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Membrane filtration processes are best known for their application in the water, oil, and gas sectors, but also in food

production they play an eminent role. Filtration processes are known to suffer from a decrease in efficiency in time due to

e.g., particle deposition, also known as fouling and pore blocking. Although these processes are not very well understood

at a small scale, smart engineering approaches have been used to keep membrane processes running. Microfluidic

devices have been increasingly applied to study membrane filtration processes and accommodate observation and

understanding of the filtration process at different scales, from nanometer to millimeter and more. In combination with

microscopes and high-speed imaging, microfluidic devices allow real time observation of filtration processes.
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1. Introduction 

Membrane filtration is used for a wide variety of applications due to the availability of an abundance of membranes

targeted at different separations . The versatility of membranes and membrane modules allows for their application in

many different fields, ranging from water purification  and blood dialysis  to fermentation broth purification  and

milk fractionation . For some applications such as water purification, membranes and membrane modules are produced

and used on a large scale . For other applications, such as dehydration of bioethanol from fermentation broths, scale

up is still a challenge due to the high complexity of the process leading to the need to use hybrid systems such as a

pervaporation-distillation hybrids . In all membrane processes there are challenges with which researchers and

engineers must deal. One of the most researched and reported challenge is the process of flux decline due to

concentration polarization and membrane fouling . More practical issues are the mechanical and chemical stability,

and costs related to production, running and cleaning the membrane modules, which is also directly linked to energy

consumption and general environmental impact . These parameters are expected to become increasingly relevant in

the coming years and lead to the development of even more sustainable processes.

Membrane separation is mostly considered a mild processing technique since it uses low processing temperatures and

low applied pressures (microfiltration and ultrafiltration). For these reasons it is expected to contribute to current world

challenges, mainly those related to high energy consumption. For example, the higher demand for food products  can

benefit from mildly resourced raw materials, leading to more efficient use by purification and isolation of substances of

interest and commercial value . Obviously, this can only be achieved by tuning membranes and membrane

processes to the desired application. This may seem very straightforward, but at the same time, doing this repeatedly for

every feed stream of interest is not efficient. Especially when keeping in mind that many membranes and membrane

processes revolve around similar effects such as fluid mechanics, the understanding of the underlying mechanisms of

membrane failure and solute behavior during filtration would greatly speed up process design, and lead to substantial

improvements in membrane filtration.

The effects that are ruling flux decrease generally occur at a very small size, short time scales, and in modules that are

not that accessible for detailed observations. Computer simulations have been instrumental in achieving better insights,

and developing reliable membrane processes; however, validation is always difficult, and for these, microfluidic devices

may hold the key. Microfluidic devices have proven to be valuable and powerful tools for fundamental research in many

fields such as fluid mechanics , soft matter , and biology  and are currently also starting their way into

membrane research. Some of their advantages are their relative low cost, flexibility of design, and the possibility of

coupling it with microscopy/high speed imaging techniques . A disadvantage of this approach is the current resolution

limitation on the techniques for microfluidic device fabrication. This results in the availability of devices with channels that

are much wider than the pores of "real" microfiltration and ultrafiltration membranes; however, these devices still allow for

very insightful and interesting experiments and results that can certainly contribute to the advancement of the membrane

separation field. We expect these limitations to be overcome in the future as will be discussed later in the outlook session.
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In the membrane separation field, several configurations of microfluidic devices have been reported. Microfluidic devices

with embedded membranes (see Figure 1a) have been described for particle sorting , membrane fouling , and to

study flow in membrane microreactors . In these studies, microfluidic devices are used to support small pieces of

membranes and allow for in situ observation of the filtration process. Alternatively, microfluidic devices can be designed as

model membrane systems  (see Figure 1b), containing channels that mimic, for example, membrane pores under

highly ideal conditions. In this way, microfluidic devices can be used to study and understand phenomena occurring at

different scales , ranging from nanometers to even millimeters and more (see Figure 2 for illustrative examples).

Figure 1. (a) Microfluidic configuration with an embedded membrane. (b) Microfluidic configuration with an array of

parallel channels with the objective to mimic a membrane in an ideal situation. The image has been cropped and modified

from the original work  and reproduced under the Creative Commons Attribution 4.0 International License .

Figure 2. Examples of how microfluidic tools are applied to investigate mechanisms occurring at various scales. At

nanometer scale particle–particle (a) and particle–wall (b) interactions can be studied . Pore design (c)  and pore

blockage (d)  are topics that can be investigated at micrometer scale, and finally at millimeter scale pore fields (e) 

and pore networks (f)  have been used to study the collective behavior of particles in porous media. Images a-e have

been cropped from their original work and reproduced under the Creative Commons Attribution 4.0 International License

. Image f has been reproduced with permission from the author.

At the nanometer scale, the study of colloidal particle–particle interaction during flow and particle surface interactions are

some examples of topics that have been studied . Material surface modification and functionalization is also part of

these investigations, and geared toward minimizing the interactions occurring at nanometer scale  (Figure 2 top line). At

micrometer scale, idealized membrane mimicking microfluidic devices have been proposed to investigate, for instance,

pore geometry in relation to blocking and process optimization, using both hard and deformable particles  (Figure

2, middle line). Finally, at millimeter scale, microfluidic devices have been useful for investigating phenomena related to

collective particle behavior, such as surface deposition/cake formation and the (collective) movement of particles in flow

 (Figure 2, bottom line). It is good to mention that insights obtained with microfluidics in other fields for example,

to study flow  and to separate individual cells  are very relevant for membrane separation.

A number of reviews have been written on membranes and microfluidics . Some of them describe the

applications of microfluidic chips with integrated membranes as used for cell and protein research and gas detection 

. In their review, published in 2006, De Jong et al.  discussed the integration of membrane functionality into

microfluidic chips. They stated that bridging the fields of microfluidics and membranes can be beneficial for both fields of

study. Indeed, in the last years, the use of microfluidic devices to study membrane filtration phenomena has flourished,
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although the focus has been mostly on microchip fabrication techniques as reviewed in , and not much effort has

gone into bringing the findings that were obtained toward improvement of membrane processes. Therefore, we chose this

as the topic of our review.

2. Microfluidic Devices as Tools

2.1. Structure

As indicated previously, microfluidic devices used to investigate membrane filtration can be separated in two broad

categories: microfluidic devices with embedded membranes  and microfluidic devices that mimic membrane

structures . As the name already states, devices with embedded membranes are microfluidic devices designed to

accommodate a small piece of a membrane in their structure. The advantage of this configuration is that a real membrane

is being used, so if measurements of flux and selectivity are important for the study, this might be a good option. However,

in situ observation possibilities in these devices can be limited, as is also the case in larger scale observation techniques

that monitor cake layer buildup, droplet deposition or sorption of macromolecules (with fluorescent probes) for instance 

. Membrane mimicking devices have designs that reproduce, in an ideal way, the structure of a membrane. Most of

these devices contain an array of parallel channels or structures, that would represent the pores in a real membrane. The

advantage of this approach is the possibility of observation of particle behavior at individual level. Additionally, the

observation of cake layer structure and pore blocking mechanisms in these systems is facilitated through sideways 2D

observation. Due to the flexibility of design of microfluidic devices, the structures mimicking a membrane can be fabricated

practically at will. Parallel straight through channels , parallel channels with constrictions , round pillars  and

non-aligned squares  are some examples of structures used to simulate membrane filtration with microfluidic devices.

Most membrane mimicking microfluidic devices, including the ones cited before, are made of Polydimethylsiloxane

(PDMS) via soft lithography. However, new fabrication techniques are being developed such as the fabrication of

polyethylene glycol (PEG)-based hydrogel membranes via photo-patterning. These membranes can have their

permeability easily controlled with pore sizes closer to those present in "real" membranes, are pressure-resistant and

have been reported to be used for the study of microfiltration and ultrafiltration processes .

Although microfluidics can be a highly ideal system to study membrane filtration, the results and insights obtained can be

of great interest for real membrane processes, mainly microfiltration. Microfiltration is the membrane process that can be

most easily investigated since the current available technology allows the production of devices that have pore/channels

sizes that are the closest to the ones present in microfiltration membranes. Additionally, microfiltration processes target

mostly micrometer sized particles, and these are easy to model and observe with simple optical microscopy techniques.

Ultrafiltration processes can still be investigated with microfluidic devices but producing mimicking microfluidic devices can

be challenge due to the resolution of the current available techniques that does not allow the production of channels in the

smaller range. Microfluidic devices with embedded membranes can be easily used instead where a piece of ultrafiltration

membrane is attached to a microfluidic system. Visualization of the process when dealing with ultrafiltration processes can

also be more challenging but still possible. Direct observation of accumulation of proteins for example, can be achieved by

using fluorescence microscopy of tagged proteins. Other filtration processes such as nanofiltration and reverse osmosis

are still not eligible for investigation studies with microfluidic devices mainly due to the high pressure required in these

processes and also due to the limitations on microscopy techniques that currently do not allow in situ and real time

observation of small specimens such as salts and small molecules (Figure 3).

Figure 3. Scheme showing which type of microfluidic devices are currently suitable for the study of different porous media

—sieves, microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO).
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2.2. Foulants

The to-be-tested suspension/foulant will influence the outcomes of the experiments greatly, as would also be the case in

any membrane separation experiment. While some studies use real suspensions such as blood in their experiments 

, most prefer to use model suspensions such as latex beads suspended in water . Model suspensions contain

in general only one solvent and type of particle, and their choice depends on the objective of the experiment. Water is the

most used solvent, while the selected suspended particles can be more diverse. If the suspension is used to gain general

insights, basically any particle will do, but if the system should somehow reflect the characteristics of a suspension of

interest, various particle properties need to be considered: soft or hard, how large, monodisperse or polydisperse, etc.

The choice between soft or hard model particles depends on either the system that is being modelled or the specific

characteristics that the study is aiming to assess. Hard particles are suitable, e.g., for studies aiming at modelling filtration

behavior in general since the particle size remains constant during the process, thereby limiting the number of variables to

be considered (such as compaction and deformation). Soft particles are mostly chosen as models for cells and protein

aggregates, and often microgels are used due to their ease of production, and tunable properties. Soft particles are able

to modify size and shape during filtration, therefore making their filtration behavior much more complex , e.g.,

leading to added flow resistance when pressurized in a filtration cake layer .

The size of the particles will also influence the outcome of the experiments and are ideally as close as possible to the final

application. For example, the migration of particles in flow highly depends on their size, and thus also the build-up of

concentration polarization and cake layer . If colloidal interactions during the filtration process are of interest, smaller

particles should be preferred; however, in various cases large particles can also show the behavior of interest making

observation much easier. The current technological constraints regarding microfluidic device fabrication should also be

considered when selecting particle size. At the moment, the fabrication of devices mimicking membranes with channels

smaller than 5 µm can still be a challenge and for that reason, when observation of individual particle behavior is the main

objective of a study, the use larger particles will be more adequate while smaller particles can still be used for collective

behavior observations in larger channels. The minimum particle size to be used can also be limited by the resolution of

the optical methods used to observe the particles during the experiments.

From the previous point, it also follows that particle size distribution is a parameter to consider since it can largely

influence the observations. The use of both monodisperse and polydisperse particle size distributions for experiments in

microfluidic devices have been reported in the literature . For experiments focusing on process modelling,

monodispersed distributions are preferred since they will not bring extra complexity to the system. However, the use of

polydisperse model particles brings model systems closer to feed streams as used in industrial applications, and that will

contain particles with a wide range of sizes.
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