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Nowadays, continuous flow techniques for the execution of chemical reactions in microreactors 

have come to the front. The advantages of these revolutionary new reactor types are: the quick and 
effective mixing of the reagents, more effective heat transfer comparing to the classical chemical 
reactors, short reaction time, very small reagent quantities used for the synthesis (which is quite 
important for reaction optimization), the regulation of the main reaction parameters (flow rate, 
residence time, pressure, temperature) with very high accuracy, the simple and quick adjustment of 
optimal reaction conditions. Furthermore, the reactor scale can be increased in an easy way – through 
the parallel building of the microreactor chips – in order to enlarge production capacity. 
Keywords: continuous flow chemistry, microreactor, organic synthesis, micro-process technology, 
process intensification 
 
Introduction  
 

The microreactor technology has attracted a great deal of attention as an enabling tool 
for novel reaction development and scale-up. The use of microreactor devices make it 
possible for synthetic chemists and process engineers to perform reactions with an 
unprecedented control over mixing, mass- and heat-transfer, safety, reaction residence time 
and other process parameters, which results in enhanced reproducibility. In addition, they 
allow the practitioner to utilize extreme reaction conditions, which are far from the 
common laboratory practice (e.g., high temperature, pressure, and reactant concentration), 
in a safe and reliable fashion. In microreactors the reaction rates can be accelerated by 
orders of magnitude and the reaction times shrink from hours to minutes and seconds.  

This compilation focuses on the process chemistry potential of continuous flow 
microreactor technology based on a literature review, and presents the construction of a 
Syrris Asia type liquid phase micro-reactor, which was purchased by (the University of 
Miskolc for) our Department last year.  
 
1. The Basics of Flow Chemistry 

 
Flow chemistry (sometimes referred to as plugflow, microchemistry, or continuous flow 

chemistry) offers exceptional benefits over synthetic techniques to research and 
development chemists.  In flow chemistry, the reagents are continuously pumped through 
the reactor and the product is continuously collected, as seen in Figure 1. 
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Figure 1. The principle of flow chemistry 

The mixing process can basically rely on two principles, namely diffusion and 
convection. Diffusion between short distances, establishing high concentration gradients 
was initially the most frequently applied principle by simply making the channels 
themselves smaller and smaller. Soon, the limits of that strategy, also in terms of robustness 
(fouling) and costs (complex microfabrication), became obvious. In recent years, various 
methods were developed to overcome these limits by diffusion mixing, all of them based on 
the induction of secondary-flow (convective) patterns which are superposed on the main 
flow, often in the vertical direction to the flow axis. This includes recirculation patterns, 
chaotic advection and swirling flows. Convection is effective for mixing, since it serves to 
enlarge mixing interfaces. Convections of ‘gross’ mass portions can be used at a much 
larger scale to ‘stir’ complete chamber volumes, e.g. by ultrasound, through electrokinetic 
instability or by acoustic means. At high Reynolds numbers, turbulent mixing can be 
utilized; however, this is often not practicable, as it implies the achievement of 
unrealistically high flow velocities. The few special equipment known to use turbulence 
rely either on free-guided flows or guide liquid flow through meso-scale channels [1]. 

The following section covers some of the basics of flow chemistry. The principles of a 
traditional batch reactor and a continuous flow microreactor are compared in Figure 2 [2]. 
 

 

Figure 2. The principle of a traditional batch reactor vs. a continuous flow microreactor  
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Due to the reduced length scale of microstructured process equipment, the transfer 

lengths are short and precisely defined, and the areas are small, but high surface-to volume 
ratios and tiny volumes dominate everything. This provides many opportunities for experts 
to handle chemical and process engineering issues at the microstructure level. Small 
channels allow short transport lengths for heat and mass transfer. 

This results in high transfer rates, as expressed – for diffusive mass transfer with the 
mean transport length – from the Einstein-Smoluchovski equation (Eq. 1) 

 
x2 = 2Dt                             (Eq. 1), 

 
where x is the diffusion length, t is the diffusion time, D is the diffusion constant. 

The transport length by diffusive mixing in gases (D = 10−5 – 10−6 m2/s) and in liquids 
with low viscosity (D = 10−9 – 10−10 m2/s) is displayed over the corresponding time in 
Figure 3.  
 

 

Figure 3. Characteristic length and time scales for mixing in microstructured devices 
together with chemical reactions [3] 

Conventional equipments have typical geometries in the range of centimeters and produces 
fluid structures in the range from 100 μm to 1 mm. The corresponding diffusion times is in 
gases slower than approx. 1 ms and in liquids in the range of 1 s. Microstructured devices 
with typical length scales from 100 μm to 1 mm provide fluid structures with length scales 
of approx. 1 μm. These small fluid structures lead to mixing times shorter than 100 μs in 
gases and approx. 1 ms in liquids. This is the main reason for the enhanced selectivity and 
high yield of chemical reactions in microreactors. The length scaling often coincides with a 
time scaling of the relevant processes. In general, the shorter the length, the shorter the 
characteristic time for transport processes, and the higher the transformation frequencies 
will be. With properly designed micromixers and an adjustment of the component 
concentrations, the selectivity of a complex reaction can be increased dramatically. Mixing  
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time is only one criterion for an optimal chemical reaction, another is the scale of fluids 
residence time within the device [3].  
 
1.1. Key Principles of Flow Chemistry (regarding to Syrris Asia Micro reactors) 

 
1.1.1. Flow rate, residence time, reactor volume and production rate 

 
In a flow reactor the residence time of the reagents in the reactor chip (i.e. the amount of 

time that the reaction is heated or cooled) is calculated from the volume of the reactor and 
the flow rate (Eq. 2). 

 

 
 
Therefore, to achieve a longer residence time, it is possible to pump more slowly and/or use 
a reactor with increased volumes. For example, if two reagents are flown into a 1 ml glass 
microreactor at 0.25 mL/min flow rate each (see Figure 4), residence time can be calculated 
as follows. 
 

 

Figure 4. Two reagent are flown into a glass microreactor [2] 

The combined flow rate (Eq. 3) is defined as: 
 

 
 

According to  equation (2) the Residence Time (Eq. 4): 
 

 
 

If we would like to change the residence time e.g. to 8 min, two options are available: 
 to slow down the flow rates to 0,0625 ml/min each, or 
 to increase the reactor volume to 4 ml. 
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The microreactors are able to operate with reaction times from a few seconds to a few 

hours. For the same given residence time one can either choose to use a larger reactor (and 
therefore larger flow rate) or a smaller reactor (and therefore smaller flow rate). The key 
difference is that with a large reactor more material will be synthesized in a given time. In 
practice, for example Asia systems can be used to syntesize mg to kg quantities in 24 hours 
(depending on reaction time and concentration). 

 
1.1.2. Diffusional Mixing in Microreactors  

 
In Asia type liquid phase microreactors the reagents do not mix by turbulence (as in a 

round bottom flask or jacketed reactor), instead the reagents mix by diffusion. Because the 
distance across the chip reactor channel is approximately 200 µm, the time taken for 
reagents to completely diffuse is in the order of seconds. At typical Asia system flow rates 
this corresponds to less than 10 mm of flow along the reaction channel. The total length of 
the chip reactors is approximately 1 m. As diffusion time is proportional to the distance 
squared (Eq. 1), therefore, over short distances the diffusion is rapid. The process scheme 
can be seen in Figure 5 [2, 4]. 

 

 

Figure 5. Diffusional mixing in microreactors [2] 

1.1.3. Pressure 
 
When a liquid flows through a „tube” (as in the reactor) there is an inherent resistance to 

its flow. This resistance or (backpressure) is dependent upon a number of physical factors. 
Thus, smaller reactor cross section, longer reactor length, higher flow rates and more 
viscous liquids all generate higher backpressure. The microreactor chips used by Asia 
system are specifically designed to generate low backpressure. 

There is a possibility to use Pressure Controller in Asia System up to 20 bar. This 
allows reactions to be performed at temperatures much higher than the atmospheric boiling 
point of test fluids, enabling faster and often cleaner, higher yielding reactions. Typically, 
solvents can be heated 60 to 150 °C above their boiling points. The Arrhenius rate law tells 
us that reactions are two times faster for every 10 °C rise. Using the Arrhenius rate law 
reaction rate increases of the order of 1000-fold are possible (100 °C rise = 
2x2x2x2x2x2x2x2x2x2 = over 1000x faster). 

Applying pressure in the microreactor also suppresses the evolution of gases. This is 
also beneficial, because if gas bubbles are formed, they can propel the reaction mixture out 
of the reactor, leading to uncertain residence times. 
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1.1.4. Temperature 

 
Flow chemistry makes it possible to achieve faster reactions because: 
 it is much easier to pressurize flow reactor, 
 higher pressures enable higher temperatures, 
 higher temperatures result in faster reaction rates. 

Due to a higher surface area/volume ratio, flow reactors enable better heat transfer and 
therefore better temperature control [5]. The surface area-to-volume ratio of the reaction 
mixture in an Asia reactor is 1000 times greater than in a round bottom flask. Reactions 
cool down or heat up are extremely rapid (faster than a microwave). Moreover, by 
pressurising, flow reactors can operate at temperatures above the typical boiling point of 
liquids, offering additional adventages for process chemistry investigation.  
 
1.2. Process intensification, production flexibility 

 
The intensification of chemical processes targeting the effective use of raw materials 

and energy implies the miniaturisation of chemical reactors. Microstructured reactors 
(MSR) are systems with a well-defined structure of channels with an internal diameter in 
the range of 10–500 µm [6].  Due to the small diameters of the channels and the high 
specific surface area of microreactor (in the order of 10, 000–50, 000 m2/m3 [7]), high heat 
transfer performance can be achieved with heat transfer coefficients up to 25,000 W/(m2K) 
[8]. Moreover, the heat exchanger is often integrated within the reactor allowing for an 
efficient control of the highly exothermic or endothermic reactions. In the case of 
multiphase systems, the specific interface is also drastically increased in comparison with 
traditional reactors. The specific interfacial area of multiphase systems can be obtained in 
the range of 5000–30, 000 m2/m3 [8]. Therefore, microreactors allow an intensification of 
the reactions as shown by Lomel et al. for the case of organometallic synthesis [9]. Other 
important characteristics of MSR include narrow residence time distribution and easy scale-
up, with inherent reactor safety [10, 11]. 

The accompanied large increase in productivity is a further cornerstone in making 
micro-process technology a competitive concept as opposed to the economics of scale, 
practised since decades in production chemistry aiming to increase the vessel size more and 
more. Different from the content provided in a number of recent reviews, certain 
compilations focus on the process chemistry potential of superheated processing, working 
out a methodology for novel processing conditions and the evaluation of the resulting data. 
[8, 9] 

An increase in the throughput of microreactors is achieved by a numbering-up 
approach, rather than scaling-up. In this case, the functional unit of a microreactor, e.g. a 
mixing structure, is multiply repeated. Fluid connection between these units can be 
achieved by using distribution lines and flow equipartition zones. Numbering-up widely 
guarantees that the desired features of a basic unit are kept when increasing the total system 
size. In an ideal case, the measuring devices for production reactor and for process 
development become similar, being composed of identical units. In addition, a larger 
number of units results in higher flexibility in adapting the production rate to varying 
demand since, at least in principle, a certain number of systems can be switched off or 
further systems may be simply added to the production plant. A plant design based on a 
large number of small reaction systems can, again at least in principle, be modified to  
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perform a variety of reactions by changing the piping network, i.e. the plant may be adapted 
to the synthesis of various substances using microreactor modules like a “LEGO” system. 
This flexibility may be supported by a considerably broader range of operating conditions 
of a microreactor compared with a macroscopic system [8]. A simplified scheme 
illustrating scale-up versus numbering-up strategies can be seen in Figure 6. 

 

 

Figure 6. Simplified scheme of scale-up versus numbering-up strategies [8] 

2. Types of microreactor 
 

2.1. The SYRRIS ASIA type microreactor [2] 
 

The liquid phase SYRRIS Asia microreactor system offers a variety of flow chemistry 
modules and systems making it an ideal option for both beginners with modest budgets and 
experts who demand the utmost functionality of the devices. As the basic construction of 
the respective type of microreactor system had been purchased for the Chemical 
Department of the University of Miskolc, an Asia 110 microreactor system is shown below 
(see Figure 7). 

 

Figure 7. Asia 110 Flow Chemistry System [2] 
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The main parts of the microreactor system include: 

 Asia Microreactor: a chemically resistant, transparent and robust flow reactor for 
solution phase chemistry, which offers a wide temperature and pressure range. The 
design results in extremely fast and reproducible mixing, rapid heat transfer and 
minimized back pressure due to flow. 

 Asia Syringe pumps: this part offers two ultra smooth, chemically resistant, 
continuous flow channels with wide flow rate ranges and built-in pressure sensors. 

 The Asia Chip Climate Controller provides quick and accurate temperature control 
from –15ºC to +150ºC without the need for a circulator or water cooling.  

 The Asia Pressure Controller allows reactions to be pressurized up to 20 bar. This 
enables temperatures far in excess of the atmospheric boiling point of the solvent, 
and therefore an increase in reaction rate. 

All the modules can be controlled by the intuitive twist and click knobs and data such as 
flow rate, pressure and temperature is displayed on the front panels. By entering data such 
as reaction time and reactor volume, the pumps automatically control the flow rate and 
indicates when the reaction is available for collection. Safety features include an automatic 
leak check and a safety shutdown for the case of over-pressurization of the system. 
 
2.2. Other types of the microreactors 
 

Depending on the application focus, there are various suppliers and commercial 
development entities to service the evolving market.  

The Hungarian ThalesNano Inc. has developed gas phase microreactor types for 
hydrogenation (H-Cube, H-Cube Midi), ozonization (O-Cube), and other reactors, which 
suitable for other specific chemical reactions (X-Cube X-Cube Flash) [12].  The newest 
member of H-Cube series of hydrogenation reactors was developed as a safe, powerful and 
affordable reactor intended to bring back hydrogenation to the everyday educational 
curriculum and research process. 

Hydrogenation is one of the most important reactions in chemical synthesis, but the 
hazardous nature of hydrogen has restricted its use. These microreactors have already 
eliminated the dangers associated with hydrogenation through the use of in-situ hydrogen 
generation and the handling of pyrophoric catalysts by filling them in sealed catalyst 
cartridges. This technology has been adopted by the leaders in the pharmaceutical, flavour 
and fragrance, fine chemical and agrochemical industries.  

In case of Vapourtec microreactors four different adjustable temperature zones can be 
adjusted till 250 ° C. Recently the cooling is also solved even at –70 ° C. In this system 
maximum 50 bar pressure can be achieved. The reactor made of stainless steel, but it can be 
replaced by copper. The standard Vapourtec system controls temperature by blowing air 
around the reactor within the reactor manifold.  Hot air is used to raise the reactor 
temperature, ambient air is used to cool it.  With the new cooled reactor module, a dry ice 
heat exchanger is used to generate chilled nitrogen which is used to cool the reactor down 
to the low temperatures required.  No external recirculating chiller is required, and the 
reactor temperature set point is completely programmable.  Vapourtec has also developed 
the UV-150, a pioneering photochemical reactor that will lead to more efficient, precise, 
consistent, safe and scalable photochemical synthesis offering potential routes for novel 
compounds and building blocks together with possible new manufacturing processes [13].  
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Further significant representative of the microreactor technology is Chemtrix [14], 

Uniqsis [15], Corning [16] and the swedish Alfa Laval [17]. 
 

3. Examples for applied flow chemistry, application areas of microreactors 
 

3.1.  Phase transfer reactions in microreactor 
 
The formation mechanism of slug and parallel flow was studied and the mass transfer 

performances of two flow patterns were compared by A. L. Dessimoz et al [18]. In order to 
define the reaction conditions and to design a microreactor system for a specific chemical 
transformation, detailed knowledge of the hydrodynamics in the microchannels is 
necessary. Controlled hydrodynamics allow the operator to decrease the pressure drop, to 
improve the mass transfer and to facilitate the product separation from the reaction mixture. 
The common modes of interface in the case of liquid–liquid two-phase flow are “slug flow” 
(Fig. 8A) and “parallel flow” (Fig. 8B). In the case of slug flow, two mechanisms are 
known to be responsible for the mass transfer between two fluids: (a) internal circulation 
takes place within each slug and (b) the concentration gradients between adjacent slugs lead 
to diffusion between the phases. In the case of parallel pattern, the flow is laminar and the 
molecular transfer between the two phases is supposed to occur only by diffusion [19, 20, 
21]. 

 

Figure 8. Types of liquid-liquid two-phase flow patterns in glass microreactors:  
A: slug flow, B: parallel flow 

3.2. Pharmaceutical researching 
 

To develop a new generation of drugs, pharmaceutical companies need to be able to 
synthesise and screen novel chemicals with enhanced speed. A new technology that would 
enable a cost-neutral step change in the number of potential drug candidates would provide 
a distinct competitive advantage. Therefore the use of microreactors can facilitate 
substantial progress in slective drug testing. Indeed the miniaturisation of chemical reactors 
offers many fundamental and practical advantages of relevance to the pharmaceutical 
industry, who are constantly searching for controllable, information-rich, high-throughput, 
environmentally friendly methods of producing products with a high degree of chemical 
selectivity [22, 23, 24, 25].  
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3.3. Synthesis of organic and the hazardous compounds  
 

A further research area is associated with organic chemistry, regarding organic chemical 
synthesis in microreactors. Microchannel reactor was used, for example, for the fast 
synthesis of acetic acid esters, including methyl acetate, ethyl acetate, n-propyl acetate and 
n-butyl acetate, etc [26, 27, 28, 29]. 

In addition, continuous technology enables the generation and immediate use of 
unstable or hazardous intermediates as well as the combination of many reactions in series 
to achieve multistep synthesis.  

 
3.4. Solid phase and catalytic reactions 

 
Despite the several favorable attributes of microflow reactors, the continuous use of 

solids remains challenging. The introduction of solids into a flow reactor is particularly 
difficult, since most pumps function poorly, even with small particulates, which in turn can 
result in channel clogging. Although the use of solids in flow has been the topic of a 
number of recent papers, they have focused on overcoming the challenges associated with 
the introduction and suspension of solid reagents and starting materials. An area that has 
received less attention is the continuous use of solid catalysts (and catalyst precursors) that 
only partially or slowly dissolve into or react with the solution [30, 31]. Recent 
developments in microreactor technology (MRT) are reviewed within the context of 
discovery, the development and commercialization of catalytic systems. Emerging trends 
and drivers for development of pilot plants and scale-up methods for the next generation of 
multiphase catalytic processes are presented by Patrick L. Mills et al. [32]. 

 
3.5. Microreactors in Refineries and the Energy Industry 
 

Microreactors can be used in the refinery and energy sectors too. The acid-catalyzed 
esterification and transesterification reactions suitable for biodiesel production from high 
acid value oils face the problem of long reaction time. Peiyong Sun et al. developed a two-
step process for fast acid-catalyzed biodiesel production from high acid value oil in a 
microstructured reactor [33].  

The primary research efforts in the energy field are focused on fuel processing as a 
(potential) hydrogen source, mostly for distributed consumption through fuel cells. Catalyst 
development, along with reactor design and testing for the reforming and removal of carbon 
monoxide through water-gas shift, preferential oxidation, selective methanation and 
membrane separation are therefore under investigation. An increasing number of integrated 
complex micro-fuel processors has been developed for a large variety of fuels. The 
synthesis of liquid fuels, namely Fischer-Tropsch synthesis or methanol and dimethylether 
production from synthesis gas and biodiesel production is another emerging topic [34]. 

 
3.6. Miniaturised Total Analytical Systems in the biomedical field 
 

Great research effort in the field of micro-scale devices has been made in the analytical 
field. One of the main aims of this kind of research is to develop a miniaturised total 
analytical system (µ-TAS). Optimally, such devices would automatically perform sampling, 
sample preparation, separation, detection and data processing in a fully-integrated manner.  
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In addition to the advantages of high, automated throughput and low reagent consumption 
with increased safety of operation resulting from low reagent quantities, these devices offer 
potential as remote controlled systems, which can be placed in inaccessible locations for the 
continuous monitoring of chemical or enviromental processes. To date the most popular 
area of µ-TAS research has been in the biomedical field [25]. 

 

3.7. Industrial application 
 

In relation to the process intensification, two reactions, namely the Swern–Moffatt 
oxidation and the Claisen rearrangement, are discussed in detail by Volker Hesse et al. As a 
practical reaction example with industrial guidance of a running European Project on the 
epoxidation of vegetable oils, the new methodology is exemplified beyond the level of the 
organic chemists’ descriptions given so far [35]. 
 

Summary 
 

To conclude, microreactor chemistry is emerging and involves a promise to become a 
novel method on which to build a new chemical processing technology. With this device, 
comparable process conditions can be realized in the laboratory – allowing to optimize 
many parameters and conditions quickly – and in the production plant, with high flow rates 
and controllable safety requirements. The first experimental results from the industrial plant 
are expected to give reasonable reproducibility comparable to the laboratory plant. The 
equal-up design strategy and the consequent implementation of microstructures in the 
reactors easily allow for the enhancement of the throughput of the devices from laboratory- 
to production-scale without the risks and costs of the conventional scale-up procedure. In 
the near future, microstructured plants will help to yield laboratory data and information on 
the process and the plant, which can be directly transferred to the production plant. The 
established scale-up procedure with advanced simulation tools can successfully combine 
the miniplant with the pilot plant, and thus abridge one or two development phases. „This 
leads to an easy scale-up procedure, a more cost-efficient process development, and a 
shorter time-to-market period, however, the goal should be to use as many microstructures 
as necessary, whilst being economical, and to build them to a scale that is useful and 
manageable” [3].  

The integration of microstructured devices with sensing and actuating elements, 
resembling the “macro world”, will be one of the key issues for future development.  

According to these information and in posession of an Asia liquid phase microreactor 
system, our research team in the Chemical Institute initiated scientific researches regarding 
the investigation and optimisation of liquid phase chemical synthesis – such as eserification 
reactions –  in microreactor. 
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