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Abstract  

In the shift from batch to continuous operations, microreactors, at least in academic research, have become an 

important segment. One of the next steps in process intensification is believed to be the reduction of axial 

dispersion, which will not only yield higher efficiencies but also allows to integrate the reactor unit with 

downstream processing. Chromatographic (micro)devices are highly interesting in this context as they 

successfully combine a narrow residence time distribution with a high separation factor. In the present review the 

low dispersion in microreactors is discussed, with an emphasis on throughput, packing and flow distribution units. 

Subsequently, the relevance and progress during the last decade of combined reaction and separations in 

chromatographic and membrane based systems is treated.  

 

1. Introduction 

Since roughly 2 decades process intensification (PI) has dramatically gained importance in the field of chemical 

engineering. One of the main focusses of PI was the shift from batch to continuous processes for a number of 

reasons, such as improved process control. With the widespread availability of micro-precision technologies and 

their great conceptual promise with respect to heat and mass transfer and high-throughput operation, 

microreactors have received a large amount of attention both by the academic community as the industry. As a 

result, processes were successfully transformed from a batch to a continuous operation (1), often resulting in a 

substantial increase of the efficiency, e.g. due to usage of shortcuts in the reaction mechanism by new routes that 

were inaccessible in batch mode (e.g. flash chemistry (2)). A next important step forward in PI can be made by 

reducing axial dispersion, which in a second step can also allow to integrate downstream processing into the 

reactor unit, of which reactive distillation in traditional macroscale systems is a typical example. Combining 

reaction and separation can lead to unprecedented efficiency gains, but near plug flow behavior will always be 

critical when pushing the performance to its limits as a large dispersion will otherwise diminish the obtained gain. 

High performance liquid chromatography is highly interesting in this respect as it very successfully combines 

these two features. For optimal chromatographic separations, dispersion should be as low as possible on the one 

hand, while a sufficiently large separation factor should be achieved on the other hand.  
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In the following sections, we will first (section 2) discuss the relevance of a lack of dispersion in microreactors with 

an emphasis on throughput, packing and flow distribution units. Subsequently, the relevance and progress during 

the last decade of combined reactions and separations in chromatographic and membrane based systems will be 

treated (sections 3). 

 

2. Plug flow  

Through miniaturization high mass transfer rates are obtained and because of short lateral diffusion times the 

axial dispersion in a single microchannel is small. To increase the throughput multiple channels can be placed in 

parallel (numbering-up) or widened (scaling-up), preferably without inducing a new dispersion source. When the 

interfacing channels vary considerably or when the fluid is maldistributed the advantage of the plug-flow behavior 

of the microreactor deteriorates. As a result, each molecule will spend a different time inside the microreactor, 

resulting in a substantial residence time distribution (RTD), quantified by Eqs. 1 & 2(3): 

( / ) ≅ 0.5 / ( / )²/  (1) 

=  (2) 

 

with E the exit age distribution (or residence time distribution), t the residence time, τ the mean residence time, 

Bo the Bodenstein number, u the velocity, L the length of the reactor and Dax the axial dispersion coefficient. The 

Bodenstein number is the ratio of convective transport to dispersion(4) and thus at infinitely large Bo (in practice 

above Bo = 100)(3) an ideal plug flow reactor is obtained and at Bo equal to zero the reactor is perfectly mixed. 

To calculate the axial dispersion coefficient different models can be used, depending on the operating conditions. 

At very low flow rates the model uniquely based on diffusion (Eq. 3) can be used: 

=  (3) 
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with Dm the molecular diffusion coefficient. In general the dispersion model is more appropriate and the axial 

dispersion coefficient is then described by the Taylor-Aris correlation(5,6) (Eq. 4). The dispersion model however 

does not take disorder and non-laminar flow profiles into account. Whereas the former requirements is generally 

met when the packing and coating is ordered (7), the latter assumption is often not due to advection effects that 

already occur at Re numbers of 1 and above (8,9). 

= + ²
κ

 (4) 

 

with dh the hydraulic diameter and κ a geometric factor (192 for circular tubes and 119 for rectangular tubes). The 

residence time distribution (RTD) in a reactor is a characteristic feature for chemical reactions that take place 

inside the reactor (4). Moreover, it affects the conversion and for instance gains in importance with consecutive 

reactions (A → B → C). At a broad RTD a part of B remains excessively long in the reactor and will further 

convert to C. Hence, a narrow RTD is beneficial to maximize the throughput, as with decreasing RTD the 

conversion increases (Eq. 5). This can be seen when the conversion is calculated for an ideal plug flow reactor 

(PFR) and a tubular laminar flow reactor (TLFR). For a PFR the RTD is given by the dirac delta function (Eq. 6), 

resulting in Eq. 7 for the conversion for a first order reaction. For a TLFR the RTD is given by Eq. 8 and the 

conversion can be calculated by Hilder’s approximation (Eq. 9) (10) for a first order reaction. From Fig. 1 it is clear 

that an increase in RTD results in a lower conversion. 

= ( ) ( ) (5) 

 

PFR ( ) = 	 ( − ) (6) = 1 −  (7) 

TLFR ( ) = 0 < 23 ≥ 2 (8) = (4 + ) . + − 4(4 + ) . +  (9) 

With X the conversion, δ the dirac delta function, t the residence time, τ the space time and k the reaction rate 

constant. The causes for a broad RTD are versatile, in microreactors mainly originating in flow maldistribution at 
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the inlet and outlet and channel-to-channel non-uniformity. In the process of numbering-up or scaling-up attention 

needs to be paid to flow distribution. To minimize void volume the expansion angle between inlet and the reaction 

chamber is typically larger than 40° (11). However, without any distribution features this will lead to recirculation 

zones or jetting. Consequently, a distributor at the inlet and a collector at the outlet are required. A range of 

different distributor designs is described in literature, focusing on equidistribution of the flow rate, minimal 

dispersion, minimal void volume and minimal pressure drop. A porous frit for instance will typically give a good 

equidistribution, preventing jetting, but comes with a high pressure drop. Other types of distributors are: Z-type 

arrangement (12), (13), perforated grids or baffles (11), branched or bifurcating networks (14–19) and radially 

interconnected networks (20). Which distributor is best suited, depends on the application. Bifurcating and radially 

interconnected distributors for instance will yield a narrower RTD than the Z-type distributor but comes with a 

higher pressure drop and are sensitive to fabrication errors (21).  

Channel-to-channel non-uniformity can originate from production errors and also fouling is often unavoidable, 

both having the potential to change the reactor performance dramatically. Deviations of only a few µm on 

channels of 100-1000µm can have a severe impact on the flow distribution, making it difficult to achieve a 

homogeneous flow distribution with microchannel arrays. Wibel et al (2013) (4) calculated the impact of a 

geometric deviation (g%) on the flow distribution (ufast / uslow) between two channels as follow (Eq. 10): 

= (1 + %)² (10) 

 

Accordingly, to determine the approximate impact of varying parallel tubular channels, the Bodenstein number 

can be determined from the relative variance in residence time ( ) or channel diameter ( ) (Eq. 11) (22): 

≈ 2 ≈ 12  (11) 

 

With this approximation it was derived that for a multi-channel microreactor with assumed plug flow behavior and 

first order kinetics the conversion drops e.g. 5 % if there is a deviation of 10 % on the channel diameter for 
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heterogeneous first order reactions and for consecutive reactions it drops 4% at the optimum if the channel 

diameter varies 10% (22).  

Besides parallelization, upscaling, often in one dimension (e.g. parallel plate configuration), can be performed to 

increase the reactor volume preferentially without leaving the µm-scale. However, this will often result in a larger 

axial dispersion (23). Keeping the channel width or depth constant the axial dispersion in a rectangular duct (Fig. 

2 a) is minimal with an aspect ratio (A) of 1. Increasing the aspect ratio will increase the axial variance maximum 

by roughly a factor of 4, this at the parallel plate configuration with side wall effect. To minimize the axial 

dispersion Callewaert et al. (2014)(23) studied different cross-sectional designs. With an optimized pinched (P) 

cross-sectional design in the middle of the channel (Fig. 2 b), the axial dispersion at different aspect ratios is 

always smaller than with a rectangular cross-section of identical aspect ratio. At an aspect ratio of 1 the axial 

dispersion is even a little bit smaller than in the theoretical case of infinite parallel plate configuration without side 

walls, this by pinching the channel so far that two triangular channels are formed eliminating one corner. The axial 

dispersion is then more or less a factor 2 smaller in comparison to a quadrangular cross-section. At high aspect 

ratios (45 or higher) with an optimal pinched cross-section the axial dispersion is a factor 2.2-2.3 lower than with a 

rectangular cross-section. However, at an aspect ratio of 8 it becomes more beneficial to use an I-shaped cross-

section (Fig. 2 c) than a pinched one. Hence, at an aspect ratio of 45 or higher the axial dispersion with an 

optimal I-shaped cross-section (W and H) is a factor of 7-8 lower, than a rectangular cross-section and a factor of 

3-3.5 than a pinched one. Although the optimal pinched and I-profile result in a reduced axial dispersion, caution 

should prevail, as these lower axial dispersion coefficients only occur when those optimal geometrical parameters 

are achieved (23). For instance, fabrication errors will inevitably result in geometrical parameters (P, H, W) that 

deviate from their optimum value. As a result, the axial dispersion can quickly become larger than with the 

rectangular cross-section. Besides changing the cross-sectional design, the topological channel design can also 

result in a narrower RTD. Meandering channels can give rise to secondary flow patterns and in some cases Dean 

vortices, which can reduce the broadening of residence time distributions, improve mixing and enhance heat 

transfer significantly (24). 

When a heterogeneous catalyst is present the walls of microchannels can in some cases provide enough surface 

area. However, additional specific surface is generally needed (25). Either the channel wall can then be rendered 
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porous or a packing can be inserted in the microchannel. With an improper packing design this can however lead 

to a serious broadening of the RTD, but it can also give an opportunity to narrow the RTD as Hu et al. (2014)(26)  

demonstrated. While an initially empty microreactor (0.15 x 0.15 x 340 mm, 1.48-14.8 mm/s, 0.3 – 3 min) 

produced a Bodenstein number of Bo = 52, Bo = 229 was observed after packing the microreactor with quartz 

particles of 20 to 40 µm. This is due to the fact that the parabolic flow profile is ‘broken’. Besides the spacing 

between the particles or support structures, also the uniformity of the locally formed channels determines the 

extent of dispersion. Packed bed and monolithic columns are well established formats to reduce the effective 

channel dimensions, but these are disordered systems. Monolithic columns typically require lower back 

pressures, but produce more dispersion (27). To combine the best of both worlds pillar array columns were 

introduced a decade ago (28). The non-contact nature and sheer unlimited freedom in structure placement of 

pillar arrays enables much smaller fluidic resistances, while the perfect order entirely eliminates eddy dispersion. 

Microfabrication furthermore offers the ability to introduce tailor made (anisotropic) shapes that can reduce 

dispersion even more. It was indeed shown recently (29) that diffusion originating axial dispersion (so-called B-

term, representing the axial dispersion contribution that is purely due to diffusion and is proportional to the 

molecular diffusion coefficient) could be reduced by more than an order of magnitude by elongating the support 

structures (Fig. 3) in the lateral (non-axial) direction by a ratio of more than 10. These ordered pillar array 

structures can additionally be made porous (Fig. 4) to further increase the surface area, either by growing a layer 

onto the pillars (outwards direction) or making the pillar itself porous (inwards direction). Different types of layers 

can be grown outwards onto the pillar: zeolites, carbon nanotubes, carbon nanofibers and sol-gel. Describing 

these techniques into detail falls out of the scope of this review paper and the reader is referred to a previous 

review paper of our group (7). Growing a porous shell onto the pillars however constitutes as drawback that the 

initial topology, which can be controlled to just a few micrometer using etching techniques, changes and as a 

result yields a more irregular design. This can potentially enlarge the RTD. Sol-gel deposition is however an 

exception. It can yield both thin (<10 µm) layers as ordered 3D networks in the presence of a pillar array and 

under specific conditions (pillar distance < domain size) (Fig. 5) (30). Growing the porous layer inwards, the 

original topology is not altered, maintaining the micrometer precision. For example electrochemical anodization 

can be employed for this (31) (32). 
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Besides increasing the surface area for catalyst coating, a heterogeneous coating itself can also lead to a broader 

RTD. Delsman et al. (2005)(22) studied the impact of a spread in catalyst coating over parallel channels on RTD 

and conversion. When catalyst is unevenly divided over the parallel channels it will result in different catalyst 

coating thicknesses and lead to similar effects as emerging from a difference in channel diameter. For example, 

the reaction of oxygen with carbon monoxide and hydrogen leads to poisoning of the catalyst and when the 

catalyst is then 10 times more unevenly distributed over the channels, Delsman et al. (2005) (22) saw a drop in 

conversion of 10 % already after 4 hours. A conformal coating is therefore crucial for a high efficiency. A large 

number of techniques are available to coat the surface of the channel (7), (33). Often an oxide support is first 

deposited which is subsequently impregnated with catalyst. Depending on the desired thickness different 

techniques are suitable: physical vapor deposition (< 1 µm), sol-gel deposition (<10 µm) or suspension methods 

(1 – 100 µm). Also the geometry of the surface influences the choice in deposition technique. For instance, when 

a porous surface needs to be coated, suspension is mostly not suited as the pores will be blocked.  

A special operating condition is the periodic or unsteady state operation of continuously operated chemical 

reactors, which can lead to a considerable increase of selectivity and reactor performance compared to the 

optimal steady state condition (34). In periodic operation one or more operating parameters are continuously 

cycled (e.g. pulse injection of reagents). For instance, in the catalytic dehydration of an alcohol an adsorbed 

intermediate complex at the catalytic surface as well as a free site is needed for the reaction to proceed. Because 

of this the reaction rate increases considerably when the feed concentration decreases. By periodically varying 

the feed concentration a higher average reactor performance can hence be obtained (25). It is evident that in 

such an operation condition a narrow RTD is critical, which becomes more and more important as the ratio of 

cycle period over residence time decreases. 

One application in which a narrow RTD is especially crucial, is particle synthesis. Most frequently this is 

performed in batch reactors (35), despite some serious drawbacks: insufficient mixing and heterogeneous 

distribution of reactants and temperature, which lead to broad particle-size distributions. Using a microreactor, 

consisting of a micromixer and reaction tubing, Gutierrez et al. (2011) (35) produced silica nanoparticles 

according to the Stöber synthesis process, that is often quoted as “one of the easiest to control nanoparticle 
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preparation procedures”. Nonetheless, they demonstrated the production of nanoparticles with a polydispersity 

which was 26% lower in comparison to batch experiments. Even in microreactors the laminar flow profile leads to 

dispersion, due to a difference in velocity near the wall and the center of the channel. This can lead to a higher 

particle size spread, even worse than batch as demonstrated by Khan et al. (2004) (36). To resolve this 

dispersion effect they introduced an inert gas to create slugs. Because of the physical boundary and the intense 

recirculation inside the slugs, this dispersion was avoided, resulting in silica particles with a size distribution 

equivalent to small-scale batch results. 

 

3. Combined reaction and separation 

When dealing for instance with equilibrium reactions or reactions with a high risk to form by-products (e.g. 

consecutive reactions), it is interesting to continuously remove the formed product. For this the downstream 

process and reactor unit have to be merged into one single unit. Consequently, it is crucial that the reactor has 

plug flow behavior, as it is vital to successful combine reaction and separation. A classic example is reactive 

distillation. However as this process consumes a lot of energy, alternatives are investigated.  

 

3.1 Chromatographic reactors 

Thinking about joined separation and reaction, chromatography columns have some interesting properties as the 

packing material that is used as support for the stationary phase for separation based on different adsorption 

affinities, is also suited as catalyst support. 

Chromatographic reactors are mainly used for equilibrium-limited reactions (37). The simplest method is to 

discontinuously inject a pulse of reactants of a reversible reaction into a packed bed reactor. Because of the 

different affinities of the products for the packing inside the reactor the products are separated from one another 

while moving through the bed. This prevents the reversed reaction from taking place, shifting the equilibrium to 

the product side. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
The low yields and high product dilution states present however serious drawbacks. To tackle these drawbacks 

processes which operate continuously were developed. An example of this is simulated moving bed (SMB) 

chromatography (Fig. 6), patented in 1961 by Universal Oil Products (37). 

In SMB the feed is continuously added while the particles move in opposite direction, creating a counter-current 

flow. Due to this counter-current flow, separation is obtained, as the strongly retained molecules will adsorb on 

the particles and dragged along, while the weakly retained molecules remain in the liquid flow. To desorb the 

strongly retained molecules a desorbing liquid is fed somewhere in between the raffinate and extract collection 

point. A true counter-current flow of the liquid and the particles is not easily obtained, related to the difficulty of 

reliably handling dense slurries of particles. A work-around is to use multiple columns and periodically switch the 

position of the feed and desorbent inlets and extract and raffinate outlets between the columns, which is 

equivalent to a true moving bed; hence the name simulated moving bed. 

An integrated reaction and separation system is not always desirable. For instance, in SMB zones can exist 

where reactant is enriched, which drives equilibrium reactions to the desired direction, but also zones with 

enriched product exist which could drive the reaction in the opposite direction (38). 

Highly interesting systems for combined reaction and separation are enzymatic reactions. Due to inhibition, either 

by a substrate or a formed product, enzymatic reactions often results in a low yield. Because of this, either 

removing the formed product or dosing the substrate is necessary. Often, this is performed consecutively with an 

enzymatic reactor followed by a separation, in which the non-converted substrate is recycled. Typically, this can 

be performed with SMB. However, as the effluent flows are usually larger than the feed flow only a fraction can be 

recycled unless solvent is removed, e.g. by nanofiltration (38). This can be omitted by integrating reaction and 

separation. Instead of using SMB consecutively after a reactor unit, it can also act as a reactor itself. The enzyme 

can either be continuously added through the feed stream or immobilized on the solid phase. For instance, by 

continuously removing the product galactose, which strongly inhibits the enzyme lactose, with SMB, only 32-51% 

of the amount of enzyme used in batch operation was needed to obtain the same yield (39). However, for such a 

system to work, the solvent used should be at the same time suited as reaction medium as mobile phase. 

Because of this, often an ion-exchange packing is used as it allows water-based mixtures as effluent. Also 
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reversed phase silica coatings can be used, but the enzyme must then tolerate small amounts of organic solvent, 

as reversed phase coatings are not compatible with pure water solutions (38). 

3.2 Membrane reactors 

Equipping the (micro)reactor with a membrane likewise allows to selectively remove one of the products and 

additionally gives the possibility to dose one of the reactants at the position where it is required (40). Employing 

microreactor technology high surface to volume ratios are obtained, thereby considerably increasing the 

efficiency. Lai et al. (2003) (41) and Zhang et al. (2004) (42)  performed the Knoevanagel condensation reaction 

inside a membrane microreactor (MMR) with parallel microchannels, reaching supra-equilibrium conversions. In 

this reaction water is a byproduct, limiting the yield. By growing a hydrophilic zeolite membrane on the porous 

steel plate, containing the microchannels (Fig. 7), they were able to continuously remove the formed water, 

increasing the yield with 40%. Besides this plate-type configuration also the hollow fiber (or tubular) configuration 

is often used. Yamamoto et al. (2006) (43) constructed a tubular membrane microreactor consisting of a α-

alumina porous tube coated on the shell side by chemical vapor deposition with a palladium membrane (Fig. 8). 

In the lumen side cyclohexane was dehydrogenated to benzene and the formed hydrogen was removed through 

the membrane which was only permeable for hydrogen, shifting the equilibrium. As the α-alumina porous tube 

had a large internal diameter of 1.6 mm, different stainless steel rods with varying diameter size were inserted at 

the lumen side to decrease the gap towards the membrane. By decreasing this gap both conversion as selectivity 

towards benzene increased, possibly due to a more uniform temperature profile and larger supply of reactant to 

the catalyst. Advantageous of the hollow fiber is that it is self-supporting, omitting the need for a support layer. 

Such a support layer is rapidly a few hundred µm up to a few millimeters thick, lowering the surface to volume 

ratio. However, because they are self-supporting, the mechanical stability is low, limiting the maximal pressure 

difference. Instead of removing one of the products, (micro)reactors equipped with a membrane can be used to 

contact two phases without mixing (44,45). With membrane (micro)reactors, a high contact surface (higher than in 

batch) (46) can be obtained and potential hazardous situations (e.g. hotspots or runaways) can be avoided, just 

as the formation of unwanted by-products (47). Park et al. (2010) (46) compared the Heck reaction in a batch 

reactor and membrane microreactor (Fig. 9). As the catalyst palladium has to be reactivated with oxygen, a high 

contact surface is crucial. Due to a higher contact surface the selectivity was much higher in the membrane 
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microreactor (7.7:1 – 13.7:1) than in batch (2.7:1 – 2.9:1). van Gool et al. (2013) (48) studied the difference 

between presaturating the reaction streams with CO2 and in situ dosing of CO2 using a membrane microreactor. 

By continuously diffusing CO2 in the reaction stream (membrane microreactor) a nearly full conversion was 

obtained, while with preconcentrating the reaction stream the conversion was only 90%. Although, it should be 

mentioned that the latter system was more robust, as clogging was no longer an issue and the temperature could 

be regulated. 

To create a stable parallel flow profile a membrane is not necessary (49). Omitting a membrane significantly 

reduces the mass transfer resistance from minutes of needed residence time (44) to tens of seconds (50,51). 

However, by operating without a membrane the operating range where the parallel flow is stable, expressed 

through the breakthrough pressure, reduces from a few bar (52) to only ~1000 Pa (53), constituting a large 

disadvantage. 

 

3.3 Electrophoretically mediated microanalysis 

Combined reaction and separation is in first instance interesting to increase the yield, but the concept also offers 

additional advantages. To reduce the sample size or amount of reagent, it is interesting to combine the reaction 

and separation step such that sample preparation and analysis can occur on a single chip. To obtain a high 

separation efficiency, miniaturization is often necessary. Electrophoretically mediated microanalysis (EMMA) (54–

56) is an example of this, which was first described by Bao and Regnier (1992) (57). 

In EMMA reagents are mixed in a capillary with a typical diameter in the range of tens of µm, subsequently the 

formed products are separated from the remaining reagents by electrophoresis. This technique is typically used 

to study the activity of enzymes, as it requires only small amounts of the often expensive enzymes and/or 

substrates. Two main operation modes of EMMA are reported in the literature: continuous and plug-plug mode 

(Fig. 10). 

In the continuous mode the capillary is completely filled with the first reagent and the second reagent is either 

introduced as a plug (= zonal sample introduction) or continuously fed at the inlet (= moving boundary condition). 
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In the moving boundary condition the second reagent has to migrate faster through the capillary than the first 

reagent by electrophoresis in order to mix the reagents, which is not necessary in the zonal sample introduction 

method. However the reactant overlap is greater in the moving boundary condition method, resulting in a 

concentration sensitivity which is an order of magnitude higher. To further minimize the sample size a second 

mode, the plug-plug mode, was developed. In this mode sample bands of reagent one and two are consecutively 

injected. Both plugs are subsequently mixed and the formed products and reagents are separated as the voltage 

is turned on. To mix the plugs different approaches are used. In the classical mode the second plug has a higher 

migration speed than the first one and thus passes through this first plug. Alternatively, both plugs are mixed at 

the first section near the inlet of the capillary by diffusion, allowing to mix more than two plugs, which is also 

possible by using an electrical field but is considered difficult. Another advantage of the plug-plug mode over the 

continuous mode is that before and after the plugs of reagent a plug containing a buffer at a different pH can be 

added. Often the pH in the background electrolyte needed for the separation is not compatible with the pH 

needed for the reaction. Adding the buffer plugs allows the reaction to proceed in the first section of the capillary 

and subsequently in the remaining part of the capillary the product and reagents are separated. With plug-plug 

mode the obtained electropherograms are also comparable to those obtained with classical capillary 

electrophoresis and thus the analysis can be performed by classical integration software. 

In a special case of EMMA capillary electrophoresis is combined with an enzyme microreactor. Instead of 

injecting a plug of enzyme, it can be immobilized inside the capillary channel. Yan et al. (2010) (58) coated 

magnetic microbeads of 2.8 µm with alkaline phosphatase which were held in place with a single magnet placed 

350 µm or two magnets placed 395 µm from the center of the capillary with an internal diameter of 50 µm. The 

entire channel was then filled with the fluorogenic substrate AttoPhos. In this way the peak capacity was 

increased, allowing to measure multiple reversible inhibitors in one single run as the inhibitors are separated by 

capillary electrophoresis before reaching the immobilized magnetic beads coated with enzyme. Immediately after 

the enzyme beads the concentration of a fluorescent product is measured, resulting in negative peaks when an 

inhibitor plug passes through the enzyme bed.  

EMMA uses electroosmotic flow (EOF) for transporting the introduced plugs. This is however not always possible 

as EOF requires a dissolved electrolyte. To circumvent this problem pressure-mediated microanalysis (PMMA) 
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was developed. In PMMA the flow is obtained by inducing a pressure gradient, as a drawback the plugs than 

have to be mixed based purely on diffusion. 

 

3.4 Emerging opportunities 

Thanks to the enormous freedom that miniaturized reactors offer in terms of dispersion, (integrated) separations 

and optimized energy housekeeping new developments can be anticipated in the near future. The 

thermodynamic ‘branch’ of PI is e.g. often associated with the local incorporation of energy sources (59) and 

alternative driving forces (60), whereby a smart reactor design and implementation of the energy source can 

provide energy at the place where it is useful, i.e. at the area where reagents are contacted and where the 

reaction actually takes place. Considering that the fraction of the energy that is provided to solvent and already 

formed products is lost, it is clear that this branch should be approached from a much broader perspective. While 

it is well known that the equilibrium product concentration of an equilibrium limited reaction can be dramatically 

increased when the product is instantaneously removed, the opportunities (and challenges) that emerge when 

combining this feature with a local definition of reaction sites and energy provision are hardly addressed in the 

literature. Prominent examples of existing approaches to combine separation and reaction are reactive distillation 

(61) and reactive simulated moving bed chromatography (62). While these methods are extremely valuable and 

still in full development, they do not allow for selective energy housekeeping. In order to achieve spatially well 

distinct and accessible zones, 2D separation techniques involving an electrical (or magnetic) force field (63) could 

e.g. be perfectly suited for this goal.  

Enantiomeric reactions are a special case that could benefit highly from combined reaction and separation as 

they mostly result in a racemic mixture (50% R-enantiomer and 50% S-enantiomer), limiting the yield to a 

theoretical maximum of 50%. To surpass this limit the unwanted enantiomer has to be converted again to a 

racemic mixture without converting the wanted enantiomer. Because of this, reaction and separation are currently 

only performed consecutively. Not only to increase the yield, but also the demand to pure enantiomers is growing 

from industry, in particular in the pharmaceutical industry, where the opposite enantiomer is sometimes toxic. A 

well-known and successful approach to separate enantiomers is crystallization. However, to obtain a pure 
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enantiomer, the feed composition must lie past the eutectic point. Simply removing a part of the solvent by 

evaporation, to pass the solubility curve, is sometimes not enough to reach the desired purity (64). A second 

approach is to use preparative chromatography to separate the enantiomers, either (semi-) discontinuously (e.g. 

annular chromatography) or continuously (e.g. SMB). However, as the enantiomers only differ in their geometrical 

molecular structure they are physicochemically very alike and expensive chiral stationary phases with a high 

loading capacity and selectivity are necessary, resulting in a high cost. To decrease this cost a hybrid process 

has been described (64–67). First a chromatographic separation is performed, to pre-concentrate the feed, 

surpassing the eutectic point. Once passed, the enriched mixtures can be crystallized, resulting in the pure 

enantiomer. However, with this hybrid process the chromatographic separation is indeed less crucial. 

Nonetheless, some sort of chromatographic separation is still needed, requiring a suitable chiral agent (stationary 

phase). To omit the need for such chiral agents, Howard et al. (1976) (68) was the first to propose the idea to 

separate enantiomers by hydrodynamics. Due to chirality the two enantiomers rotate in a different manner, by 

imposing an asymmetrical flow profile this then leads to a different chiral-specific average velocity (69) (Fig. 11). 

Aristov et al. (2013) (70) demonstrated this experimentally by separating a plug of chiral colloidal particles (6 x 6 x 

6 µm). Periodical grooves were created in the top of a rectangular microchannel (150 µm x 115 µm), resulting in 

a helical asymmetrical flow. As particles always prefer those positions where their frictional losses are minimal, it 

resulted in a different spatial position in the channel, leading to a different average velocity. Such separations 

have at the moment only been demonstrated for chiral particles (71,72). To separate enatiomeric molecules the 

chiral specific drift must be larger than the Brownian motion. Hermans et al. (2015) (71) described and 

demonstrated this chiral specific motion, allowing to estimate the required minimal particle size. With this Couette 

cell particles should be in the range of 10-100 nm, to allow a proper separation. Otherwise, the chiral drift 

vanishes due to Brownian motion. This minimal size lies far beyond the size of small enantiomeric molecules (1-

0.1 nm). To overcome the Brownian motion for small enantiomeric molecules most likely nanoscale dimensions 

are necessary, requiring innovative solutions especially if it is to be integrated with the reactor unit.   
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4. Concluding remarks 

In order to take one of the next steps in PI, i.e. near plug flow behavior and combined reaction and separation, 

microreactors due to their small channel dimensions, yielding fast heat and mass transfer, have a high potential. 

However, to achieve industrially relevant throughputs, numbering-up or scaling-up is necessary. Attention then 

needs to be paid to the flow distribution, channel design and packing in order to prevent dispersion. 

Chromatographic systems can be used as an inspiration as they excel in minimal dispersion and high separation 

factors. For instance using elongated pillars will yield high surface to volume ratios while keeping dispersion to a 

minimum. Integrating catalyst or enzymes in such systems with low RTD consequently results in high efficiency 

gains, as side-product formation or inhibition can be avoided. As reduced dispersion will allow for integrated 

separation it also allows to locally administer reactants (e.g. for catalyst regeneration), while at the same time it 

can also lead to local energy housekeeping. A special case that could benefit highly from integrated reaction and 

separation are enantiomeric products. While preliminary hydrodynamic separation principles have been 

demonstrated, no integrated system has been reported so far. 
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