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Abstract: The manipulation of particulates in microfluidics is a challenge that continues to 
impact applications ranging from fine chemicals manufacturing to the materials and the  
life sciences. Heterogeneous operations carried out in microreactors involve high  
surface-to-volume characteristics that minimize the heat and mass transport resistances, 
offering precise control of the reaction conditions. Considerable advances have been made 
towards the engineering of techniques that control particles in microscale laminar flow, yet 
there remain tremendous opportunities for improvements in the area of chemical 
processing. Strategies that have been developed to successfully advance systems involving 
heterogeneous materials are reviewed and an outlook provided in the context of the 
challenges of continuous flow fine chemical processes. 

Keywords: microreactors; solids handling; plugging; heterogeneous reactions; particles; 
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1. Introduction 

The field of microfluidics has grown extensively over the last decade, interfacing problems in 
biology, chemistry, and materials science to name a few [1–10]. A major challenge that continues to 
limit this exciting field is the ability to perform operations involving particles in microfluidic 
devices [11]. Heterogeneous systems of relevance to microfluidics are becoming increasingly 
common. A lack of technological approaches or fundamental understanding of how to deal with 
particulate matter in microscale laminar flow often leads to devices that clog, significantly reducing 
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device life-cycles, or worse, rendering them inoperable. Advancing the ability to control particles in 
microfluidics [2,12–41] promises to create new areas of research and discovery with microsystems. 

There are numerous microfluidic problems where solids are encountered yet limit the discovery of 
new science and engineering insights. Performing synthetic chemistry in microreactors can improve 
the selectivity and the yield while simultaneously elucidating the kinetic information needed to  
scale-up from the laboratory to an industrial process [42–44]. The majority of reactions relevant to the 
preparation of fine chemicals, however, involve the use of solid reagents, catalysts, products, and  
by-products. The manipulation of cells and biomolecules in microfluidics also demands control 
strategies for heterogeneous matter [6,20,45–48]. Microfluidic cell culturing can offer improvements 
on the nutrient conditions and hence cell yield, therapy, and response [49,50]. Devices have been 
engineered small enough to constrain a single cell, revealing deeper understanding of individual 
cellular mechanics [51,52]. Healthcare diagnostics and purification devices also take advantage of 
micro-scale flows to enhance the selectivity of biofluid separations, which can be used to isolate and 
purify proteins, cells, and lipids among others [53,54]. The microfluidic synthesis of inorganic crystals, 
another example of the flow and reaction of solids in micro-scales, can generate advanced 
nanomaterials for applications in catalysis, material science, and healthcare [5,10,55–61]. There exists 
the potential for device clogging in each of the aforementioned systems. Understanding the differences 
between the particle interaction mechanisms that constrain fluid flow is critical to exploiting 
microfluidics for research discovery and the development of devices that improve society. 

There are important design considerations to be made when engineering microfluidic devices  
that will encounter particles. The mechanism(s) of device clogging depends on the nature of the  
particle-to-particle and particle-to-device interactions. Investing time up front to identify the dominant 
interactions can mitigate or prevent device failure. Techniques that can be applied to manage solids 
generally fall into one of two categories: active or passive particle manipulation. A combined 
understanding of the clogging mechanism(s) with the appropriate engineering strategy can ensure the 
flow of new knowledge. 

This mini-review summarizes the fundamental concepts that one might consider when encountering 
solids in microfluidic systems, while the theme of chemical manufacturing is emphasized. Clogging 
mechanisms are described and examples drawn from the literature highlighted to demonstrate the basic 
concepts. A toolbox of engineering strategies to manage solids is presented, including advancements in 
both active and passive particle manipulation techniques. Finally, current limitations are discussed and 
opportunities for future advancements are delineated. 

2. Particles Encountered in Microreactors 

The synthetic methodologies applied in the preparation of pharmaceuticals and fine chemicals 
commonly involve solids in the form of reagents, catalysts, inorganic by-products, and organic 
products [62,63]. The coupling of aromatic molecules to prepare useful intermediates and final 
products presents virtually unlimited pathways and methodologies that involve the use of solids. 
Palladium-catalyzed bond forming reactions, for example, have found broad utility in the preparation 
of pharmaceuticals, natural products, and specialty materials [64–66]. This ubiquitous class of 
transition-metal catalyzed reactions commonly involves the use of starting materials that are 
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introduced as solids into chemical reactors. As part of the catalytic cycle, palladium precipitates as a 
colloid (e.g., palladium black) and insoluble inorganic halide salts are formed as by-products. The 
example of palladium-catalyzed amination is one of many methodologies in pharmaceuticals and fine 
chemicals that involve substrates, catalyst, and by-products that become insoluble during  
chemical transformations. 

Microfluidic devices also find utility in operations involving insoluble biomolecules, cells, and the 
synthesis of nanocrystals. The continuous separation of blood cells from lipids [19,20,22] or operations 
involving proteins [67,68] creates the potential for adhesion and/or agglomeration. The microfluidic 
synthesis of inorganic nanocrystals (e.g., CdSe nanoparticles) [58,61,69] has also been demonstrated to 
improve material properties, yet the continuous production creates the potential for reactor accumulation. 

Microreactors can be used to accurately and rapidly extract the intrinsic kinetic information needed 
to scale-up microfluidic processes from the laboratory to intermediary and full production. Strategies 
are therefore needed to take advantage of microreactors for continuing discovery and development. 
Choosing the appropriate strategy depends on the chemistry and the physics of particle interactions 
that lead to clogging events. 

3. Particle Formation, Stability, and Accumulation Considerations 

3.1. Nucleation Theory 

The root of the clogging problem in microfluidics begins with events that take place at the 
molecular scale, while keeping in mind that much larger scales of tens-to-hundreds of microns 
ultimately result in device failures. If the thermodynamics predict reactive particle formation, then 
nucleation theory is the appropriate starting point to understand how to control particles in 
microfluidics [15,34–36,70]. The solubility product of each compound should be estimated for a given 
reaction solvent and the corresponding supersaturation ratio, the driving force for nucleation, 
approximated. Precipitation can be anticipated when supersaturation exists, where the primary rate of 
nucleation is dependent on the induction time; the time from when supersaturated conditions have been 
achieved to the appearance of the first detectable nucleus. It is common for nucleation kinetic 
predictions to vary by orders of magnitude due to heterogeneous nucleation and other molecular level 
variations. The presence of impurities, the reactor surface characteristics, axial and radial concentration 
and temperature gradients, and molecular interactions between compounds can all influence the 
prediction of the nucleation kinetics. If a reasonable estimate for the induction time has been 
experimentally validated, then a quantity useful in evaluating the potential for reactor fouling is the 
ratio of the induction time, tind, relative to the time necessary for a molecule to flow from the entrance 
to the exit of a reactor (i.e., the residence time τ), α, which can be expressed as [62]: 

𝛼 =
𝑡!"#
𝜏  (1)  

Such a dimensionless quantity is, as a worst case, useful for reducing the risk of particle 
accumulation on continuous reactor surfaces. In continuous operation, the large surface-to-volume 
ratios of microreactors are exposed to infinite residence time. Evaluation of Equation (1) can offer 
insight, from a heterogeneous nucleation perspective, on whether or not production goals can be met 
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before any material accumulation begins. Classical nucleation theory and extensive models derived 
from it have been developed for inorganic and organic crystallization [71–74]. 

3.2. Particle Inertia  

A reasonable starting point once bulk particles grow to a critical size (or in the absence of particle 
growth) is the consideration of inertial forces, which influence the motions of particles in microscale 
laminar flow. Stokes number, the ratio of the viscous to the inertial forces acting on a flowing particle, 
written as [75] 

𝑆𝑡 =
2
9
𝑊
𝐷

! 𝜌!
𝜌!
𝑅𝑒 (2)  

can be estimated to approximate the potential for particle-to-wall interactions. When St < 1, particles 
do not spend enough time in the vicinity of a microchannel wall to undergo inertial impaction. When 
St > 1, particle trajectories along streamlines are modified and collisions with microreactor walls 
possible. When the inertial forces are favorable for impaction, or the onset of crystal growth on reactor 
surfaces takes place, estimation of the constriction rate, rc, gives the ratio of the constriction rate to the 
convective transport rate through the reactor and in the axial direction, written as 

𝛽 =
𝑟!𝜏
𝐿  (3)  

Equation (3) is useful to approximate the accumulation time scale relative to the residence time, which 
similar to Equation (1) can help to identify a process window in which the accumulation influences 
production. Comprehensive understanding of each materials class, crystalline or amorphous and 
organic or inorganic, is needed to most appropriately engineer continuous reactors that undergo  
steady-state operation while manufacturing microfluidic products. 

3.3. Colloidal Attraction and Repulsion Physics 

Colloidal attraction and repulsion theory describes the significance of sub-micron particle interaction 
energies and their role on aggregate formation and/or wall deposition. Consider two colloidal particles 
flowing along laminar streamlines in a microfluidic device (i.e., Reynolds number (Re) < 1000) and in 
the axial direction (i.e., the z-direction) according to Figure 1. Neglecting body forces such as gravity, 
an assumption that generally holds for sub-micron particles, approximates the settling time relative to 
the axial particle motion through the microfluidic device to be large. Thus, particle-to-particle, 
particle-to-wall, and hydrodynamic interactions represent the dominant forces acting on each particle, 
as illustrated in Figure 1. 
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Figure 1. Colloidal and hydrodynamic forces acting on two spheres in laminar flow near 
the surface of a microfluidic device. 

 

The total particle-to-particle colloidal force, Fcolp-p, is made up of three components with the first 
being van der Waals attraction for particles of identical surface chemistry, VA(h), [76,77] 

𝑭𝒄𝒐𝒍
𝒑!𝒑(ℎ,𝑎) = −

𝑑
𝑑ℎ 𝑉! ℎ,𝑎 + 𝑉! ℎ,𝑎 + 𝑉! ℎ,𝑎  (4)  

The particle-to-particle colloidal force is also a function of the electrostatic interaction energy, 
VR(h), [75] and the Born interaction energy, VB(h) [78]. Each of the three interaction energies are 
influenced by the interparticle distance, h, and the particle diameters, a. When particle-to-wall 
attraction or repulsion exists, quite possible in complex synthesis routes that often involve ionic 
species, the particle-to-wall colloidal force should be considered, Fcolp-w, expressed in terms of the 
electrostatic free energy (GR) [79] and the free energy of adhesion (GA) [80], by 

𝑭𝒄𝒐𝒍
𝒑!𝒘(𝑥,𝑎) = −

𝜅
𝜀𝜋

𝑒
𝑘𝑇

! 𝑑𝐺! 𝑥,𝑎
𝑑𝑥 + −12𝜋𝑥!!

𝑑𝐺! 𝑥,𝑎
𝑑𝑥  (5)  

where κ is the Debye parameter, ε the permittivity, k Boltzmann constant, e the electronic charge, T the 
temperature, and x0 the minimum equilibrium distance between the particle and the wall. Here, note 
that the particle-to-wall separation distance, x, influences the magnitude of the force, and thus only 
particles flowing near the reactor wall are expected to encounter such an energy field. Although our 
example is a simplified scenario, estimation of the magnitudes of the particle-to-particle and the 
particle-to-wall interaction forces yields important information for the design of continuous reactor 
operating conditions. As an example, the ratio of the interparticle and the particle-to-wall colloidal 
attraction magnitudes, 
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λ =
𝑭𝒄𝒐𝒍
𝒑!𝒑

𝑭𝒄𝒐𝒍
𝒑!𝒘  (6) 

offers mechanistic understanding of the potential solids handling challenges. When λ > 1, aggregation 
may take place, leading to microscopic blockages. When λ < 1, there exists the potential for the 
accumulation of particles on surfaces. In a system of particles, Equation (6) can be expressed as the 
sum of the particle-to-particle and particle-to-wall attractive interactions. A force balance in 
equilibrium and without gravitational forces can be rearranged as 

η =
𝑭𝒉

𝑭𝒄𝒐𝒍
𝒑!𝒑 + 𝑭𝒄𝒐𝒍

𝒑!𝒘  (7)  

One observes that η< −1 when the net hydrodynamic force acting on a particle exceeds the colloidal 
forces. For η > −1 values, low Reynolds number flow for instance, colloidal particle forces can 
generate agglomerates or accumulate on microreactor surfaces. The relationship of Equation (7), 
however, yields a deeper understanding when a comparison of the important time scales is made. 
When α< 1, defining the work time for each force reveals the expression, 

ω =
𝑭𝒉 𝐿𝜏

𝑭𝒄𝒐𝒍
𝒑!𝒑 ℎ𝑡! + 𝑭𝒄𝒐𝒍

𝒑!𝒘 𝑥𝑡!
 (8)  

The hydrodynamic work time relative to the colloidal attraction work time, ω, only considering 
particle attraction, describes the probability of either aggregation or wall accumulation in terms of the 
overall residence time. For example, when λ ~ 1 and tx >> th (or the distance x >> h), then  
ωw = (|Fh|Lτ)/(|Fcolp-w|xtx) and ωw values < 1 imply that particles are transported axially throughout a 
microreactor before accumulation has had enough time to occur. Similarly, when λ~1 and th >> tx (or 
the distance h >> x), then ωp = (|Fh|Lτ)/(|Fcolp-p|hth) and ωp values < 1 imply that particles are 
transported axially throughout a microreactor before aggregation has had enough time to occur. Such a 
relationship is critical in understanding when particle aggregates that remain in the bulk flow exit a 
microreactor in time to eliminate any pressure losses. Additional theoretical models relating particle 
aggregation physics can be applied to predict the growth rates for a population of suspended particles. 

3.4. Bridging, Constriction, and Random Detachment 

Three fundamentally different mechanisms, (1) bridging, (2) constriction, or (3) random 
detachment, can result in pressure losses during the micro-to-meso-scale laminar flow of particulates.  
A combination of any of the three mechanisms can propagate when chemical reactions occur. Each of 
the three mechanisms may also arise in the absence of particle formation or growth. 

Particle motions tracking lamellae are possible when the net hydrodynamic forces are greater than 
the colloidal and inertial forces (i.e., η < −1, ω < 1, and St < 1). A reduction in the cross-sectional flow 
path under such conditions can lead to the simultaneous arrival of particles at the constriction point, 
and in turn generate bridging events; a statistical or velocity controlled phenomenon depending on the 
operating regime [76,81]. Bridging can also occur in the absence of reduced cross-sections. As shown 
in Figures 2a, bridging constrains fluid flow (not considering attraction or repulsion) for channel 
width-to-particle size aspect ratios, D/a < 10. The bridging, also shown in the microreactor image of 
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Figure 2b for NaCl formation, is imminent when St > 1, η > −1, and ω > 1. Under such conditions 
particles traveling near the reactor wall deposit, forming dendrites that eventually bridge. 

Figure 2. Example plugging mechanisms that occur in micro-scale laminar flow.  
(a) Particle bridging constrains fluid flow when the aspect ratio of the channel width to the 
particle sizes is about 3–7. (b) The bridging of NaCl crystals in a microreactor has been 
observed to occur while performing palladium-catalyzed bond forming reactions. (c) The 
microreactor cross-section is reduced, or constricted, when wall deposition or nucleation 
occurs, which also has been observed during (d) reactive NaCl precipitation in 
fluoropolymer capillaries. (Reprinted with permission from Reference [35] Copyright 2010 
American Chemical Society). 

 

Fluid flow may also be constrained when microreactor cross-sections diminish with time, [82] 
illustrated in Figure 2(c,d). The constriction occurs when particles deposit on surfaces or when 
nucleation followed by growth takes place. In either scenario, wall build-ups present a challenge to 
continuous production in microfluidic systems because process shutdowns are needed to remediate 
accumulated material. The random detachment of the accumulated material, another potential challenge, 
is virtually unpredictable yet can generate macroscopic blockages that severely limit fluid flow. 

4. Techniques to Control Particle Transport 

When particle-to-particle or particle-to-wall attraction exists, nano-to-micro-scale phenomena, the 
bridging or constrictions of microfluidic flow paths are imminent. The nucleation and growth of 
clusters in the bulk or on device surfaces, a molecular scale problem, can result in the bridging or the 
constriction as well. Either mechanism, from the molecular to the micro-scale, requires the conception 
of engineering techniques to control particle transport. Such techniques generally fit into one of two 
categories: (1) passive particle manipulation or (2) active particle manipulation. 
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4.1. Passive Particle Manipulation 

Passive techniques are those that do not impose any external forces beyond the steady-state energy 
required to commence and sustain fluid flow. Hydrodynamic flow focusing, an example of passive 
particle manipulation, has been demonstrated as an effective technique to order micron-sized particles 
in microfluidics. The streaming of particle suspensions (e.g., polystyrene microspheres) is made 
possible via flow through spiral geometries that establish Dean flow [83]. The existence of 
hydrodynamic force vectors tangential to the flow cross-section enables centerline particle equilibrium 
(i.e., the ratio of the inertial lift to the drag force magnitudes is optimized), and thus the longitudinal 
ordering and lateral flow focusing of random particles is possible [83]. The Dean number, expressed as 

𝐷𝑒 = 𝑅𝑒
𝐷
2𝑅 (9)  

estimates the existence of cross-sectional velocity components where R is the radius of microchannel 
curvature. In straight microchannels, De = 0, indicating the absence of a drag force due to the 
transverse Dean flows [83]. The magnitude of the transverse Dean flow increases, as seen in  
Equation (9), with a decreasing radius of curvature, and thus the microchannel geometry can be 
microfabricated to spatially position particles of different momentums [47]. A challenge with passive 
flow focusing, however, is its ability to manage particle concentrations encountered in fine chemical 
production when particle-to-particle and particle-to-wall attraction exists (i.e., η > −1, and ω > 1). 
Furthermore, particle momentum can lead to migration across streamlines, creating particle-to-particle 
and particle-to-wall collisions. 

The isolation of particles that tend to agglomerate or stick to surfaces has been accomplished by the 
encapsulation of reactions within dispersed droplets, as highlighted in Figure 3(a,b). Protein crystals 
(Figure 3a), [67] or other insoluble compounds such as polymers (Figure 3b), [38,39] are limited in 
their interaction with microchannel surfaces in the presence of an immiscible barrier between the 
phases. Interestingly, immiscible gas-liquid interfaces [84–86] have been demonstrated as possible 
separation techniques; micron-sized particles accumulate at the lower surface-free-energy interfaces 
(see Figure 3c) [87–89]. In a system of excess particles, shown in Figure 3d, armored bubbles form 
when liquid-liquid immiscible interfaces are occupied entirely by particulates [90,91]. Establishing the 
equilibrium illustrated in Figure 3d is possible when the colloidal forces are stabilized, which depends 
on the ionic strength of the liquid media; an important design consideration and a challenge to control 
in complex heterogeneous reaction pathways exposed to convective forces. 
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Figure 3. Examples of passive techniques engineered to control particles in microscale 
laminar flow. Immiscible liquid-liquid flows enable the encapsulation of solids within 
dispersed droplets and thereby limit the particle-to-wall interactions, shown for (a) protein 
crystals (Reprinted with permission from Reference [67] Copyright 2005 American 
Chemical Society) and (b) polymers (Copyright Wiley-VCH Verlag GmbH & Co. KGaA, 
reproduced with permission) [39]. Immiscible interfaces also provide lower surface free 
energy sites for particles to accumulate, thus (c) collecting particles at gas-liquid interfaces 
(scale bar = 400 µm) (Reprinted with permission from Reference [88] Copyright  
2006 American Chemical Society)and/or (d) creating armored bubbles is possible  
(scale bar = 60 µm) (Reprinted by permission from Macmillan Publishers Ltd: Nature 
Materials [90], copyright 2005). 

 

4.2. Active Particle Manipulation 

Active particle techniques involve external forces beyond the steady-state energy required to 
commence and sustain fluid flow. Pulse flow could be considered an active particle manipulation 
technique and has been exploited to engineer dry powder injections within microfluidic devices [31]. 
For D/a aspect ratios that do not bridge, inert gas has been used to carry dry pharmaceutical powders 
within microscale devices [31]. The working principle allows the formation of a fluidized particle bed 
in microfluidics when particle-to-particle attractive interactions do not exist [31]. 

The use of light and electron gradients also represents active particle manipulation techniques. For 
example, optical particle displacement has been accomplished by generating bubbles with sufficiently 
intense laser light [92]. Single and tandem bubbles generated by infrared and green lasers displaced 
particles such as polystyrene microspheres [92]. As shown in Figure 4a, particles were displaced  
tens-of-microns and within microseconds [92]. Optical force switching, another active technique 
utilizing light, has been engineered for the microfluidic separation of mammalian cells [93]. The 
diminishing light intensity with increasing cross-sectional dimensions presents a challenge, in general, 
for scaling up optical particle control techniques, especially when considering fine chemical 
manufacturing. Dielectrophoretic particle separations and cell isolations are also possible when an 
electric field is imposed upon a system of charged particles traveling through a microfluidic device. 
The governing principles that establish a force balance for the steady-state separation of particles have 
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previously been described [41,94]. As seen in the schematic of Figure 4b, the fabrication of devices 
with deflection electrodes enables particle sorting where the threshold velocity for the displacement of 
different sized latex microspheres scales with the voltage amplitude (Figure 4c) [94]. 

Figure 4. (a) Laser light driven particle displacements made possible through the 
generation of single and tandem bubbles (Reprinted with permission from [92]. Copyright 
2010, American Institute of Physics). (b) Dielectrophoretic particle sorting by the 
microfabrication of deflection electrodes. (c) The threshold velocity for the displacement 
of different sized latex microspheres scales with the voltage amplitude. (Copyright  
Wiley-VCH Verlag GmbH & Co. KGaA, reproduced with permission) [94]. 

 

Magnetism, another active technique, also enables the separation of particulates in 
microfluidics [2,24,30,32,33,95,96]. When particles flow by a magnetic field (see Figure 5a), the 
magnetically induced velocity vector, umag, is described by the magnetic force, Fmag, exerted on the 
particle relative to the viscous drag force, Fvis, by [30] 

𝒖𝒎𝒂𝒈 =
𝑭𝒎𝒂𝒈
𝑭𝒗𝒊𝒔

=
Δ𝜒𝑉! ∇ ∙ 𝑩 𝑩

6𝜋𝜇𝑎𝐾  (10)  

where Δχ is the magnetic susceptibility difference between the particle and the liquid medium, Vp the 
particle volume, B the externally applied magnetic flux density, ∇⋅B the flux density gradient, µ the 
liquid viscosity, and K the permeability of a vacuum [30]. One can infer from Equation (10) that 
magnetically driven particle motions occur when the magnitude of the magnetic force exceeds the 
viscous force. Equation (10) additionally illustrates the critical dependence of magnetically driven 
particle separations on the particle radius, a, and the magnetic characteristics of the particle (i.e., Δχ by 
χp). There exists potential for magnetic separations in fine chemical and some inorganic crystal 
manufacturing. Aggregates (i.e., agglomerates) behave as larger particle sizes in a magnetic field, and 
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thus the continuous, laminar separation of the aggregates is possible [30]. In practice, a distribution of 
particle sizes (superparamagnetic particles, e.g., Dynabeads), shown in Figure 5b,were deflected each 
corresponding to the parallel outlets of Figure 5b [30]. Scaling up magnetic particle separations for the 
continuous flow manufacturing of many microfluidic processes remains a challenge as the viscous 
force magnitude increases with Re and the delivery of adequate magnetic fields, a capital cost 
consideration, requires design innovations. 

Figure 5. (a) Microfluidic separation of superparamagnetic particles in the presence of a 
magnetic field. (b) The collection of particles exiting the device enables the isolation  
of the fraction of particles deflected by magnetism.(Reprinted with permission from 
Reference [30] Copyright 2004 American Chemical Society). 

 

It is also readily known that acoustic waves displace particles traveling along  
lamellae [18,20–23,25–27,97–101]. High frequency (e.g., MHz) acoustic standing waves force 
particles to pressure nodes in laminar flow, which has been demonstrated for the separation of red 
blood cells from lipids [23,25,26,102]. A particle traveling through an acoustic standing wave 
experiences a primary force, Fa1, described by 

𝑭𝒂𝟏 =
𝜋𝑝!!𝑉!𝛽!
2𝜆!

∙ 𝜙 𝛽,𝜌 ∙ 𝑠𝑖𝑛 2𝑘𝑥  (11)  

where p0 is the acoustic pressure amplitude, Vc the particle volume, λa the acoustic wavelength, k the 
wavenumber, and x the distance from a pressure node. The primary force is considered significant 
when a phase difference parameter, φ, expressed as 

𝜙 =
5𝜌! − 2𝜌!
2𝜌! + 𝜌!

−
𝛽!
𝛽!

 (12)  

is non-zero [23,25,26,102]. The terms ρi and βi are the density and compressibility of the solvent (s) 
and the particle (p), respectively.When particle diameters are less than half the wavelength, the 
acoustic streaming of suspended particles is possible on-chip, shown in Figure 6a, by integrating 
ultrasonic transducers with microfluidic devices. Secondary forces, also significant when a concentrated 
system of particles scatters acoustic standing waves, have been described in a more detailed review [22]. 

Acoustic waveforms in the range of kHz, for example ultrasonic cleaning equipment, have  
been demonstrated as effective in carrying out microchemical transformations that generate 
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solids [15,35,64]. On-chip ultrasound has been engineered to manage the NaCl formation during 
palladium-catalyzed bond forming reactions [13]. As an example, the by-product MnO2 formed during 
the Nef oxidation leads to flow-induced clogging, which can be prevented using ultrasound (shown in 
Figure 6b) [103]. Overall, the integration of acoustics with microreactors has tremendous potential that 
fosters a need for scale-up innovations.  

Figure 6. (a) The separation of microparticles via acoustic streaming in microfluidics 
(Reprinted with permission from [25]. Copyright 2007 American Chemical Society).  
(b) Performing solids forming reactions, such as the nef oxidation, in the presence of 
ultrasound has been shown to mitigate flow-induced clogging (Reprinted with permission 
from [103]. Copyright 2010 American Chemical Society). 

 

Advancements continue to be made towards the innovation of new techniques for solids handling in 
microreactors. Continuous-stirred tank reactors and mechanically agitated flow cells [104] have been 
demonstrated as effective methods to carry out particle forming reactions. Nevertheless, the design of 
solids handling reactors only represents part of the challenge; an entire chemical process is made up of 
many different unit operations each where solids in continuous flow could be problematic. 

5. Outlook and Challenges 

The thermodynamic and the kinetic conditions that make solids formation probable necessitate 
understanding of the relative time scales in continuous flow microreactors. Such understanding is also 
needed when particles undergo laminar flow through microfluidic devices. Engineering techniques to 
control particles, whether generated or not, requires the consideration of particle-to-particle and 
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particle-to-wall attraction and repulsion. Overcoming particle-to-wall attraction that results in 
accumulation is possible through the evaluation of the force magnitudes acting on each particle. 
Minimizing particle aggregation leading to macroscopic blockages is possible by assessing  
particle-to-particle attraction in relationship to the residence time throughout a microreactor. The 
analogy is particularly useful in the design of continuous microreactors for chemical processes. 

A number of creative passive and active techniques have been engineered for the manipulation of 
particles in microscale laminar flow, which have the potential to impact chemical processing. The 
integration of such techniques, however, is not without challenges. The majority of passive techniques 
do not solve the problem of particle aggregation or wall accumulation due to attraction. Similarly, 
scaling up active techniques introduces design challenges in terms of the imposed forces relative to  
the viscous and inertial forces. There remains tremendous opportunity for new approaches, building  
on existing solids handling strategies, to ensure that continuous microfluidic processes do not  
require remediation. 
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