lower Reynolds numbers, is essential for optimizing heat 
and mass exchanges in biodiesel production. 

This review paper on micromixer types, configurations, and flow patterns is crucial for consolidating knowledge in the field, 
particularly due to the absence of a detailed review on this topic. Exploring various micromixers, their configurations, and flow 
patterns, the review serves as a key resource for researchers, engineers, industry professionals, and policymakers in sustainable energy 
and biofuel technologies. Its primary contribution lies in providing a holistic understanding of current biodiesel micromixing tech
nology, offering insights beyond theory and addressing research gaps. The evaluation of methodologies enhances its utility, providing 
a critical perspective. 

2. Types of micromixers 

Microfluidic mixing is a technique used in microstructured devices to quickly and thoroughly mix several samples. The main ways 
these devices produce fluid mixing is by boosting the diffusion process between the various species fluxes and developing chaotic micro 
mixing. Micromixers are typically categorized as passive or active based on the principles used to induce mixing inside the microscale 
[24]. Active micromixers use external sources of energy to improve mixing, such as electrical, magnetic, acoustic, or optical energy 
[25–27]. In contrast, mixing with passive micromixers is achieved through the diffusion of molecules and the fluid’s own considerable 
disorder or chaotic advection. The use of active micromixers is constrained since most of these types of equipment need a complicated 
setup to construct the platform, which can result in a high mixing index [25]. For the realization of complex functionalities, passive 
micromixers can be made reasonably easily and are easily integrated with other microfluidic devices. As a result, passive micromixers 
are utilized more frequently for biodiesel synthesis [28]. It’s worth investigating ways to streamline the setup of active micromixers, 
boosting their usability and competitiveness against passive counterparts. This could potentially expand their utility across diverse 
domains. 

2.1. Active type micromixers 

Small appliances called micromixers are used to combine fluids on a microscale. Active-type micromixers can achieve high mixing 
efficiencies at low Reynolds numbers by enhancing mixing with external energy. According to Cai et al. [29], this makes active 
micromixers ideal for blending viscous liquids like vegetable oils and biodiesel [29]. To produce biodiesel, numerous active-type 
micromixers have been developed. Piezoelectric micromixers [30], Acoustic micromixers [31], Electro kinetic micromixers [32], 
and Magnetic micromixers [33] are some of the active micromixers used in biodiesel production and purification process. 

Fig. 1. Acoustic micromixer [29].  
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2.1.1. Acoustic micromixers 
The production of biodiesel is largely dependent on effective micro-scale mixing, or micromixing, which increases the rates at 

which triglycerides and alcohol react during the transesterification process. Because of laminar flow regimes, conventional stirring 
techniques are unable to accomplish this in microfluidic channels. An innovative and promising approach to this problem is provided 
by acoustic micromixers (Fig. 1). These devices induce microstreaming and turbulence in the fluid mixture by sending sound waves 
into the reaction chamber. As a result, the laminar flow is disturbed, and the reactants are distributed more evenly throughout the 
microchannels. Acoustic micromixers are a desirable technological option for streamlining the production of biodiesel because of their 
improved mixing, which results in quicker reaction times and possibly higher biodiesel yields [29,34]. 

Acoustic micromixers also offer several advantages over conventional methods. Because they are naturally contactless, there is no 
need for moving parts inside the microreactor, which lowers the possibility of contamination [35]. Furthermore, the sound waves’ 
frequency and intensity can be precisely adjusted, enabling the mixing process to be adjusted for various reaction conditions. This 
degree of control makes it possible to optimize the production of biodiesel even further and may also make it possible to process other 
biofuels in microfluidic systems more effectively [36]. 

2.1.2. Piezoelectric micromixers 
Piezoelectric micromixers emerge as a compelling solution to solve the challenge happened micro-scale (micromixing) mixing 

[37]. These gadgets take advantage of the special qualities of piezoelectric materials, which produce sound waves in the presence of an 
electric field. Sound waves are introduced into the reaction chamber by carefully integrating these materials into the walls of the 
microreactor. The laminar flow is disturbed by these sound waves, which causes microstreaming and turbulence in the fluid. This 
phenomenon encourages a more uniform distribution of reactants throughout the microchannels, greatly increasing mixing efficiency 
[38]. 

Piezoelectric micromixers have benefits beyond better mixing. These micromixers operate without physical contact, in contrast to 
traditional techniques that depend on moving parts. This removes the possibility of contamination brought on by the deterioration of 
the microreactor’s stirring mechanisms. Furthermore, precise control over the electric field corresponds to precise control over the 
sound waves produced. This makes it possible to carefully tailor the mixing procedure for particular reaction conditions, guaranteeing 
effective biodiesel production regardless of feedstock or type of alcohol variations [30]. Piezoelectric micromixers also have built-in 
scalability. It is easy to adapt the design and fabrication principles to microreactors with different dimensions and configurations. They 
can be used in small-scale laboratory reactors and possibly large-scale industrial settings for the production of biodiesel due to this 
feature [39]. 

2.2. Passive micromixers 

A typical component of a microreactor is a passive micromixer. It is also referred to as static micromixers [40] that accomplish 
mixing under the supplied pressure to cause fluid flow. To improve the passive mixing efficiency, these micromixers are made with 
different channel geometries that enhance the interfacial surface between the various fluids [41]. Due to the predominating laminar 
flow inside the microfluidic device, mixing in passive micromixers is mostly based on the diffusion of molecules and chaotic advection. 
Molecular diffusion may be improved by enhancing the contact surface between the various fluids and reducing the path of diffusion 
between the phases. The laminar flow in the micromixer can be manipulated to achieve chaotic advection. The flow pattern that results 
decreases the path of diffusion and enhances mixing. Each of the above micromixing techniques has various capacities, speeds of 
mixing, and operational parameters [24]. As a result, numerous researchers have been researching to create various methods to 
improve the effectiveness of mixing oil and alcohol throughout the course transesterification reaction [42]. 

Exploring novel channel geometries and flow manipulation techniques within passive micromixers can further enhance mixing 

Fig. 2. A) T-mixer, B) J-mixer [44].  
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efficiency. This is particularly important for applications like the transesterification reaction in biodiesel synthesis. 
Commonly, passive micromixing techniques that have been always employed for transesterification are multi-lamination based, 

and chaotic advection. Therefore, the next part of this review gives a full overview of two of the most prevalent forms of alcohol-oil 
micromixers, namely lamination-based and chaotic advection-based micromixers for biodiesel production. 

2.2.1. Lamination-based passive micromixers 
More efficient mixing via diffusion will be obtained by the production of tiny layers by dividing a major stream into numerous small 

streams or reducing the microchannel width in the flow direction for a single channel i.e. lamination. Thus, higher contact surface 
areas and tiny diffusional routes are created. Raising the contact surface areas or interfacial areas and reducing the diffusion route 
between them can improve molecular diffusion and enhance species mixing. Multilamination can be accomplished in practice by 
supplying the target samples through distinct holes, cantilever plate valves, or multiple channels in the micromixer, or by designing the 
various configurations on microchannel so that the target species are folded many times as they move along the micromixing channel. 
Such methods lengthen the time that the species are in contact with one another as well as the contact surface area between them. As a 
result, it is possible to undertake efficient species mixing typically within 55–300 ms [43]. As a result, micromixers have a big impact 
on many microreactor systems. 

It is difficult to mix two immiscible phases in microreactors, such as alcohol and oil. T and J-type micromixers are most frequently 
utilized for injecting transesterification reactants. Fig. 2A and B shows how these mixers differ from one another. Oil and alcohol 
collide at a 180◦ impact angle in the T-micromixer, producing minute droplets as a result of the high pressure. J-micromixer, on the 
other hand, has a 90◦ impact angle. The bigger droplets are produced by the head-on contact at low pressure. Experiments were done to 
determine how geometric patterns, like hydraulic diameter and distribution of droplet size, affected the production of FAME. When 
compared to the J-type micromixer, the T-type micromixer demonstrated better mixing efficiency [44]. Seldom-used coaxial fluid 
mixing results in the circular movement of the droplets inside micromixers and has a 0◦ impact angle both of which contribute to 
effective mixing. Fig. 3 depicts a visual representation of co-axial fluidic mixing. particularly, it uses less energy than T and J-mixers to 
operate [45]. 

With the rise of methanol-to-oil molar ratio and temperature, the microchannel reactor having a T-micromixer demonstrated a 
greater oil yield. Moreover, due to intensive tiny droplet aggregation at the microreactor’s exit, the segmented oil droplets flow and 
methanol at the inlet showed a quasi-homogeneous phenomenon. The results of a similar investigation using a T-micromixer with 
three various internal diameters, including 1.27 mm, 2.286 mm, and 0.33 mm, showed that the yield of fatty acid ethyl ester was 
highly influenced by the rates of mass transfer and the micromixer’s internal diameter [46]. Also, comparisons and reports on the 
performance of micromixers such as T, cross, and Double-T-micromixer were made. Oil and alcohol move through two inlets in a 
T-micromixer, whereas oil flows through the middle inlet and alcohol through the other two inlets in a cross-micromixer. In a Double-T 
micromixer, alcohol flows via the other two inlets while oil moves through the other two alternate inlets. As shown in Fig. 4, three 
types of mixers were compared. Fig. 4a indicates the T-mixer, Fig. 4b illustrates the Cross T-mixer, and Fig. 4c shows the Double Cross 
T-mixer. The cross micromixer demonstrated the highest yield and mixing efficiency, which were determined to rise with residence 
time [23]. 

Gholami et al. [47] used a Plexiglas microreactor with a horizontal spiral-shaped microtube with an internal diameter of 0.8 mm, 
where the transesterification of Norouzak oil took place and a T-shaped joint micromixer for oil and methanol mixing. Fig. 5 displays 
the T-shaped joint micromixer with a horizontal spiral-shaped microtube. A biodiesel yield of 96.8 % was achieved at the operating 
conditions of 6.11%w/w CHOH catalyst, 1:0.37 methanol to oil volume ratio, and 12.48 min of residence time [47]. 

In conclusion, lamination-based passive micromixers significantly boost microreactor mixing efficiency, creating tiny layers and 
increasing contact surface areas. T-micromixers excel in mixing efficiency over J-type micromixers, and coaxial fluidic mixing offers an 
energy-efficient alternative. T-micromixers in microchannel reactors demonstrate enhanced oil yield with higher methanol-to-oil 
ratios and temperatures. Comparative evaluations highlight the superior yield and mixing efficiency of the cross-micromixer. 

Rahimi et al. [48], on the other hand, for the transesterification of soybean oil with methanol using KOH homogeneous base 

Fig. 3. Co-axial micromixer [45].  
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catalyst, a continuous flow microreactor that was made up of two components: A T-shaped joint micromixer and circular vertical 
spiral-shaped tubes with equivalent hydraulic diameters of 0.8 mm was used. Fig. 6 displays the micromixer and microreactor. The 
FAME yield reached 98 %, at the optimal operating conditions of methanol to oil molar ratio of 9:1, 1.2 wt% catalyst concentration, a 
temperature of 60 ◦C, and 3min residence time [48]. 

For the synthesis of biodiesel from sunflower oil and methanol, Guan et al. [51] employed a right angle to the horizontal 
spiral-shaped 300 mm long microtube reactor with a T-shaped junction micromixer for their study, which had an inner diameter of 0.8 
mm as shown in Fig. 7. A FAME yield of 100 % was achieved under the following operating conditions: a methanol to oil molar ratio of 
23.9:1, 4.5 wt% catalyst concentration, a temperature of 60 ◦C, a residence duration of 100 s, and an overall flow rate of 8.2 mL/min. 
The formation of the quasi-homogeneous phase is responsible for the higher yield which was formed in the oil and alcohol. In com
parison, the microtube reactor outperforms the lab-scale batch reactor significantly better in oil yield [51]. 

The T-micromixer, J-micromixer, rectangular interdigital micromixer (RIMM) (Mikroglas, Germany), and slit interdigital micro
mixer (SIMM-V2) (IMM, Mainz, Germany) were the four different types of micromixers employed in biodiesel production micro 

Fig. 4. a) T-mixer, b) Cross T-mixer, c) Double cross T-mixer [23].  

Fig. 5. T-shaped joint micromixer with a horizontal spiral-shaped microtube [47].  
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reaction system by Sun et al. [49]. Fig. 8 depicts a visual representation of these micromixers. Fig. 8a, b, 8c, and 8d show the con
figurations of T-mixer, J-mixer, RIMM, and SIMM-V2 mixers respectively. The rectangular micromixer used a rectangular sheet 
attached to the reactor to guide fluid through a large number of interconnected pores with a size of 60 μm and into a microtube. The 
transesterification of cottonseed oil with methanol was done in a capillary delay loop constructed of stainless steel with an inside 
diameter of 0.6 mm attached at the end of the micromixer. Here, the same reaction conditions: 8:1methanol to oil molar ratio, 1 wt% 
catalyst concentration of KOH, the temperature of 60 ◦C, 44 s residence time, and an overall flow rate of 1 mL/min in a 2.5 m long 
capillary delay loop were used with each of these micromixers. According to the findings, multi-lamination micromixers were more 
effective at producing biodiesel than straightforward T- and J-type micromixers. The yields of FAME produced by the T-micromixer 
and J-micromixer were comparable and less than half of those produced by the rectangular and slit interdigital micromixer. It appears 
that using the rectangular and slit interdigital micromixer significantly enhanced the surface area of contact between the methanol and 

Fig. 6. Micromixer-microreactor system [48].  

Fig. 7. micromixer and microreactor for transesterification: (1) methanol pump; (2) Sunflower oil pump; (3) Acetic acid pump; (4) T-mixer; (5) oil 
bath; (6) microtube reactor; (7) Biodiesel collector [51]. 
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oil, leading to larger FAME yields. At the optimum reaction conditions of methanol to oil ratio of 8:1, reaction temperature of 70 ◦C, 
and residence duration of 17 s, the multi-lamination type offered a biodiesel yield of 99.5 % [49]. When a multi-lamination flow 
channel is created several narrow diffusion channels are developed. More oil and alcohol diffuse when the diffusion channel is smaller, 
producing more biodiesel than other processes. 

The split-and-recombine (SAR) micromixer, which is based on lamination, is a passive device that can effectively mix reactants at 
low Reynolds numbers (below 10) with a sluggish flow rate [52]. By dividing the fluids into several sub-channels and then merging the 
channels to create a single channel, this kind of micromixer is intended to carry out passive mixing. One type of lamination-based SAR 
micromixer that is frequently used is the Y-shaped micromixer [53,54]. A lamination-based SAR passive micromixer with a Y-shaped 
intake, as shown in Fig. 10, was studied by Subramaniam et al. [55]. Two distinct reactants are received in separate flows by the 
Y-shaped intake, which mixes them into a single flow. The reactor is made up of an output module (OM) at the bottom, an input module 
(IM) layer at the top, and stacked microchannel layers termed enhancement modules (Ems) in the middle [34]. The goal of the 
stackable module EM layer is to enhance reactant mixing while having a compact reactor design. Furthermore, because of its various 
stackable layers, the EM module is a great way to improve mixing by facilitating greater molecular diffusion of reactants [55]. 

The angle at which the micromixer impacts the surface determines the extent of mixing and the size of the droplets that are 
generated. The Y-junction micromixer has an impact angle of less than 90◦. A crucial element regulating droplet size in microreactors is 
the residence time, denoting the mean duration of reactant in the microchannel from the start of the micromixer to the output. The 
length of the channel and the combined flow rates of alcohol and oil are often adjusted to manage the residence time. The mixture flow 
will experience a pressure reduction as the channel length grows, hence lowering the flow rates and mixing potential [55]. 

Three different microchannel reactor designs were examined by Yusuf et al. [56] for the possibility of producing biodiesel from 
vegetable oil. Three different designs of polymethyl methacrylate acrylic sheets were laser cut to create the microchannel reactors: (1) 
T-mixer, (2) Y-mixer, and (3) Tesla-shaped. A water bath was utilized to maintain a reaction temperature of 60 ◦C for the trans
esterification reaction, which was conducted with a sodium hydroxide catalyst loading of 1.0 wt percent. The Tesla-shaped micro
channel design had the highest biodiesel yield of 97.9 % at 4.85 s. The biodiesel yields of the T-mixer and Y-mixer designs were 93.3 % 
and 94.3 %, respectively. The superior mixing efficiency of reactants was facilitated by the design geometry of the Tesla-shaped 
reactor, which had grooves and valves [56]. 

A microchannel reactor made of zig-zag mixers was used for alkali-catalyzed transesterification. Continuous multi-lamination 
mixing in the microreactor channel significantly enhances biodiesel yield compared to a single mixer. The process can be ramped 
up by adding more parallel couples of micromixer and reaction sheets because the resistance in the microreactor sheet is larger than in 

Fig. 8. Micromixers channel dimensions (width × height): a) T-mixer, b) J-mixer, c) RIMM, and d) SIMM-V2. M, methanol inlet; O, oil inlet [49].  

Fig. 9. Zigzag micromixer and microreactor [50].  
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the mixer sheet. Splitting the flow into the micromixer units can lower the maldistribution of the flow. Due to the increased rate of 
mixing in the interior of zig-zag channels, the zig-zag microreactor significantly minimizes the maldistribution of the flow and per
forms exceptionally well for transesterification [57]. 

For the production of biodiesel from soybean oil and methanol, electric-spark-made stainless steel, zigzag microchannel reactors 
with 10, 50, 100, 200, and 350 periodic numbers of turn and a hydraulic diameter of 240–900 μm were used. As seen in Fig. 9, this 
mixer’s right-angled point where pumping oil and methanol collide functions like a multi-lamination mixer. All of the microchannels 
were identical in length (1.07 m), but they varied in their diameter or zigzag turns. The microchannel with the most turns (350) for the 
identical diameter, length, and operating conditions was determined to function best. The zigzag microchannel with the shortest 
diameter was determined to perform best for the same number of turns and identical operating conditions. At 56 ◦C reaction tem
perature, 9:1 alcohol to oil molar ratio, 1.2 wt% NaOH, and 28s residence time, a yield of 99.5 % was attained in a reactor with 240 μm 
hydraulic diameter. This happened, because, more zigzag patterns increase the amount of time that molecules of alcohol and oil are in 
contact with each other, and smaller equivalent hydraulic diameters decrease diffusion path diameters [50]. This implies that the 
microchannel with the shortest diameter proved most efficient for the same number of turns and conditions. Increased zigzag patterns 
enhance contact time between alcohol and oil molecules, improving biodiesel yield. Smaller hydraulic diameters reduce diffusion path 
lengths, further enhancing reaction efficiency. 

2.2.2. Chaotic advection (internal) passive micromixers 
The transport of molecules within a flowing fluid is called advection. Since it often happens in the flow direction, it has no impact 

on the substance’s transverse transit. A transverse flow component can, however, be produced by advection in other directions called 
chaotic advection. The contact surface areas grow exponentially as a result of the created transverse components flow, and the striation 
thickness decreases as a result, which can greatly enhance mixing [24]. At small Reynold numbers, chaotic advection inside the 
micromixer is typically produced by altering the microchannel geometry for stretching, folding, splitting, and flow breaking [43]. 
These alter or reorganize the fluid flow to shorten the diffusion length and increase the contact surface area between the fluids [58]. 

The numerical investigation of two configurations of micromixers by Martinez et al. [2] presented tesla and omega chaotic 
advection micromixers with varied geometry in microchannel reactors, to enhance the mixing within the channels. The internal 
structures of different micromixer-microreactors were examined in Fig. 11a, b, and 11c. To achieve effective mixing, they were 
organized progressively. Due to the split and redirection of fluids, Tesla-shaped channel inclined surfaces developed effective collision 
between fluids. Due to the unstable fluid flow velocities in omega-shaped channels, the fluid forms vortices, which separate the flow 
and cause it to converge in the next channels [2]. 

Circular obstacles were used to promote micromixing, and the results were reported by Santana Harrson S et al. [42]. The nu
merical investigation of two configurations of micromixer design, MCO with three obstructions and MWO with seven obstructions 
(configurations: 35 mm in length, 1500 mm in width, and 200 mm in height), was conducted. Fig. 12a, b, and 12c depict a visual 
representation of these micromixers. Because of stream splitting, recombination, and vortices development, simulation outputs 
demonstrated that the MCO configuration performs better than MWO configurations in terms of fluid mixing degree, ultimately 
leading to higher vegetable oil yield in the production process of biodiesel. With a maximum extent of 99.99 % biodiesel yield, 
experimentally determined results demonstrated high ethyl esters yield for both MCO and MWO micromixer designs. With the MCO 
setup, FAEE yield increased as the ethanol-to-oil molar ratio increased from 6:1 to 9:1, but FAEE declined as the molar ratio further 
increased. Production of biodiesel was decreased at catalyst concentrations higher than 1 %. As a result, the yield of biodiesel synthesis 
is increased by the employment of micromixers with circular obstacles [42]. 

To perform continuous transesterification of soybean oil with methanol at a fixed molar ratio of methanol to oil of 6:1 and reaction 
temperature of 60 ◦C, Santacesaria et al. [59] developed a tubular reactor filled with stainless steel spheres as static micromixers with 
different diameters. An intense local mixing was achieved in microchannels within the 300–1000 lm range by varying the spherical 
diameter of micromixers. According to the research, static mixers that produced strong local micromixing promoted the growth of a 
large interfacial area, resulting in very high biodiesel conversion at mild temperatures of 60 ◦C and very short residence times [59]. 
Bishoge et al. [60] investigated the production of biodiesel from soybean oil using a continuous microflow system (MFS) (slit plate 

Fig. 10. Y-junction type micro mixer [55].  
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Fig. 11. Micromixer-microreactor internal structure: a) omega-shaped, b) Tesla-shaped, and; c) T-shaped [2].  

Fig. 12. Micromixer configurations: a) T-shape; b) MWO; c) MCO [42].  
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Table 1 
Comparisons of different micromixers.  

Types of 
micromixer 

Micro mixer 
dimension 

Types of passive 
micromixer 

Feedstock Co-solvent Catalyst Methanol-to-oil 
molar ratio 

Temperature 
oC 

Flow rate Residence time 
(minute) 

Yield 
% 

reference 

T-shaped – Lamination – – 6.11%w/w 
CHOH 

1:0.37 – – 12.48 96.8 [47] 

T-shaped 0.8 mm Lamination – – 1.25 wt% 
KOH 

9:1 60 – 3 98 [48] 

T-shaped 0.8 mm Lamination Sunflower 
oil 

– 4.5 wt% KOH 23.9:1 60 – 1.67 100 [51] 

zigzag 240 μm Lamination Soybean oil – 1.2 wt% 
NaOH 

9:1 60 – 0.47 99.5 [50] 

†-shaped – lamination Sunflower 
oil 

– KOH 10.3:1 60 0.05 ml/ 
min 

5 98.48 [20] 

SIMM-V2 – Chaotic advection cottonseed 
oil 

– 1 wt% 8:1 70 – 0.283 99.5 [49] 

Wire coil L = 0.3 m,i.d =
0.5 mm 

Chaotic advection – – 1.2 wt%KOH 9:1 60 – 3 99 [21] 

Ribbon wool – Chaotic advection – – 2wtKOH% 6:1 60 8.33 ml/ 
min 

3 97.05 [63] 

Dixon rings – Chaotic advection – –  8:1 70 10 ml/ 
min 

0.283 99.5 [49] 

T-shaped + CaO 
packing 

– Chaotic advection Palm oil – 30 mg CaO 24:1 65 – 8.9 99 [62] 

T-shaped + CaO 
packing 

– Chaotic advection Palm oil 14.5 wt%THF 30 mgCaO 20:1 65 – 6.5 99 [62] 

confluence angles – Chaotic advection Soybean oil 0.45v/v Hexane to 
methanol 

1 wt% KOH 3:1v/v 57.2 – 9.05 98.8 [64]  
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micromixer) and methanol catalyzed by sodium methoxide (CH3ONa). Five factors influencing biodiesel yields were examined: 
temperature, methanol to oil molar ratio, aperture plate size, CH3ONa dosage, and residence period. In comparison to batch studies, it 
has been found that the biodiesel yield might achieve a greater value with a substantially shorter residence period [60]. Furthermore, 
the trend for residence duration and the effect of CH3ONa concentration on biodiesel yield was comparable. Furthermore, raising the 
methanol-to-oil molar ratio may boost the output of biodiesel; nevertheless, an excess of methanol resulted in a drop in biodiesel yield. 
Table 1 displays a comparison of biodiesel yields obtained from various types of micromixers, along with the dimensions of the 
micromixers. 

The chaotic micro mixer type was created and was built of PVC by Boukhalkhal et al. [61]. It had ten periods of the C shape ge
ometry (S-3D base element) and 10 mm equivalent hydraulic mean diameter with a square channel cross and 870 mm unfolded length 
(Fig. 13). The study setup for continuous biodiesel production and the chaotic micromixer-reactor topography are illustrated in 
Fig. 13a and b respectively. A pipe reactor (stainless steel pipe) was connected to the C-shaped geometry to ensure adequate residence 
time. The greatest ester content of the biodiesel produced at the operating conditions: 6:1methanol to oil molar ratio, 1 wt% KOH, a 
temperature of 50 ◦C, and 3 g/s optimum mass flow rate of rapeseed oil was 99 % [61]. The yield of biodiesel was 99.5 % when the 
methanol to oil molar ratio was 8:1, the reaction temperature was 70 ◦C, the flow rate was 10 mL/min, and the residence period was 17 
s, and 0.7 MPa pressure drop using a PTFE microtube filled with Dixon rings as the delay loop. Consequently, packed bed 
micro-structured reactors can produce biodiesel at a high throughput rate relatively quickly [49]. 

The utilization of a packed bed microchannel reactor for biodiesel production (configuration of 60 × 1 × 0.5 mm) filled with an 
activated CaO catalyst was investigated by Chueluecha et al. [62]. The T-micromixer was used to feed the reactants, and 30 mg of 
catalyst powder was put into the channel. A schematic representation of the micromixer and reactor setup, including dimensions, is 
provided in Fig. 14. With different residence times, the activated CaO produced more biodiesel (90.5 % of biodiesel yield for activated 
CaO against only 82.7 % for non-activated CaO). Throughout 24 h of continuous operation, the catalyst continuously produced better 
yield. At the optimum residence time of 8.9 min, at a reaction temperature of 65 

◦

C and 24:1 methanol to oil molar ratio, a yield of 99 % 
was achieved [62]. According to the results, producing biodiesel more efficiently can be achieved by using a packed bed microchannel 
reactor that is filled with an activated CaO catalyst. 

To synthesize biodiesel, Santacesaria et al. [63] used a stainless steel cylindrical tube with a 20 cm length, and 10 mm interior 
diameter using a KOH catalyst. Fig. 15 illustrates a micromixers-reactor with a packed bed configuration, utilizing stainless steel 
ribbon wool as the chosen packing material. The internal void volume of the bare cylindrical tube reactor at first was 15.7 cm3. The 
reactor was filled with stainless steel ribbon wool that had been as tightly compressed as possible. With a molar ratio of methanol to oil 
of 6:1, 2 wt% catalyst weight, 60 ◦C reaction temperature, and a residence time of 180s, the yield was 97.05 %. Transesterification was 
performed without ribbon wool at an overall flow rate of 8.33 ml/min to investigate the impact of the packed bed’s presence, and the 
amount of FAME produced was only 3 % [63]. This study underlines the significant impact of a packed bed microchannel reactor in 
enhancing biodiesel synthesis. The result indicates the substantial positive influence of employing a packed bed micro channel reactor 
on the process of biodiesel synthesis. 

Soybean oil transesterification using ethanol and KOH catalyst in various micromixers was investigated by Pontes et al. [60]. The T 
(2.3 mm i.d. stainless steel channels), LTF-MS, and LTF-MX designs were the three that were examined. The inner diameter variation 

Fig. 13. a) Continuous biodiesel production experimental setup, b) Chaotic micromixer-reactor topography [61].  
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brought on by internal barriers generated by the LTF-MS arrangement encouraged fluid mixing. Fluid inlet stream splitting and 
recombination were imposed by the LTF-MX architecture. Pontes et al. [60] looked into the relationship between reaction yield and 
mixing efficiency, in contrast to the previously described studies. A modified Villermaux-Dushman method was used to calculate the 
mixing efficiency [65]. The LTF-MX micro-mixer demonstrated exceptional reaction yield and mixing efficiency. The authors eluci
dated the relationship between mixing and reaction yield, emphasizing the crucial function that mixing plays in the transesterification 
process due to the substantial influence of the mass transfer process. 

3. Application of micromixer in biodiesel production 

Micromixers facilitate quick and effective fluid mixing at the microscale. They have drawn a lot of attention in the field of biodiesel 
processing because of their distinct advantages over conventional mixing techniques, especially for purification purposes [39]. 
Micromixers facilitate chaotic advection and simplify mixing through the use of microchannels with precisely engineered geometries. 
As a result, the mixture becomes more homogeneous, which is essential for efficient purification procedures [66]. Regarding residence 
times, micromixers are smaller than traditional mixing tanks. As a result, the purification process proceeds more quickly and efficiently 
[2,31]. Micromixers’ high surface-to-volume ratio allows better mass transfer between the purification agents and reactants. This 
enhances the elimination of contaminants and impurities [67]. Regarding energy consumption, micromixers are far less than tradi
tional mixing techniques. This is because microfluidics allows for efficient mixing at lower fluid volumes [68]. Micromixers are easily 
scalable, allowing them to be adjusted to different process requirements. Additionally, they can be incorporated into bigger biodiesel 
production systems for automatic and continuous purification [69]. 

Micromixers are miniature devices that play a critical role in microfluidic systems by efficiently combining two or more fluids. To 
increase transesterification efficiency and improve reactant mixing (such as oil, alcohol, and catalyst), biodiesel production has used 
both passive and active micromixers [29]. Because of their affordability and ease of use, passive micromixers are frequently used, but 
active micromixers might be chosen in more difficult mixing situations involving reactants with high viscosities or strict mixing 
specifications. For the production of biodiesel, active-type micromixers have several advantages over passive-type micromixers. 

Fig. 14. Schematic picture of micromixer and reactor setup and dimensions [62].  

Fig. 15. Packed bed micromixer-reactor made of stainless steel ribbon wool as a packing material [63].  
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Enhanced mixing efficiency, quicker mixing, and controlled mixing are some of these benefits. Active-type micromixers also face many 
challenges for biodiesel production such as being more expensive to fabricate, typically consuming more power, and generating heat, 
which can affect the temperature of the fluids being mixed [70]. 

Some types of passive and active type micromixers’ advantages and disadvantages are summarized in Table 2. 

4. Hydrodynamics of biodiesel micromixers 

Interfacial forces between oil and alcohol, reaction temperature, flow rate, and the size and type of the micromixer-microreactor 
system are all important factors in the transesterification process’s hydrodynamics. Different flow regimes can be developed depending 
on how the components vary. Parallel flow, slug flow, annular flow, intermittent slug flow, drop flow, and dispersed drop flow are the 
most prevalent forms of flow patterns [74,75]. According to Guajardo et al. [74], the slug flow forms when the interfacial force is 
greater than the system’s inertial forces for the micromixer and microreactor. When inertial and interfacial forces are equal, parallel 
flow occurs. An annular flow forms when the inertial force dominates the forces at the oil-alcohol interface [74]. 

It is found that the types of micromixers have a significant impact on the biodiesel yield in microreactors. Researchers investigated 
the flow regimes of the T, J, RIMM, and SIMM-V2 micromixers. While the T and J micromixers in Fig. 16a and b showed a uniform slug 
at their outlet, the RIMM and SIMM-V2 micromixers created a slug and methanol droplets distributed in oil at their output as depicted 
in Fig. 16c and d respectively [49]. Due to the development of smaller slugs, the RIMM and SIMM-V2 micromixers produced a better 
biodiesel output by creating a larger surface area to volume ratio [49] which increases the rate of the reaction. 

Rahimi et al. [48] looked at how oil yield during the transesterification reaction in the T-shaped micromixer was affected by flow 
rate and flow pattern. The mixing of oil and methanol at 1 ml/min, as illustrated in Fig. 17a, was ineffective because the two fluids 
create independent streamlines. However, it was effectively mixed at a flow rate of 11 ml/min, and a greater yield was attained 
(Fig. 17b) [48]. 

W. Shaaban et al. [76] looked into how a T-micromixer with three distinct dimensions (Table 3) affected slug size. The smaller the 
micromixer, or higher the surface-to-volume ratio, the smaller the slugs were. At 1.2 min of residence time under ideal reaction 
circumstances, the T1 (T-micromixer = 1.27 mm id) achieved 97 % oil yield. This shows that the FAME is influenced by inner diameter 
and shape [76]. 

In a zigzag micro mixer drop flow pattern, according to Wen et al. [50], 97 % FAME was produced in 28s of reaction time. The size 
of the droplet had a significant impact on how quickly the transesterification reaction occurred. The rate of the reaction increases with 
decreasing droplet size. However, other researchers investigated the oil-methanol mixture flow pattern in a T-shaped 
micromixer-connected capillary microreactor and discovered slug forms of flow, achieving 97 % in 10 min of residence time [50]. In 
addition, Kashid et al. [77] claimed that the slug-type flow was generated while using a T-micromixer. The delay loop’s recirculating 
slugs accelerated the pace of mass transfer [77]. Using computational fluid dynamics simulation, Guajardo et al. examined the flow 
pattern of transesterification reactants in a T-micromixer connected microchannel reactor with an inner diameter of 710 μm and a 
length of 5 m. Slug flow was the predominant type of flow created under the operating parameters of 60 ◦C reaction temperature, 6:1 
methanol-to-oil molar ratio, total volumetric flow rates of 0.5–4 ml/min, and 0.7%wt% NaOH catalyst. Over 99 % yield was attained in 
4 min of residence time thanks to the slug’s enhanced mass transfer rate during recirculation [74]. 

Variations in the methanol-to-oil molar ratio led to the development of various flow patterns in the T-shaped micromixer, as shown 
in Fig. 18. Micrographs of two-phase flow inside the microchannel at various methanol-to-oil molar ratios are shown in Fig. 18a and b 

Table 2 
Advantages and disadvantages type of passive and active type micromixers.  

Micro mixer types Advantages Disadvantages References 

Passive 
micromixer 

Lamination-based  ✓ Simple Fabrication  
✓ High mixing efficiency  
✓ Design Flexibility  
✓ Low-pressure drops  

✓ Limited Mixing Control  
✓ Bonding Challenges  
✓ Limited Reusability 

[67] 

Chaotic advection  ✓ High mixing efficiency  
✓ Low-pressure drops  
✓ Lower energy consumption  
✓ Allows for scalability of the mixing process  

✓ Complex design  
✓ Higher pressure drops  
✓ Risk of clogging by impurities  
✓ Limited Characterization 

[33] 

Diffusive Micromixers  ✓ Simple design and fabrication  
✓ Low-pressure drops  
✓ Reliable and maintenance-free  

✓ Not suitable for high-viscosity fluids  
✓ Limited mixing efficiency and slow 

mixing 

[71] 

Active micromixer Acoustic Micromixers  ✓ Moderate mixing efficiency and pressure 
drops  

✓ Fast mixing  
✓ Controllable mixing  

✓ Moderate fabrication complexity  
✓ Power consumption  
✓ Not suitable for all fluids 

[34,35] 

Piezoelectric Micromixers  ✓ Very simple and miniature  
✓ High mixing efficiency  
✓ Low power consumption  

✓ Expensive to fabricate  
✓ Fragile and susceptible to damage  
✓ Limited mixing volume 

[30] 

Electro kinetic 
Micromixers  

✓ Simple design and fabrication  
✓ Fast and Efficient Mixing  
✓ Precise Control  

✓ External Power Source  
✓ Electrode Compatibility  
✓ Conductivity Dependence 

[32,72, 
73]  
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18c, 18d 18e, 18f, and 18g. The lower molar ratio of methanol to oil (3.3–3.7) was where the droplet flow regime was produced. The 
droplet’s size is smaller than the microreactor’s inner diameter. However, a slug flow pattern evolved at larger methanol-to-oil molar 
ratios. Its length exceeds the microchannel’s diameter. Due to the increasing volumetric flow rate of methanol, as seen in Fig. 19, the 
size of the slug grew as the methanol to oil molar ratio rose. Slug formation speed was influenced by the volumetric flow rates of 
methanol and longer intervals between successive slugs are caused by a bigger volume of oil present in a continuous phase, as shown in 
Fig. 20. With an increase in the methanol to oil molar flow rate, more slugs formed. This is because more slugs can form in the oil phase 
the more methanol there is in the continuous oil phase. As can be seen in Fig. 21, as the number of slugs increased, so did the extent of 
conversion since the slug’s surface-to-volume ratio increased [75]. From this finding, it can be concluded that lower ratios yield a 
droplet flow, while higher ratios result in longer slugs, impacting conversion efficiency. Volumetric methanol flow correlates with slug 
size, affecting slug formation frequency and overall conversion. Increasing slugs enhance yield due to their higher surface-to-volume 
ratio. 

In their work, Verma and Ghosh [78] discovered four different flow regimes in a T-micromixer-connected serpentine delay loop 
with an inner diameter of 2 mm and a length of 0.5 m. Similar, slender-shaped slugs were generated at a reduced surface flow rate of 
the dispersed phase (methanol) (Fig. 22 (i)). The slug flow pattern gradually changed to intermittent when the surface velocity of the 
dispersed phase (methanol) increased (Fig. 22 (ii)). Intermittent Slug Flow" develops at relatively higher superficial gas velocities 
compared to superficial liquid velocities. In this regime, the slugs are larger in length, creating an annular structure with a small bridge 
of the continuous phase between them. Drops of the dispersed phase follow the long slug (Fig. 22 (iii). A different type of flow pattern 
called a droplet-dispersed flow developed at a greater superficial methanol velocity (Fig. 22 (iv)) [78]. Due to the large surface area to 
volume ratio, the slug flow pattern amplifies mass transfer and effectively speeds up the reaction [78]. This implies that. as the surface 
velocity of the dispersed phase increases, the flow pattern transitions to intermittent, and at higher velocities, a droplet-dispersed flow 
emerges. This information suggests that controlling the flow conditions in micromixers can be crucial for optimizing mass transfer and 
reaction efficiency in microreactor systems. 

Fig. 16. Flow patterns in the transparent PVC tubes (inner diameter) 1.2 mm) at the outlets of different micromixers: a) T-mixer, b) J-mixer, c) 
RIMM mixer, d) SIMM-V2 mixer [49]. 

Fig. 17. The fluid flow pattern inside a T-shaped micromixer with two different flows [48].  
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5. Co-solvent in micromixers 

The reactant fluids of the transesterification reaction are immiscible (oil and alcohol) to one other, which has a significant effect on 
the mass transfer resistance. This can be minimized by employing the co-solvent that has to be solubilized by both oil and alcohol to 
form a homogeneous phase during the transesterification reaction. Therefore, utilizing the right co-solvent can reduce the 

Table 3 
Specifications of the micro mixers used [76].  

No. Scheme Tube OD Dimensions 

A Ax D E F 

Dimensions, in 
T1 1/6 1.4 0.7 0.34 0.05 3/8 

T2 1/8 1.76 0.88 0.5 0.09 3/8 

T3 1/16 1.32 0.66 0.61 0.013 3/8  

Fig. 18. Micrograph of two-phase flow inside microchannel at methanol-to-oil the molar ratio of a) 3.3, b) 4.6, c) 7.6, d) 10, e) 15, f) 20, and g) 
22.9 [75]. 
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immiscibility of these reactants [79]. Several researchers have reported that co-solvent reduces effectively the reaction temperature, 
oil-to-alcohol molar ratio, operating pressure, and lowers the induction period, and improves the rate of the reaction due to the 
reduction of initial mass transfer resistance between oil and alcohol [80–82]. To utilize their advantages more efficiently some 

Fig. 19. The characteristic length of slugs at different methanol-to-oil molar ratio [75].  

Fig. 20. The slug distance and the calculated number of slugs at different methanol-to-oil molar ratios [75].  

Fig. 21. Comparison between the effect of several slugs on the oil yield [75].  
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researchers have employed co-solvents together with micromixers on microreactor systems for biodiesel production. 
Verma & Ghosh [78] examined the effects of several co-solvents on the rate of reaction and the level of conversion using a 

microtube reactor with a T-shaped micromixer. Fig. 23 shows that oil yield reached its maximum value faster in the presence of 
co-solvent than it did in the absence of it. Co-solvents reduce the interphase mass transfer resistance, which is why this happens. The 
conversion in a microreactor with a T-shaped micromixer was also shown in Fig. 24 in both the absence and presence of several 
co-solvents. All types of co-solvent in the microreactor provided better conversion compared to the conversion attained in the absence 
of co-solvent. Furthermore, the effects of the co-solvent diethyl ether at 25 ◦C on the flow patterns of the combination of oil and 
methanol were investigated (Fig. 25a) and contrasted with those in the presence of the co-solvent. According to Fig. 25a, due to the 
presence of co-solvents in i & ii, a homogenous phase evolved at the exit of the T-shaped micromixer as a result of the reduced 
oil-methanol mass transfer resistance. Oil and methanol were less immiscible because of the co-solvent. As a result, at the third length 
of the microtube, biodiesel oil yield was attained at a rate of 63.4 %, and at the 36 cm length and 1.33 min residence time, it was at a 
rate of 92.8 %. The oil was not properly converted to biodiesel due to the formation of clear, stable, and segregated (Fig. 25b–i) up to 
60 cm from the exit of the T-micromixer and bigger red methanol segregates (Fig. 25b–ii) at the exit of the microreactor in the absence 
of co-solvent. i.e., only 35 % yield was attained when the microreactor was shut off. Fig. 25c shows the location of the T-shaped 
micromixer in the homogeneous oil-methanol phase, with numerical values indicating oil yield [78]. 

Generally, the study demonstrated superior conversions with various co-solvent types compared to scenarios without co-solvent. 
Particularly, diethyl ether, operating at 25 ◦C, played a pivotal role in creating a homogeneous oil-methanol phase, resulting in an 
impressive 92.8 % conversion. Conversely, the absence of co-solvent led to incomplete conversion and segregated phases, demon
strating the critical role of co-solvents in optimizing biodiesel production efficiency within microreactors. 

The effects of the co-solvent and T-micromixer were investigated by Aghel et al. [83] in the serpentine micro tube (Fig. 26; inner 
diameter = 0.8 mm). Tetrahydrofuran and n-hexane were both employed to lessen the oil-methanol mixture’s immiscibility during the 
transesterification reaction, which was catalyzed by limescale. The biodiesel yield was 97.03 % at the operating conditions of 62 ◦C 

Fig. 22. Representative photographs of flow patterns [78].  

Fig. 23. Oil yield as a function of reaction time in the presence of various co-solvents. Reaction conditions: T = 25 ◦C, methanol to oil molar ratio 
(co-solvent):□,4(DME); Δ,6(DME); ◊,8(DME; ■,6(DME); ▴,6(THF); ●,6(TBME); ◌,6(no cosolvent),0.5 wt%KOH [78]. 
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reaction temperature, 8.17 wt% limescale, 1:1.95 v/v methanol to oil, and 0.58:1 n-hexane to oil v/v in the presence of n-hexane. 
However, at operating parameters of 64.5 ◦C reaction temperature, 8.13 wt% limescale catalyst, 1:1.97 v/v methanol to oil, and 0.62:1 
v/v tetrahydrofuran to oil, a biodiesel yield of 95.21 % was found after a 10-min reaction. The findings demonstrated the ability of 
n-hexane and tetrahydrofuran to shorten residence time and quicken reaction rate [83]. 

In a microtube reactor with an inner diameter of 1.5 mm, Basiri et al. [84] investigated the effects of hexane co-solvent and 
Y-micromixer (inner diameter = 0.8 mm) on the synthesis of biodiesel. According to Fig. 27, the investigations on the three different 
types of micromixers were carried out under the best possible conditions for reactions (I = no co-solvent in the Y micromixer, II =
co-solvent present in the Y micromixer, III = cos-solvent present on the three inlet micromixer). The introduction of hexane as a 
co-solvent created a homogenous phase of the oil-methanol combination, which decreased the resistance to mass transfer. The hy
drophobicity of hexane to move over oil weakened oil-oil interaction [84]. Hexane facilitates the formation of a pseudo-homogeneous 
reaction mixture, which makes it simpler for methanol to enter the oil phase. Hexane serves as a carrier for the oil’s dispersion rather 
than taking part in the reaction itself. Hexane can also move between oil molecules with ease because it is hydrophobic, which reduces 
the cohesive forces between oil molecules. Hence, hexane boosted biodiesel yield by 13 wt% when added to the three-micromixer 
intake and by 23 wt% when added to the Y-micromixer because it reduced mass transfer resistance and had a short diffusion dis
tance [84]. This improvement was attributed to reduced mass transfer resistance and a shorter diffusion distance facilitated by hexane. 
Overall, the study illustrates hexane’s positive impact on enhancing biodiesel production efficiency in microreactors. 

The oil’s immiscibility in alcohol limits the mass transfer during the transesterification event. The use of a co-solvent may reduce 
mass transfer resistance and speed up the process [80,85]. The T-shaped micromixer coupled microtube reactor, which had an 800 m 
diameter and a 5 m length, used acetone as a co-solvent. FAME increased when acetone’s weight percentage rose from 10 % to 14 %. 
However, a further rise led to a decrease in FAME because of the dilution effect, which restricts access to methanol and oil. The 
operating conditions of a 12.5-min reaction time, a temperature of 60 ◦C, a methanol to oil volume ratio of 2.15:5, and a ratio of 13.95 
wt percent of acetone to methanol resulted in the production of 97.16 % FAME. As shown in Fig. 28, a greater FAME content was 
created in less time when a co-solvent (hexane) was present. This demonstrates how the transesterification reaction can be improved 
by a co-solvent [64]. 

By increasing the miscibility of the phases, the reaction rate increases due to the disappearance of mass transfer resistance between 
the phases [80,85]. By employing micromixer and co-solvents, mass transfer resistance can be reduced. Short diffusion distance in 
micromixer-microreactor makes oil and alcohol molecules diffuse fast. The transesterification reaction conversion increases during 
this situation. Moreover, the use of a micromixer and co-solvent in the microtube reactor leads to an increase in the rate of the reaction 
[64]. 

The utilization of a packed bed microreactor with a configuration of 60 × 1 × 0.5 mm packed with an activated CaO heterogeneous 
solid catalyst was investigated by Chueluecha et al. [86]. A catalyst powder weighing 30 mg was dumped into the channel before the 
reactants were delivered. For all different residence times, the activated CaO produced more biodiesel yield (90.5 % biodiesel yield for 
activated catalyst against only 82.7 % for non-activated catalyst). Throughout 24 h of continuous operation, the catalyst continuously 
produced better yield. At the optimum operating condition of: 8.9 min reaction time, 65 ◦C reaction temperature, and 24:1 methanol to 
oil molar ratio, an oil yield of 99 % was achieved. The effects of several co-solvents, such as tetrahydrofuran (THF), ethyl acetate, and 
iso-propanol, were investigated using the same microreactor configuration i.e. packed bed microchannel reactor. The maximum 
biodiesel yield was obtained at a residence period of 7.1 min when 40 wt% THF was fed to the reactor; at the same residence time, 20 
wt% iso-propanol produced the highest FAME yield. 

In contrast, ethyl acetate was used with a residence duration of 8.9 min and a maximum biodiesel production of 20 wt%. Results 
showed that, compared to other co-solvents, Iso-propanol was the most effective co-solvent, providing a higher degree of mixing 

Fig. 24. Comparison of oil yield in the presence of different co-solvents. 
Reaction conditions: shaking frequency = 2.6 Hz; reaction temperature = 25 ◦C; reaction time = 10 min; co-solvent/methanol molar ratio =
minimum solvent/methanol molar ratio required for miscibility, 1 wt% KOH based on oil weight [78]. 
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efficiency. Moreover, when the reaction was run at shorter residence durations, unfavorable effects on FAME yield were seen when co- 
solvents such as THF and ethyl acetate were used. While the reaction efficiency improved due to shorter residence times and a higher 
methanol-to-oil ratio, the yield was improved by premixing the oil and co-solvent. 99 % pure fatty acid methyl esters were produced at 
the optimal process parameters of 6.5 min residence time, methanol to oil molar ratio of 20:1, and co-solvent of 14.5 wt% [86]. Hence, 

Fig. 25. Microscopic images of flow behavior in a transparent FEP microtube reactor in the absence (a) and presence (b) of DEE. DEE/methanol 
molar ratio = 0.73; methanol/oil = 8; total flow rate = 10 cm3/h; reaction temperature = 25 ◦C; (c) location of T-shaped micromixer in homo
geneous oil-methanol phase. The numerical value indicates oil yield [78]. 
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Fig. 26. Schematic diagram of biodiesel production [83].  

Fig. 27. Mixer configurations and mixing forms of the reactants in different experiments [84].  

Fig. 28. Effects of co-solvent on biodiesel yield [64].  
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shorter residence times and higher methanol-to-oil ratios improved reaction efficiency, and premixing oil with co-solvent further 
enhanced yield, producing 99 % pure FAME at optimal parameters. 

Hexane was used as a co-solvent in three different types of micromixers with confluence angles of 135◦, 90◦, and 45◦ to increase 
mixing effectiveness. The different confluence angle is shown in Fig. 29. Three kinds of micromixers, made on a flat plate by poly
methyl methacrylate, were studied. The configurations involved varying the angles at which three fluid inlets: methanol, oil, and 
hexane metalized. The confluence angles of 45◦ (E1 configuration), 90◦ (E2 configuration), and 135◦ (E3 configuration) were 
employed [64]. 

Methanolysis of soybean oil was carried out in the presence of a homogeneous KOH catalyst adding hexane as a co-solvent. The 
maximum yield of 98.8 % was obtained, provided by confluence angles of 45◦ at the reaction temperature of 57.2 ◦C, 1 wt% KOH 
concentration, residence time of 9.05 s, oil to methanol ratio of 3:1v/v and hexane to methanol ratio of 0.45v/v. The hydrophobic 
property of hexane affects the interaction between the molecules to keep the fluids’ homogeneity, as evidenced by the improved 
performance at 45◦, followed by 135◦ and 90◦. The addition of co-solvent can improve oil-methanol miscibility which can help 
micromixers perform better in mixing within a short residence time [64]. This reveals that The addition of hexane as a co-solvent 
improved oil-methanol miscibility, leading to enhanced micromixer performance within a short residence time. This study un
derscores the significance of co-solvents in optimizing micromixing processes for biodiesel synthesis. 

Also, the study investigated by Santana Harrson S et al. [87] the use of solid acids (SAC-13) as a catalyst for triglyceride trans
esterification with compressed methanol. The addition of a co-solvent, supercritical carbon dioxide, accelerated the reaction rate, 
enabling high biodiesel yields at mild temperatures. Continuous experiments in a fixed bed reactor were conducted at 150–205 ◦C, 
6–24 ml/min flow rate, and 25 MPa pressure. Optimal conditions of 200 ◦C temperature and 2 min’ reaction time achieved 99.4 % 
triglyceride conversion and 88 % methyl ester yield. The reaction rate was 20 times faster than conventional methods, attributed to 
reduced transport resistance facilitated by the co-solvent [87]. This study underscores the effectiveness of co-solvents in enhancing 
transesterification efficiency and accelerating reaction rates under mild conditions, offering promising advancements for biodiesel 
production. 

Carlucci [88] investigated the impact of co-solvents on biodiesel purity using refined palm oil, ethanol, and three different 
co-solvents (THF, acetone, and isopropanol). The study examined various operating conditions, including temperatures between 220 
and 350 ◦C, a residence time of 3.5 min, and a co-solvent percentage of 20 % (w/w). Results showed that alkyl ester percentage 
increased with the addition of any co-solvent, reaching over 90 % at 8.5 min’ residence time. Acetone yielded the highest percentage 
due to its higher polarity, enhancing mixture homogeneity. Varying co-solvent amounts and alcohol/oil ratios also influenced alkyl 
ester percentage. In supercritical conditions, all three co-solvents were crucial for achieving homogeneous mixtures and accelerating 
reaction rates. However, co-solvent type’s influence diminished at temperatures exceeding 350 ◦C [88]. This study highlights the 
importance of co-solvents in enhancing biodiesel production efficiency, particularly in achieving homogeneous mixtures and accel
erating reaction rates under various conditions. 

To learn more about the ethyl ester conversion process, Likozar et al. [89] looked into the transesterification of triglycerides 
utilizing supercritical ethanol catalyzed by an ion-exchange resin catalyst (Nafion_ SAC-13) [89]. Reducing the operating conditions 
while keeping a high reaction rate would be possible by adding carbon dioxide as a co-solvent at a supercritical state. Therefore, a 1:3 
M ratio of ethanol to carbon dioxide was used in the combination. The experiments were carried out in a fixed bed titanium reactor 
packed with Nafion SAC-13 (10 nm pore diameter, 0.6 ml g_1 pore volume and stable to 200 ◦C) at temperatures between 150 and 
200 ◦C, pressures between 15 MPa and 25 MPa, reaction times between 2 and 10 min, and molar ratios of ethanol to vegetable oil 
between 20 and 45. The optimum parameters are 200 ◦C, 20 MPa, and a molar ratio of 25 ethanol to oil for 4 min, during which time 
the biodiesel yield was assessed to be 80 % [59]. 

6. Mixing index 

Recently, significant progress has been achieved in the field of miniaturizing systems to create microreactors. The synthesis of 
biodiesel was accomplished using these microreactors. The mixing of the reactive components, which will determine the yield and 

Fig. 29. Comparison of various micromixers that are in use [64].  
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conversion of the reaction within a short residence time, is one of the most crucial features of these microdevices [23]. 
An essential factor that considerably influences biodiesel yield is mixing within the microchannel. For effective mixing, the flow 

behavior within the microchannel should essentially be laminar. The flow is transformed from laminar to turbulent as the Reynolds 
number rises, causing vortices that impede the diffusion of the methanol-oil mixture [90]. Turbulent flow would have a shorter 
residence period, which has a substantial impact on mixing and results in reduced conversion. Because a lack of one of the reactants or 
an uneven distribution of the catalyst will result from poor mixing [58]. Equation (1) can be used to get the mass fraction variance 
using the mass fraction of oil’s standard deviation in a normal cross-section of flow direction [91]: 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(Yi − Ȳ)
N

√

(1)  

Where σ is the variance of the mass fraction, Yi is the mass fraction at point i, Ȳ is the mean mass fraction and N is the number of sample 
points over the cross-section. The variation is maximum for fluids completely unmixed and minimal for perfectly mixed fluids. The 
parameter provided can be calculated using Equation (2) the mixing index of the mixture of vegetable oil and alcohol [92]: 

M= 1 −

̅̅̅̅̅̅̅̅̅
σ2

σ2
max

√

(2)  

Where, 
M = the mixing index 
σmáx = the maximum variation over the range of data. 
σ2

max represents the inlet’s highest variance across the data range (the mass fractions vary from 0 to 1). The mixing index ranges 
from zero to one (total fluid segregation to complete fluid mixing. 

Using a mixing index, the effectiveness of three different micromixer types: T-micromixer, Cross-micromixer, and Double-T- 
micromixer was evaluated during the transesterification reaction of Jatropha curcas oil with ethanol to produce biodiesel. Several 
Reynold numbers were used to assess how the fluids mixed. With mean values of 0.99, the Cross-micromixer displayed the greatest 
mixing index. Whereas the Double-T-micromixer displayed the reverse trend, that is, the mixing reduced with the rise of fluid velocity, 
the T-micromixer’s mixing index increased directly with Reynolds numbers. Significantly, the Double-T micromixer outperformed the 
T-micromixer at low Reynolds numbers (Re < 50) for fluid mixing. As the flow rate rises, advection mixing mechanisms begin to take 
place. Advection disturbs the flow, resulting in more species mixing. This may help to explain why, inside the T-micromixer, the mixing 
index rose as the Reynolds number grew. If the quality of the mixture were solely determined by diffusion between oil and ethanol then 
raising the velocity may lower the mixing index because higher velocity encourages a shorter time of residence inside the micromixer, 
which would mean that the oil molecules would cross to the other side in a shorter time of residence. Moreover, the advection 
phenomena enhanced the fluid mixing in microchannels [93]. 

From Santana Harrison S. et al. [90] findings, the breadth of the flow stream was decreased by expanding the inflow stream from n 
= 1 to 3 or 4 sub-streams. This increased contact surfaces and created many thin mixing paths which were responsible for the rise in the 
mixing index. The oil moving across the alcohol flow streams in the case of n = 3 permitted the oil molecule to diffuse in two directions 
rather than just one because of the decreased width of the flow stream. Moreover, this technique speeds up the mixing of the species. 
The T-micromixer will only achieve its maximum index for mixing (0.67) at the channel’s end, while the Cross-Micromixer utilizes just 
a 10 mm channel length to attain its maximum index of mixing (0.99) for a Reynolds number of 10. Although the Double-T-micromixer 
also has a higher contact surface area, when Reynold’s number is 10, the index of mixing was 0.91 compared to 0.67 for the 
T-micromixer, a reduced fluid mixture was seen as the velocity increased. This might be the result of less oil coming into touch with 
alcohol in the micromixer with the higher velocity [90]. 

Santana Harrison S et al. [42] found that adding a wire coil to the microchannel enhanced mixing and accelerated the attainment of 
equilibrium. The spirally wound microchannel, due to its curved trajectory configurations, induced centrifugal movement, maximizing 
the mixing index to 0.99 through advection at increased flow rates. Comparative studies on mixing patterns in T microchannels with 
circular and alternate circular obstacles at various Reynolds values demonstrated improved mixing indices and maximal yield. A 
numerical and empirical examination of transesterification in microchannels with circular obstacles showed enhanced mixing effi
ciency for the MCO micromixer (0.80 mixing index) compared to T-shape (0.31) and MWO (0.32) configurations. The MCO micro
mixer displayed a Reynolds number-independent mixing index for the T-shape, and a significant increase from 0.30 (Re = 0.1) to 0.40 
(Re = 100) [42]. 

The improvement was attributed to phenomena like split and recombination of streams and vortex production induced by circular 
barriers. The MWO configuration had minimal impact on flow direction, resulting in a mixing index similar to the T-shape. Vortex 
formation in MCO significantly influenced fluid mixing, rising from 0.40 (Re = 0.1) to 0.80 (Re = 100). In contrast, the MWO barrier 
showed limited influence, maintaining a nearly identical mixing index to the T-shape [93]. The key to achieving optimal biodiesel 
yield and conversion lies in effective mixing within microchannels. However, increasing Reynolds numbers shift flow from laminar to 
turbulent, creating vortices that impede methanol-oil diffusion and reduce conversion. The introduction of equations to quantify mass 
fraction variance and a mixing index assesses the efficacy of the vegetable oil and alcohol mixture. Evaluation of micromixers 
highlights the significance of convective effects, particularly in low Reynolds microchannels. Improving mixing efficiency through the 
expansion of the inflow stream and the introduction of obstacles, such as the spirally wound microchannel and circular obstacles in the 
MCO micromixer, underscores the critical role of effective mixing in microreactors for successful biodiesel synthesis [93]. 
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7. Heterogeneous catalysts 

Due to their potential for greater sustainability than homogeneous catalysts, heterogeneous catalysts are a viable option to replace 
homogeneous catalysts. Nevertheless, because catalyst removal is required during the purification stage, the post-processing of ho
mogeneous catalyst transesterification/esterification requires a significant amount of energy [94]. Economic studies showed that, in 
comparison to homogenous catalysts, the use of heterogeneous catalysts produced higher biodiesel yields, high-purity glycerin as a 
by-product, and cheaper catalyst and maintenance costs [59]. However, the processing costs have increased overall due to the 
generated wastewater disposal [55]. Furthermore, the catalysts frequently diffuse into the glycerol layer, which lowers the glycerol’s 
quality and limits the catalyst’s capacity to be reused. 

Hence, generally, using a heterogeneous catalyst will simplify the separation process, reduce waste water creation, and be more 
environmentally friendly [95]. In a microreactor, homogeneous catalyst is preferable over heterogeneous catalysts. This is because the 
slug flow patterns in the micromixer-microreactor system are disturbed by this catalyst, increasing mass transfer resistances [19]. A 
few studies are only available on the use of heterogeneous catalysts in micromixer-microreactor systems for biodiesel production. In 
the presence of a CaO/MgO heterogeneous catalyst, Mohadesi et al. [96] produced biodiesel from rapeseed oil using a T-shaped 
micromixer-connected serpentine microchannel. The biodiesel production was 99.31 % when the ideal reaction parameters of 7.875 
wt% catalyst, 1.75:3 methanol to oil volume ratio, 0.575:1 n-hexane to oil volume ratio, 70 ◦C reaction temperature, and 10 min of 
residence time were used [96]. This implies that, despite the advantages of simplifying separation processes and reducing environ
mental impact, homogeneous catalysts are favored over heterogeneous catalysts in microreactors for biodiesel production. This 
preference arises from the potential disruption caused by heterogeneous catalysts to slug flow patterns in micromixer-microreactor 
systems, leading to increased mass transfer resistances. 

Chueluecha et al. [62] utilized a packed bed microreactor with a configuration of 60 × 1 × 0.5 mm packed with an activated CaO 
heterogeneous solid catalyst. At the optimum operating condition of: 8.9 min reaction time, 65 ◦C reaction temperature, and 24:1 
methanol to oil molar ratio, an oil yield of 99 % was achieved [62]. The implication of the study by Chueluecha et al. [62] is that 
utilizing a packed bed microreactor with an activated CaO heterogeneous solid catalyst can lead to highly efficient biodiesel pro
duction. This finding contributes to the exploration of efficient and sustainable processes for biodiesel production, emphasizing the 
importance of reaction time, temperature, and molar ratio in optimizing performance. 

However, except for packed bed types of micromixers the usage of heterogeneous catalysts is not preferred due to the blockage of 
the micromixer-microreactor system [97]. In other words, in micromixer-microreactor systems, the preference for using heteroge
neous catalysts is limited to packed bed micromixers. This limitation suggests that while packed bed micromixers are designed to 

Fig. 30. Modular microreactor design: a) lamina; b) module; c) manifold; and d) full-scale microreactor [102].  
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effectively accommodate and utilize heterogeneous catalysts, other types of micromixers may encounter challenges. Therefore, we can 
say that heterogeneous catalysts are more sustainable and economical than homogeneous catalysts in biodiesel production, but there 
are still challenges to address. To mitigate higher energy consumption and wastewater disposal costs associated with heterogeneous 
catalyst processes, further research could focus on optimizing the catalyst. This optimization would enhance both selectivity and 
recyclability. 

8. Industrial application of micromixer-microreactor systems 

The micromixer-microreactor system has various benefits over the traditional biodiesel manufacturing process, including a reduced 
residence time, a smaller reaction volume, a smaller footprint, low operating temperatures and pressures, and lower energy costs [98]. 
As a result, the continual application of micro technology to the biodiesel business can be done at lower capital and operating costs. 
With less energy and a shorter residence time in the smaller microreactor plant volume, a higher biodiesel yield could be achieved [21, 
48,99,100]. Therefore, from an economic and technical standpoint, the use of a micromixer-microreactor system may have a potential 
industrial application [19]. 

However, numerous types of research reported using microtechnology at a low flow rate, which is a significant hurdle for com
mercial biodiesel synthesis applications [87]. The scaling up of the individual micromixer-microreactor unit is significant in the 
development of these issues. The generation of commercial biodiesel, however, requires an effective scale-up technique that involves 
stacking several micromixer-microreactor laminae [101]. The manufacture and assembly procedures of micromixer 
microreactor-based biodiesel plant employment were reported. A full-scale plant was developed through numbering of individual 
laminae (Fig. 30a). The laminae were stacked into modules (Fig. 30b) and the modules were stacked into manifolds (Fig. 30c) and 
finally assembled into a full-scale micromixer-microreactor system (Fig. 30d) biodiesel production capacity 1.2 × 106 L of biodiesel 
per annum. To produce this amount of biodiesel 14000 laminae were joined together to make 35 individual manifolds which have 
several inlets and outlets. Each manifold had 8 modules. Each module was made of 50 micromixer-microreactor system [102]. Hence it 
can be concluded that the industrial use of micromixer-microreactor systems in biodiesel production offers significant advantages, 
including reduced residence time, smaller reaction volume, compact footprint, and lower energy costs. This leads to potential cost 
savings in capital and operations. Despite challenges at low flow rates, effective scale-up of individual units is crucial for commercial 
biodiesel synthesis. The development of a commercial plant involves stacking multiple micromixer-microreactor laminae, enabling 
large-scale biodiesel production. 

New studies on scale-up techniques have revealed interesting ways to increase production rates using bigger micromixers. These 
methods include scale-out techniques using appropriate dimension expansion, which assert that channel dimensions can be increased 
to a size that is adequate to achieve the required performance. On the other hand, the increase in channel length affects species 
dispersion and mixing efficiency, which in turn results in a decrease in fluid mixing and chemical reaction efficiency [67]. Information 
regarding reaction kinetics behavior and fluid dynamics appears to be helpful patterns for the optimization of the development and 
application of micromixer-microreactor in industrial processes [101]. Micromixers-microreactors implement the numbering-up 
technique to increase reaction output without having to increase the size of the reactor. The numbering-up technique for 
micromixer-microreactors involves running a cluster of several reactors simultaneously inside a single module. This characteristic 
makes it possible to apply all of the optimized parameters of a single micromixer regardless of scaling up the output scale, including 
reaction temperature, reaction duration, and flow rate. Optimizing heat and mass transport of chemical reactants is the main goal of 
intensifying reaction yield in microchannel reactors [34]. This is because the reaction yield is influenced by effective mass transfer 
caused by improved molecular mobility between chemical reactants. 

Once every possibility for chemical intensification and smart scale out to the mesoscale has been explored, the process known as 
"numbering-up" can be used to enhance capacity even more. In contrast to conventional reactors, where scaling-up happens with an 
increase in each specific reactor unit size, this indicates an increase in the number of structural units. The two stages of the numbering- 
up idea are capacity selection and route scaling, as elaborated by Gaikwad & Gogate [103]. The flow rate per channel can be used to 
identify the three ranges: 10, 100, and 1000 L/h. There are three main steps in the scaling route. First, one channel is enhanced 
(dimensions are increased while maintaining the heat and mass transfer characteristics of the micromixer-microreactors); second, an 
internal numbering-up process creates a modular unit by joining several channels (mixer, reaction channels, heat exchanger, and 
separator) into one unit; and third, an external numbering-up process arranges up to five or six modular units [103]. There are sig
nificant disadvantages to both of these methods: external numbering-up requires more space and is more expensive than internal 
numbering-up, which is restricted by the number of units on a single chip and results in a pressure drop that grows as the number of 
units increases [59]. 

For the continuous manufacture of chemicals, a continuous-flow micromixer-microreactor system is an interesting option 
[104–109]. Compared to traditional batch or semi-batch reactors, this system provides exact control over the reaction parameters, 
rapid heat and mass transfer, and inherent safety [110–113]. Even while reaction yield and efficiency have improved on a small scale, 
the industry has only successfully adopted a small number of these methods. The significant difference in size between laboratory and 
production-site micromixer-microreactor systems is a primary cause of the current findings. On a production scale, a throughput of 
kg/h or more is necessary, although a lab microreactor typically has a throughput in the range of g/h or g/min [111,114]. As a result, a 
scale factor of 100–1000 is typical, which is difficult to achieve without losing the benefits that the micromixer–microreactor com
bination offers naturally. The micromixer-microreactor system’s narrow channel size, which results in short transfer distances and a 
high surface-to-volume ratio, is the primary source of most of its benefits. Nevertheless, these micro-channel properties would stop 
right away when the channel’s dimensions increased during scale-up. Therefore, it was determined that the numbering up technique 
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(Fig. 31) was the best approach to action for scaling up the micromixer and microreactor system for the manufacture of biodiesel. This 
technique allows for the design of compact micro-plants and the achievement of higher capacity by linking micromixers and micro
reactors with the same verified dimensions to function simultaneously. 

The main advantage of this approach is that it maintains the microenvironment’s hydrodynamics and transfer properties, enabling 
reactions to be carried out under settings that are exact duplicates of the microreactor. As a result, to meet the throughput requirements 
of the industry, hundreds or even thousands of micromixer and microreactor system units may be needed [18]. For example, a single 
micromixer-microreactor system can produce 50 tonnes of biodiesel per year, while a batch-wise biodiesel factory can produce 50,000 
tonnes annually. Thus, 1000 micromixer-microreactor units would be needed to produce 50,000 tonnes of biodiesel annually, or the 
same amount as a batch biodiesel plant (i.e., 50,000 tons/year divided by 50 tons/year). In general, a micromixer-microreactor 
system’s volume can be determined using Equation (3) [18]. 

V=
π
4
.N.L.D2 (3)  

where N is the number of channels connected in parallel, L is the length of the channel and D is the hydrodynamic channel diameter. 
Fluid distribution, which is necessary for providing accurate and consistent flow in each reactor unit and, consequently, optimal 

and consistent performance in each reactor, is still a major difficulty. Therefore, some of the drawbacks of the numbering up technique 
include the need for sophisticated flow distribution management, the need for highly technological setups, and sensitivity to the 
distributor’s design and construction. To reduce the fluid distribution limitation, Dong et al. [18] designed two types of fluid dis
tributors: internal and exterior micromixer-microreactor system fluid distributors. The reactant flow was allocated for the external 
fluid distributor before the reactants entered the parallel microreactors (Fig. 32a). Conversely, concerning the internal flow distributor, 
the distributing unit (distributing channels) and the parallel micromixer-microreactor system were put together simultaneously and 

Fig. 31. Scale-up approaches of microreactors from lab scale (a single channel reactor) to production scale [18].  

Fig. 32. Micromixer-microreactor system flow distributors. (a) External flow distributor. (b) Internal flow distributor [18].  
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housed in the same frame (Fig. 32b) [18]. 
Furthermore, to determine the factors that result in a better transfer of experimental flow chemistry results into the pilot-scale 

processing under specific environmental and financial conditions, Budžaki et al. [115] carried out three case studies: one on cata
lyst reuse options and two on process concepts for intensified processing of epoxidation and transesterification of natural feedstocks. 
The findings demonstrated that micromixer-microreactors outperformed conventional industrial fed-batch systems. In their review 
article, Budžaki et al. [115] concluded that the most promising industrial-scale biodiesel production technologies are the packed-bed 
reactors (PBR), which precede the continuous-stirred tank reactors [115]. They made the point that when using PBR, the residence 
time of the reaction mixture in the reactor and its interaction with the immobilized enzymes’ active sites is crucial. Low flow rates can 
be used to regulate that, which will lengthen the oil’s residence period and increase its conversion to biodiesel. 

9. Reaction kinetics of micromixers 

The expense of the micromixers and the search for substitutes for used catalysts are two issues that frequently impede the 
advancement of microreactor technology. A catalytic micromixer-microreactor needs to be precisely designed by producing both the 
catalyst and the reactor at the same time, while also accounting for basic reaction kinetics and transport issues [116]. To scale up a 
micromixer-microreactor system for use in industrial processes, reaction kinetics dynamics are crucial [117–119]. The trans
esterification of oil and alcohol may be impacted by elements such as the types of feedstock oil, alcohol, and catalyst, the extent of 
temperature, residence duration, alcohol-to-oil molar ratio, and catalyst concentration even though kinetics is independent of the types 
of reactor used [119]. 

According to equations (4)–(6), the transesterification reaction passes through three sequential reversible reactions. In the presence 
of a basic catalyst, triglyceride (TG) first reacts with alcohol (A) to produce di-glyceride (DG) and ester (E), followed by a reaction 
between di-glyceride (DG) to make mono-glyceride (MG) and ester, and finally a reaction between mono-glyceride and alcohol to 
produce ester and glycerol (GL) [120]. 

TG+A ↔ DG + E (4)  

DG+A ↔ MG + E (5)  

MG+A ↔ GL + E (6) 

The overall rate of transesterification reaction is represented by equation (7) [121]: 

− rTG = k1Cα
TGCβ

A + k2Cδ
E + Cγ

GL (7)  

where, − rTG = reaction rate of TG (mol/(m3 × s)) 
α,β, δ&γ = the order of the reaction to TG, A, E, and GL respectively. 
k1 = forward reaction rate constant, k2 = reverse reaction rate constant 
CTG = concentration of TG, CA = concentration of A, CE = concentration of E, CGL = concentration of GL 
Using ANSYS CFX 14.0, Santana et al. [90] assessed the overall reaction rate constant that had taken place in a T-shaped micro

mixer coupled microchannel (w = 1500 mm, h = 200 mm height, and L = 411 mm of longitudinal length) reactor. The results are 
shown in Table 4 [90]. 

Han et al. [117] used ANSYS and Matlab to analyze kinetic and transport equations using a two-dimensional reaction model. It was 
assessed how residence duration affected the biodiesel yield. A significant effect on the yield was caused by the highest yield being 
attained at a slightly longer residence duration. However, the straightforward kinetic model they used prevented them from doing a 
numerical investigation of the process [117]. The kinetics of the transesterification reaction carried out with a T-shaped micromixer 
coupled microchannel delay loop were examined numerically by Richard et al. [122] as depicted in Fig. 33. The concentration of ethyl 
ester (EE) increased and the concentration of triglyceride (TG) declined as the residence time in the micromixer-microreactor system 
increased until equilibrium was reached [122]. 

GITT (Generalized Integral Transform Technique) was used to investigate the transesterification of soybean oil in a T-shaped 
micromixer-coupled microchannel at various residence times and reaction temperatures. Convective and diffusive mass transfer, as 
well as reaction kinetics, was modeled in three dimensions. The process employed was second-order reversible transesterification. 

Table 4 
Evaluated kinetic data at various reaction conditions.  

Temperature (◦C) Ethanol/oil molar ratio NaOH concentration (wt.%) k
→

*106 (m3 mol− 1s− 1) k
↼

*108 (m3 mol− 1s− 1) 

25 9:01 0.75 1.52 3.15 
50 6:01 0.75 8.1 6.61 
50 9:01 0.75 8.3 6.07 
50 9:01 1 15.68 9.42 
50 9:01 1.25 19.38 11.72 
50 12:01 0.75 8.73 30.13 
75 9:01 0.75 2.37 9.53  
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Because there was enough time for mass transfer by diffusion over the prolonged residence time, a greater yield was produced. The rate 
of the reaction was shown to be influenced by temperature [123]. To scale up a micromixer-micro reactor system for industrial 
biodiesel synthesis, careful consideration of reaction kinetics is essential. Factors including feedstock type, temperature, residence 
duration, and catalyst concentration play a crucial role in transesterification. Numerical simulations, such as those conducted by 
Santana and Han, assess reaction rate constants and kinetics, highlighting the significance of residence duration in optimizing biodiesel 
production. Richard’s study focuses on transesterification kinetics in a microchannel, revealing concentration variations over time. 
GITT analysis of soybean oil transesterification underscores the impact of temperature on reaction rates. Overall, these findings un
derscore the necessity of understanding kinetics for efficient and scalable micromixer-micro reactor biodiesel production. 

10. Economic aspects of micromixer-microreactors systems in biodiesel synthesis 

Biodiesel is mainly produced by two types of reactors: batch and continuous-flow reactors. Biodiesel produced in batch processes 
has drawbacks such as the requirement of a high amount of alcohol to move the transesterification reaction forward, separation cost of 
fatty ester products from the reaction mixture, more water consumption for purification, and high reactor cost [30]. Continuous 
biodiesel production using different feedstocks and processing techniques overcame such drawbacks [19]. 

The economic analysis of enzymatic biodiesel production from refined sunflower using immobilized lipase with a capacity of 
10,000 tons per annum employing a packed-bed microreactor was done by Budžaki et al. [115]. To determine key bottlenecks, that are 
causing the negative balance, share of each parameter in total production was plotted and presented in Fig. 34. The figure shows 
depreciation (immobilization) as the second highest cost share in total production costs (38.5 %). The effects of activity retention 
(Fig. 35) and utilization of the oxirane groups on Eupergit CM (Fig. 36.) on the total profit were examined. The utilization of the 
oxirane groups on Eupergit CM shows a higher increase in the total plant profit than an improvement in activity retention. Besides, the 
analysis of SEPABEADS EC-EP/M application in TLL (Thermomyces lanuginosus lipase) immobilization on the total production costs 
was conducted. In addition to this, the effects of activity retention and utilization of the oxirane groups on SEPABEADS ECEP/M on 

Fig. 33. Time variation of species concentration in biodiesel synthesis [122].  

Fig. 34. Share of individual input parameters in the total production costs [115].  
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total plant profit were examined. The results showed the application of TLL immobilized on SEPABEADS EC-EP/M on an industrial 
scale has a potentially profitable outcome due to a significant reduction in operating costs. Nevertheless, by recognizing and solving 
key process bottlenecks, the biodiesel synthesis in micro-flow packed-bed reactors can have a promising future at industrial scale 
production [115]. 

A few cases of enzymatic biodiesel production in packed-bed microreactors were compared against a real-time, industrial plant in 
Croatia operating at 10,000 t/year, which uses rapeseed oil to produce biodiesel in batch mode. For the industrial rapeseed biodiesel 
plant, the raw material was the biggest contributor to the production costs (71 %), followed by the capital costs (11 %). Total plant 
profit for the first year of production for case 2&5 were much better than the batch operating mode. In Case 2, the number of reuses of 

Fig. 35. Influence of the increase in activity retention on the total plant profit with Eupergit CM [115].  

Fig. 36. Influence of the increase in utilization of the oxirane groups on the total plant profit with Eupergit CM [115].  

Fig. 37. Total plant profit for the first year of production for each case [124].  
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the immobilized TLL were 50 days. Case 2 showed a total plant profit of 3 M USD (Fig. 37). The immobilization cost and share in total 
input costs was 9.9 %, while the raw materials contributed to 67.2 % of total input costs. The cash flow analysis showed a positive 
economic balance after the second year of production, with an NPV of 0.05 M USD. The cost analysis showed that Case 2 can be a viable 
enzymatic biodiesel production process (Fig. 38). The influence of increased utilization of oxirane groups on SEPABEADS EC-EP/M on 
total plant profit was investigated in Case 5. A total plant profit of 2 M USD was achieved at 83.1 % utilization of oxirane groups. The 
raw materials contributed to 59.5 % of the total input costs, followed by the immobilization at 20.4 %. The cash flow analysis for Case 5 
showed a positive NPV after three years of production [124]. 

An economic analysis over a 15-year design life proved that the production of biodiesel in a micromixer-microreactor system is a 
more feasible alternative to the production of biodiesel in a batch reactor. Both reactors were compared on an equal basis of a 900 kg/ 
year production rate of biodiesel. According to the study, while energy consumption for the micromixer-microreactor system and batch 
reactor were 55 and 130J/g of biodiesel, the capital cost was $2000 and $615 respectively. On the other hand, the operating cost of the 
micromixer-microreactor system and batch reactor was $170/year and $ 416/year respectively. Although microreactors have a larger 
capital cost than batch reactors, the operating cost of microreactors is significantly lower than the operating cost of batch reactors, 
making it a more feasible alternative in the long run for microreactor biodiesel production [125]. 

11. Environmental impact and benefit of micromixers 

When producing biodiesel, the use of micromixers and microreactors presents a significant environmental advantage over batch 
processing techniques. In batch production methods, vegetable or animal fat is reacted in a batch reactor with a catalyst [126]. Usually, 
the reaction is conducted under high pressure and temperature conditions. The biodiesel is separated from the glycerin and other 
by-products after the reaction is finished [127]. In continuous microreactor systems, vegetable or animal fat is reacted in a micro
reactor with a catalyst. Usually, the reaction is conducted at lower pressures and temperatures than in batch production techniques. 
Continuous production of biodiesel involves separating it from glycerin and other by products. Depending on the process employed, 
the production of biodiesel may have a considerable negative impact on the environment. Due to their higher energy requirements, 
batch production techniques usually have a greater environmental impact than continuous microreactor systems. This is because 
reactants are usually heated to high temperatures and pressures during batch production methods. Conversely, continuous micro
reactor systems can function at reduced pressures and temperatures [128]. 

In comparison to continuous microreactor systems, batch production methods also use more water. This is because batch pro
duction techniques usually require cleaning the biodiesel to get rid of contaminants. Conversely, biodiesel with less water content can 
be produced by continuous microreactor systems [31,68]. Continuous microreactor systems produce less waste than batch production 
methods. This is because techniques for batch production generally yield higher levels of glycerin and other by-products. Conversely, 
biodiesel with less glycerin can be produced using continuous microreactor systems [126]. Micromixers encourage complete and quick 
mixing of reactants, which results in a more complete feedstock to biodiesel conversion. This reduces waste generation and improves 
reaction efficiency by minimizing waste streams that contain partially converted products or unreacted feedstock [37,129]. Processing 
times are greatly shortened by reaction rates that are accelerated by efficient mixing in micromixers. In contrast to batch processes, this 
results in reduced energy usage for heating and agitation [34]. Microreactors’ high surface area-to-volume ratio promotes effective 
heat transfer, which may allow for lower reaction temperatures or shorter heating times [130]. In comparison to batch reactors, 
microreactors also require smaller volumes of reaction media. As a result, less solvent waste is produced throughout the procedure 
[131]. Continuous processing is made possible by microfluidic systems, which also provide real-time reaction parameter monitoring 
and control. By doing this, the possibility of uncontrolled exothermic reactions and other batch process-related safety risks is reduced. 

Compared to batch processes, continuous processing with smaller reaction volumes may result in lower fugitive emissions of 

Fig. 38. Cash flow analysis for each case for a 10-year production period [124].  
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volatile components like methanol [31,132]. Thus, the use of microreactors and micromixers offers a viable method for producing 
biodiesel that is not harmful to the environment. They are an important tool for a more sustainable biofuel industry because of their 
capacity to encourage effective mixing, minimize waste generation, and lower energy consumption [133]. Therefore, batch production 
methods are less environmentally friendly than continuous microreactors with micromixer systems when producing biodiesel. This is 
because continuous microreactor systems produce less waste, water, and energy. 

12. Future perspectives and challenges on micromixers 

Finding building materials for microfluidic devices that can effectively handle corrosive and reactive reactants and products re
mains a significant challenge. Polymers are mainly used to make the majority of microreactors due to their ease of fabrication. 
However, microreactors made of polymers are susceptible to chemical attacks, which means they may react with reactants, by- 
products, and/or products, reducing their shelf life. Another challenge for plastic polymer microdevices is avoiding the risk of 
leakage within the joints between each microreactor bundle during biodiesel production in microreactors and micromixers [102]. As a 
result, using gaskets and fasteners to prevent reactant and product leakage in microreactors and micro mixers is not a viable solution 
and necessitates additional research. 

The clogging of micromixers and microreactor channels caused by the viscosity of oil and biodiesel poses a severe obstacle to the 
generation of biodiesel in microdevices. When oil with a high free fatty acid level is used for biodiesel production in a microreactor, 
saponification is another cause of microchannel clogging. Cleaning the fouling of microchannels with descalers and chemicals is 
extremely challenging due to their microscopic size. As a result, research must be done to reduce the risk of fouling, and cleaning 
solutions must be devised. 

Research has not yet adequately analyzed the use of solid base and acid heterogeneous catalysts in microreactors due to their 
practical limitations. The immiscible fluids and catalyst mass transfer restrictions affect the reaction rate. So, it is essential to carry out 
additional research in this area. Even if a packed bed microreactor composed of solid acid or base heterogeneous catalyst as a random 
packing has been employed and generates a fair yield, it is still challenging to use packed beds constantly on a larger scale. This is 
because their catalytic activity is reduced continuously as a result of loss of strength of basicity or acidity and blockage of active pores 
or sites by oil, glycerol, and biodiesel Another problem that needs to be resolved is the production of a large pressure drop when packed 
into the micromixer-microreactor pressure building to a significant level [49,102]. 

Because the size of the microreactor is on a micro-scale it is quite challenging to get at different residence times the reaction and 
flow behavior data inside the microreactor. This makes the validation of experiments less practical. Therefore, the use of microreactors 
on an industrial level faces practical limitations. Hence, more research on the methods to upgrade lab-scale microreactor biodiesel 
production to industrial-scale production should be done. Also, it is uncertain how successfully the same process will reproduce itself in 
large-scale manufacturing given how difficult it is to control the flow behavior of each bundle of microreactor online. Hence, an 
intelligent automated monitoring system is required to accurately regulate their operation [58]. In conclusion, solving these issues has 
the potential to transform the industrial production of biodiesel while simultaneously advancing the technological capabilities of 
micromixers and microreactors. The efficient and sustainable production of biodiesel can be achieved by innovative solutions to 
material selection, leakage prevention, fouling reduction, catalyst optimization, reactor scaling, and data validation. Furthermore, the 
incorporation of intelligent automated monitoring systems can guarantee accurate control over the functioning of microreactors, 
hence augmenting their feasibility in extensive industrial environments. 

The goal of ongoing research is to improve the performance of micromixers by investigating new designs, materials, and fabrication 
methods. New geometries are explored in micromixer design research. It refines micromixer designs for more scalable integration and 
improved mixing efficiency. In addition, it investigates materials that are highly resistant to chemicals and corrosion to be both 
affordable and biocompatible. In the future, micromixers may be combined with nanotechnology, microfluidics, and microelectronics 
for use in biodiesel production. There are still difficulties, though, mainly with increasing production, guaranteeing dependability, and 
lowering fabrication costs. To fully realize the potential of micromixers and enable their wider adoption in academic research and real- 
world applications, these issues must be resolved. 

13. Conclusion 

In summary, the challenges posed by the higher reaction time and product costs in biodiesel synthesis, coupled with the immis
cibility of oil and alcohol, necessitate an intensification approach through micromixers. This method enhances conventional mixing 
principles, crucial for achieving target outcomes in microreactors during transesterification reactions. The comprehensive review 
undertaken in this study covers various micromixer types, their mixing efficiency, the role of co-solvents in intensification, and the 
hydrodynamics contributing to conversion enhancement. Analyzing advancements in micromixer technology across different systems 
reveals the profound impact of micromixer and microreactor shape and microsize level on biodiesel synthesis yield. Particularly, 
research outcomes are particularly effective at the smaller (lab-scale) biodiesel synthesis level. The widespread utilization of homo
geneous base catalysts is attributed to their higher catalytic activity and positive influence on macromixing efficiency. 

Conversely, reports indicate challenges with heterogeneous catalysts in microchannel-packed bed micro mixers, specifically hin
dering alcohol and oil macromixing. 

Looking ahead, for effective industrial applications, several crucial aspects demand further research. These include the develop
ment of microheating and cooling systems for microreactors, ensuring the maintenance of efficient flow regimes like slug and droplet 
flows. Additionally, investigating high-free fatty acid oil transesterification employing an acid catalyst is vital. The enhancement of 
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methods for joining laminae to modules and the production of efficient, affordable gaskets for microreactors are also areas requiring 
focused exploration. While micromixer-microreactor systems showcase efficiency in lab-scale biodiesel production, addressing these 
future research points is pivotal for their successful industrial application. This includes advancing heating and cooling technologies, 
optimizing flow regimes, exploring acid-catalyzed conversion of high-free fatty acid oils, improving modular design methods, and 
developing cost-effective gaskets. The pursuit of these research avenues will undoubtedly contribute to the ongoing evolution and 
effectiveness of biodiesel production through micromixer and microreactor systems. 

Data availability statement 

No data was used for the research described in the article. 

CRediT authorship contribution statement 

Yonas Desta Bizualem: Writing – review & editing, Writing – original draft, Visualization, Resources. Amare Gashu Nurie: 
Writing – review & editing, Writing – original draft, Visualization, Conceptualization. Talbachew Tadesse Nadew: Writing – review 
& editing, Visualization, Supervision, Resources. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

References 

[1] W.N.W. Ab Rashid, et al., Synthesis of biodiesel from palm oil in capillary millichannel reactor: effect of temperature, methanol to oil molar ratio, and KOH 
concentration on FAME yield, Procedia Chem. 9 (2014) 165–171. 

[2] E.L. Martinez Arias, et al., Continuous synthesis and in situ monitoring of biodiesel production in different microfluidic devices, Ind. Eng. Chem. Res. 51 (33) 
(2012) 10755–10767. 

[3] Z. Qiu, L. Zhao, L. Weatherley, Process intensification technologies in continuous biodiesel production, Chem. Eng. Process: Process Intensif. 49 (4) (2010) 
323–330. 

[4] A. Boukhalkhal, et al., A continuous biodiesel production process using a chaotic mixer-reactor, Waste and Biomass Valorization 11 (2020) 6159–6168. 
[5] T. Wijakmatee, et al., Process intensification of biodiesel production with integrated microscale reactor and separator, Chemical Engineering and Processing- 

Process Intensification 164 (2021) 108422. 
[6] L.F. Chuah, et al., A review of cleaner intensification technologies in biodiesel production, J. Clean. Prod. 146 (2017) 181–193. 
[7] S.X. Tan, et al., Two-step catalytic reactive extraction and transesterification process via ultrasonic irradiation for biodiesel production from solid Jatropha oil 

seeds, Chemical Engineering and Processing-Process Intensification 146 (2019) 107687. 
[8] A.A. Hassan, H.A. Alhameedi, J.D. Smith, Two-step sub/supercritical water and ethanol processes for non-catalytic biodiesel production, Chemical 

Engineering and Processing-Process Intensification 150 (2020) 107881. 
[9] J. Yan, et al., Efficient production of biodiesel from ionic liquid catalyzed esterification using ultrasonic-microwave combined intensification, Chemical 

Engineering and Processing-Process Intensification 149 (2020) 107870. 
[10] S. Shrikhande, et al., Design and retrofitting of ultrasound intensified and ionic liquid catalyzed in situ algal biodiesel production, Chem. Eng. Res. Des. 171 

(2021) 168–185. 
[11] A.D. Patil, S.S. Baral, Process intensification of thumba methyl ester (Biodiesel) production using hydrodynamic cavitation, Chem. Eng. Res. Des. 171 (2021) 

277–292. 
[12] A. Patil, S. Baral, P. Dhanke, Hydrodynamic cavitation for process intensification of biodiesel synthesis-a review, Current Research in Green and Sustainable 

Chemistry 4 (2021) 100144. 
[13] H.S. Jaya, et al., Hydrolysis reaction utilizing cavitation from high pressure water jet impinging into palm oil bath, Ain Shams Eng. J. 12 (4) (2021) 

3905–3918. 
[14] B. Mondal, et al., Nano-catalytic heterogeneous reactive distillation for algal biodiesel production: multi-objective optimization and heat integration, Energy 

Convers. Manag. 241 (2021) 114298. 
[15] T. Wijakmatee, et al., Process intensification of biodiesel production with integrated microscale reactor and separator, Chemical Engineering and Processing - 

Process Intensification 164 (2021) 108422. 
[16] J. Xu, B. An, D. Sun, The phase separation in a rectangular microchannel by micro-membrane, Appl. Therm. Eng. 88 (2015) 172–184. 
[17] Jovanovic, G., Microtechnology–new Paradigm for Process Industries. Unpublished presentation. Oregon State University. Available at http://www. meptec. 

org/Resources/8. 
[18] Z. Dong, et al., Scale-up of micro-and milli-reactors: an overview of strategies, design principles and applications, Chem. Eng. Sci. X 10 (2021) 100097. 
[19] T. Xie, L. Zhang, N. Xu, Biodiesel Synthesis in Microreactors, 2012. 
[20] R. Bhoi, et al., Transesterification of sunflower oil in microreactors, Int. J. Chem. React. Eng. 12 (1) (2014) 47–62. 
[21] B. Aghel, et al., Using a wire coil insert for biodiesel production enhancement in a microreactor, Energy Convers. Manag. 84 (2014) 541–549. 
[22] T.L. Bergman, et al., Fundamentals of Heat and Mass Transfer, John Wiley & Sons, 2011. 
[23] H.S. Santana, J.L. Silva Jr., O.P. Taranto, Numerical simulation of mixing and reaction of Jatropha curcas oil and ethanol for synthesis of biodiesel in 

micromixers, Chem. Eng. Sci. 132 (2015) 159–168. 
[24] S. Gambhire, et al., A Review on Different Micromixers and its Micromixing within Microchannel, 2016. 
[25] L. Capretto, et al., Micromixing within microfluidic devices, Microfluidics: technologies and applications (2011) 27–68. 
[26] S. Kim, et al., High-throughput single-molecule optofluidic analysis, Nat. Methods 8 (3) (2011) 242–245. 
[27] C.-Y. Chen, et al., Magnetically actuated artificial cilia for optimum mixing performance in microfluidics, Lab Chip 13 (14) (2013) 2834–2839. 
[28] C. Liu, Y. Li, B.-F. Liu, Micromixers and their applications in kinetic analysis of biochemical reactions, Talanta 205 (2019) 120136. 
[29] G. Cai, et al., A review on micromixers, Micromachines 8 (9) (2017) 274. 
[30] T. Mashimo, R. Shibuya, K. Terashima, Piezoelectric micromixer using a swirling motion, in: Proceedings of the 16th International Conference on Miniaturized 

Systems for Chemistry and Life Sciences, MicroTAS, vol. 2012, Chemical and Biological Microsystems Society, 2012. 
[31] J.A. Okolie, et al., Continuous biodiesel production: a review of advances in catalysis, microfluidic and cavitation reactors, Fuel 307 (2022) 121821. 
[32] H. Bockelmann, V. Heuveline, D.P. Barz, Optimization of an electrokinetic mixer for microfluidic applications, Biomicrofluidics 6 (2) (2012). 

Y.D. Bizualem et al.                                                                                                                                                                                                   

http://refhub.elsevier.com/S2405-8440(24)10821-3/sref1
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref1
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref2
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref2
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref3
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref3
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref4
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref5
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref5
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref6
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref7
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref7
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref8
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref8
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref9
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref9
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref10
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref10
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref11
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref11
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref12
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref12
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref13
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref13
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref14
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref14
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref15
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref15
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref16
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref18
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref19
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref20
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref21
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref22
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref23
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref23
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref24
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref25
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref26
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref27
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref28
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref29
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref30
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref30
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref31
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref32


Heliyon 10 (2024) e34790

33

[33] T. Xie, C. Xu, Numerical and experimental investigations of chaotic mixing behavior in an oscillating feedback micromixer, Chem. Eng. Sci. 171 (2017) 
303–317. 

[34] K. Subramaniam, et al., Enhancing biodiesel production: a review of microchannel reactor technologies, Energies 17 (7) (2024) 1652. 
[35] Z. Chen, et al., Acoustofluidic micromixers: from rational design to lab-on-a-chip applications, Appl. Mater. Today 26 (2022) 101356. 
[36] A.A. Doinikov, et al., Acoustic streaming produced by sharp-edge structures in microfluidic devices, Microfluid. Nanofluidics 24 (5) (2020) 32. 
[37] M.A. Bashir, et al., Recent development of advanced processing technologies for biodiesel production: a critical review, Fuel Process. Technol. 227 (2022) 

107120. 
[38] M. Basiri, M. Rahimi, M.H. Babaei, Ultrasound-assisted Biodiesel Production in Micro Reactors, 2016. 
[39] S.M. Saravanakumar, P.-V. Cicek, Microfluidic mixing: a physics-oriented review, Micromachines 14 (10) (2023) 1827. 
[40] M.A. Ansari, K.-Y. Kim, Mixing performance of unbalanced split and recombine micomixers with circular and rhombic sub-channels, Chem. Eng. J. 162 (2) 

(2010) 760–767. 
[41] S. Gambhire, et al., A review on different micromixers and its micromixing within microchannel, International Journal of Current Engineering and Technology 

4 (4) (2016) 409–413. 
[42] H.S. Santana, et al., Transesterification of sunflower oil in microchannels with circular obstructions, Chin. J. Chem. Eng. 26 (4) (2018) 852–863. 
[43] C.-Y. Lee, et al., Passive mixers in microfluidic systems: a review, Chem. Eng. J. 288 (2016) 146–160. 
[44] A. Kaewchada, S. Pungchaicharn, A. Jaree, Transesterification of palm oil in a microtube reactor, Can. J. Chem. Eng. 94 (5) (2016) 859–864. 
[45] S. Yeh, et al., Development of a millimetrically scaled biodiesel transesterification device that relies on droplet-based co-axial fluidics, Sci. Rep. 6 (1) (2016) 

29288. 
[46] M.I. Fadhel, Drying characteristics of lemongrass in solar assisted chemical heat pump dryer. International Proceedings of Chemical, Biological and 

Environmental Engineering (IPCBEE) 77 (2014) 39–43. 
[47] A. Gholami, et al., Biodiesel production from Norouzak (Salvia leriifolia) oil using choline hydroxide catalyst in a microchannel reactor, Renew. Energy 136 

(2019) 993–1001. 
[48] M. Rahimi, et al., Optimization of biodiesel production from soybean oil in a microreactor, Energy Convers. Manag. 79 (2014) 599–605. 
[49] P. Sun, et al., Fast synthesis of biodiesel at high throughput in microstructured reactors, Ind. Eng. Chem. Res. 49 (3) (2010) 1259–1264. 
[50] Z. Wen, et al., Intensification of biodiesel synthesis using zigzag micro-channel reactors, Bioresour. Technol. 100 (12) (2009) 3054–3060. 
[51] G. Guan, et al., Transesterification of sunflower oil with methanol in a microtube reactor, Ind. Eng. Chem. Res. 48 (3) (2009) 1357–1363. 
[52] G. Liu, et al., A novel design for split-and-recombine micromixer with double-layer Y-shaped mixing units, Sensor Actuator Phys. 341 (2022) 113569. 
[53] S. Yuan, et al., Investigation of efficient mixing enhancement in planar micromixers with short mixing length, Chemical Engineering and Processing-Process 

Intensification 171 (2022) 108747. 
[54] A. Sinha, M. Zunaid, Numerical study of 3-D helical passive micromixer having both inlets at offset with blood as fluid, Mater. Today: Proc. 62 (2022) 

3713–3718. 
[55] K.Y. Wong, et al., Biodiesel process intensification through catalytic enhancement and emerging reactor designs: a critical review, Renew. Sustain. Energy Rev. 

116 (2019) 109399. 
[56] H.A. Yusuf, et al., Fabrication of novel microreactors in-house and their performance analysis via continuous production of biodiesel, Chemical Engineering 

and Processing-Process Intensification 172 (2022) 108792. 
[57] J.-Y. Dai, et al., Statistical optimization for biodiesel production from soybean oil in a microchannel reactor, Ind. Eng. Chem. Res. 53 (22) (2014) 9325–9330. 
[58] Y. Natarajan, et al., An overview on the process intensification of microchannel reactors for biodiesel production, Chemical Engineering and Processing - 

Process Intensification 136 (2019) 163–176. 
[59] D.-T. Tran, J.-S. Chang, D.-J. Lee, Recent insights into continuous-flow biodiesel production via catalytic and non-catalytic transesterification processes, Appl. 

Energy 185 (2017) 376–409. 
[60] O.K. Bishoge, L. Zhang, W.G. Mushi, The potential renewable energy for sustainable development in Tanzania: a review, Cleanroom Technol. 1 (1) (2018) 

70–88. 
[61] A.L. Boukhalkhal, et al., A continuous biodiesel production process using a chaotic mixer-reactor, Waste and Biomass Valorization 11 (11) (2020) 6159–6168. 
[62] N. Chueluecha, A. Kaewchada, A. Jaree, Biodiesel synthesis using heterogeneous catalyst in a packed-microchannel, Energy Convers. Manag. 141 (2017) 

145–154. 
[63] E. Santacesaria, et al., Biodiesel process intensification in a very simple microchannel device, Chem. Eng. Process: Process Intensif. 52 (2012) 47–54. 
[64] M. Rahimi, et al., Transesterification of soybean oil in four-way micromixers for biodiesel production using a cosolvent, J. Taiwan Inst. Chem. Eng. 64 (2016) 

203–210. 
[65] P.C. Pontes, C.P. Naveira-Cotta, J.N. Quaresma, Three-dimensional reaction-convection-diffusion analysis with temperature influence for biodiesel synthesis in 

micro-reactors, Int. J. Therm. Sci. 118 (2017) 104–122. 
[66] J.M. Costa Junior, et al., Innovative metallic microfluidic device for intensified biodiesel production, Ind. Eng. Chem. Res. 59 (1) (2019) 389–398. 
[67] J.L. Silva Jr., et al., Smart scale-up of micromixers for efficient continuous biodiesel synthesis: a numerical study for process intensification, Chemical 

Engineering and Processing-Process Intensification 196 (2024) 109664. 
[68] A. Tiwari, V. Rajesh, S. Yadav, Biodiesel production in micro-reactors: a review, Energy for sustainable development 43 (2018) 143–161. 
[69] Z. Mao, C. Yang, Micro-mixing in chemical reactors: a perspective, Chin. J. Chem. Eng. 25 (4) (2017) 381–390. 
[70] M. Yang, et al., A structural optimization model of a biochemical detection micromixer based on RSM and MOEA/D, Chemical Engineering and Processing- 

Process Intensification 173 (2022) 108832. 
[71] H.S. Santana, et al., Biodiesel synthesis in micromixer with static elements, Energy Convers. Manag. 141 (2017) 28–39. 
[72] B. Keshavarzian, et al., Optimization of an active electrokinetic micromixer based on the number and arrangement of microelectrodes, J. Appl. Fluid Mech. 11 

(6) (2018) 1531–1541. 
[73] M. Nazari, et al., A comprehensive geometrical study on an induced-charge electrokinetic micromixer equipped with electrically conductive plates, Int. J. Heat 

Mass Tran. 146 (2020) 118892. 
[74] E. López-Guajardo, et al., Process intensification of biodiesel production using a tubular micro-reactor (TMR): experimental and numerical assessment. 

Chemical Engineering Communications 204 (4) (2017) 467–475. 
[75] A.M. Laziz, et al., Quantitative analysis of hydrodynamic effect on transesterification process in T-junction microchannel reactor system, Chemical Engineering 

and Processing-Process Intensification 140 (2019) 91–99. 
[76] W. Shaaban, et al., Investigation of factors affect biodiesel production in microreactor with T-mixer, Int Proc Chem Biol Environ Eng 88 (11) (2015) 15. 
[77] P. Borgohain, et al., Design and performance of a three-dimensional micromixer with curved ribs, Chem. Eng. Res. Des. 136 (2018) 761–775. 
[78] R.K. Verma, S. Ghosh, Comparison of slug breakup for confined liquid–liquid flows in serpentine minigeometry, Ind. Eng. Chem. Res. 59 (16) (2020) 

7955–7964. 
[79] N.U. Soriano, R. Venditti, D.S. Argyropoulos, Biodiesel synthesis via homogeneous Lewis acid-catalyzed transesterification, Fuel 88 (3) (2009) 560–565. 
[80] S. Sakthivel, S. Halder, P.D. Gupta, Influence of Co-Solvent on the Production of Biodiesel in Batch and continuous process, Int. J. Green Energy 10 (8) (2013) 

876–884. 
[81] N. Chanthon, et al., A review of catalyst and multifunctional reactor development for sustainable biodiesel production, Sci. Asia 47 (5) (2021) 531–541. 
[82] A. Mukhtar, et al., Mitigation of CO2 emissions by transforming to biofuels: Optimization of biofuels production processes, Renew. Sustain. Energy Rev. 150 

(2021) 111487. 
[83] B. Aghel, M. Mohadesi, S. Sahraei, Effect of different cosolvents on transesterification of waste cooking oil in a microreactor, Chem. Eng. Technol. 41 (3) 

(2018) 598–605. 

Y.D. Bizualem et al.                                                                                                                                                                                                   

http://refhub.elsevier.com/S2405-8440(24)10821-3/sref33
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref33
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref34
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref35
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref36
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref37
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref37
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref38
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref39
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref40
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref40
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref41
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref41
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref42
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref43
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref44
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref45
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref45
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref46
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref46
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref47
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref47
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref48
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref49
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref50
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref51
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref52
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref53
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref53
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref54
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref54
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref55
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref55
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref56
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref56
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref57
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref58
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref58
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref59
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref59
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref60
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref60
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref61
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref62
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref62
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref63
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref64
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref64
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref65
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref65
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref66
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref67
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref67
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref68
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref69
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref70
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref70
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref71
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref72
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref72
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref73
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref73
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref74
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref74
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref75
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref75
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref76
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref77
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref78
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref78
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref79
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref80
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref80
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref81
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref82
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref82
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref83
http://refhub.elsevier.com/S2405-8440(24)10821-3/sref83


Heliyon 10 (2024) e34790

34

[84] M. Basiri, M. Rahimi, F. Mohammadi, Investigation of liquid–liquid two-phase flow pattern in microreactors for biodiesel production, Iranian Journal of 
Chemical Engineering (IJChE) 12 (3) (2015) 32–40. 

[85] G.R. Kumar, R. Ravi, A. Chadha, Kinetic studies of base-catalyzed transesterification reactions of non-edible oils to prepare biodiesel: the effect of Co-solvent 
and temperature, Energy Fuel. 25 (7) (2011) 2826–2832. 

[86] N. Chueluecha, A. Kaewchada, A. Jaree, Enhancement of biodiesel synthesis using co-solvent in a packed-microchannel, J. Ind. Eng. Chem. 51 (2017) 162–171. 
[87] H.S. Santana, J.L. Silva Jr., O.P. Taranto, Development of microreactors applied on biodiesel synthesis: from experimental investigation to numerical 

approaches, J. Ind. Eng. Chem. 69 (2019) 1–12. 
[88] C. Carlucci, An overview on the production of biodiesel enabled by continuous flow methodologies, Catalysts 12 (7) (2022) 717. 
[89] B. Likozar, A. Pohar, J. Levec, Transesterification of oil to biodiesel in a continuous tubular reactor with static mixers: modelling reaction kinetics, mass 

transfer, scale-up and optimization considering fatty acid composition, Fuel Process. Technol. 142 (2016) 326–336. 
[90] H.S. Santana, J.L. Silva, O.P. Taranto, Numerical simulation of mixing and reaction of Jatropha curcas oil and ethanol for synthesis of biodiesel in micromixers, 

Chem. Eng. Sci. 132 (2015) 159–168. 
[91] H.S. Santana, et al., Transesterification of sunflower oil in microchannels with circular obstructions, Chin. J. Chem. Eng. 26 (4) (2018) 852–863. 
[92] A. Alam, A. Afzal, K.-Y. Kim, Mixing performance of a planar micromixer with circular obstructions in a curved microchannel, Chem. Eng. Res. Des. 92 (3) 

(2014) 423–434. 
[93] A. Alam, K.-Y. Kim, Analysis of mixing in a curved microchannel with rectangular grooves, Chem. Eng. J. 181–182 (2012) 708–716. 
[94] R. Shan, et al., Catalysts from renewable resources for biodiesel production. Energy conversion and management 178 (2018) 277–289. 
[95] Y.C. Sharma, B. Singh, J. Korstad, Latest developments on application of heterogenous basic catalysts for an efficient and eco friendly synthesis of biodiesel: a 

review, Fuel 90 (4) (2011) 1309–1324. 
[96] M. Mohadesi, et al., Optimization of biodiesel production process in a continuous microchannel using response surface methodology, Kor. J. Chem. Eng. 34 (4) 

(2017) 1013–1020. 
[97] V. Thangarasu, R. Siddharth, A. Ramanathan, Modeling of process intensification of biodiesel production from Aegle Marmelos Correa seed oil using 

microreactor assisted with ultrasonic mixing, Ultrason. Sonochem. 60 (2020) 104764. 
[98] V. Thangarasu, B. Balaji, A. Ramanathan, Experimental investigation of tribo-corrosion and engine characteristics of Aegle Marmelos Correa biodiesel and its 

diesel blends on direct injection diesel engine, Energy 171 (2019) 879–892. 
[99] A. Yamsub, A. Kaewchada, A. Jaree, Pork lard conversion to biodiesel using a microchannel reactor, Kor. J. Chem. Eng. 31 (2014) 2170–2176. 

[100] J.C. Colmenares, R.S. Varma, V. Nair, Selective photocatalysis of lignin-inspired chemicals by integrating hybrid nanocatalysis in microfluidic reactors, Chem. 
Soc. Rev. 46 (22) (2017) 6675–6686. 

[101] M.G.M. Lopes, et al., 3D printed micro-chemical plant for biodiesel synthesis in millireactors, Energy Convers. Manag. 184 (2019) 475–487. 
[102] R.E. Billo, et al., A cellular manufacturing process for a full-scale biodiesel microreactor, J. Manuf. Syst. 37 (2015) 409–416. 
[103] N.D. Gaikwad, P.R. Gogate, Synthesis and application of carbon based heterogeneous catalysts for ultrasound assisted biodiesel production, Green Process. 

Synth. 4 (1) (2015) 17–30. 
[104] M.B. Plutschack, et al., The hitchhiker’s guide to flow chemistry‖, Chem. Rev. 117 (18) (2017) 11796–11893. 
[105] S. Govaerts, A. Nyuchev, T. Noel, Pushing the boundaries of C–H bond functionalization chemistry using flow technology, Journal of Flow Chemistry 10 (1) 

(2020) 13–71. 
[106] K.F. Jensen, Flow chemistry—microreaction technology comes of age, AIChE J. 63 (3) (2017) 858–869. 
[107] P. Plouffe, et al., On the scale-up of micro-reactors for liquid–liquid reactions, Chem. Eng. Sci. 143 (2016) 216–225. 
[108] K.P. Cole, et al., Kilogram-scale prexasertib monolactate monohydrate synthesis under continuous-flow CGMP conditions, Science 356 (6343) (2017) 

1144–1150. 
[109] N. Kockmann, Modular equipment for chemical process development and small-scale production in multipurpose plants, ChemBioEng Rev. 3 (1) (2016) 5–15. 
[110] L. Rogers, K.F. Jensen, Continuous manufacturing–the green chemistry promise? Green Chem. 21 (13) (2019) 3481–3498. 
[111] B. Gutmann, D. Cantillo, C.O. Kappe, Continuous-flow technology—a tool for the safe manufacturing of active pharmaceutical ingredients, Angew. Chem. Int. 

Ed. 54 (23) (2015) 6688–6728. 
[112] M. Berton, et al., Scaling continuous API synthesis from milligram to kilogram: extending the enabling benefits of micro to the plant, Journal of Flow Chemistry 

10 (2020) 73–92. 
[113] R. Moylan, et al., Industrial Continuous-Flow Chemistry under cGMP Conditions, 2019. 
[114] L. Vaccaro, Sustainable Flow Chemistry: Methods and Applications, John Wiley & Sons, 2017. 
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