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Unravelling colloid filter cake 
motions in membrane cleaning 
procedures
Arne Lüken1, John Linkhorst1, Robin Fröhlingsdorf1, Laura Lippert1, Dirk Rommel2, 
Laura De Laporte2,3,4 & Matthias Wessling1,2*

The filtration performance of soft colloid suspensions suffers from the agglomeration of the 
colloids on the membrane surface as filter cakes. Backflushing of fluid through the membrane 
and cross-flow flushing across the membrane are widely used methods to temporally remove the 
filter cake and restore the flux through the membrane. However, the phenomena occurring during 
the recovery of the filtration performance are not yet fully described. In this study, we filtrate 
poly(N-isopropylacrylamide) microgels and analyze the filter cake in terms of its composition and 
its dynamic mobility during removal using on-line laser scanning confocal microscopy. First, we 
observe uniform cake build-up that displays highly ordered and amorphous regions in the cake layer. 
Second, backflushing removes the cake in coherent pieces and their sizes depend on the previous 
cake build-up. And third, cross-flow flushing along the cake induces a pattern of longitudinal ridges 
on the cake surface, which depends on the cross-flow velocity and accelerates cake removal. These 
observations give insight into soft colloid filter cake arrangement and reveal the cake’s unique 
behaviour exposed to shear-stress.

Membrane micro- and ultra�ltration is a well established low-energy unit operation for separating and con-
centrating particles and colloids in the �elds of, e.g., food processing, water treatment, and biotechnology. In 
such �ltration processes, a trans-membrane pressure (TMP) drives the �uid through the porous structure of the 
membrane while larger particles are retained by size exclusion and accumulate on the surface of the membrane. 
�is particle retention causes the generation of a cake layer, which yields an additional pressure loss on top of the 
membrane’s own pressure loss and thus signi�cantly impacts the process energy requirement. �erefore, depend-
ing on the application, cleaning methods such as cross-�ow �ushing with detergent solutions or back�ushing 
from permeate to feed side are widely applied methods in  industry1,2. Understanding the origin, behavior, and 
properties of such cake layers in �ltration and cleaning processes is of crucial importance to improving current 
evidence-based �ltration  models3–6.

Compared to hard particle �ltration, �ltration of so� particles such as colloids or biological matter results 
in a compressible cake layer. �is compression leads to internal mobility within the cake, which facilitates rear-
rangement of the particles, resulting in higher packing densities, and forms dense gel layers near the membrane 
 surface7. Accordingly, the particle material properties such as size, so�ness, charge, and ability to interpenetrate 
mainly in�uence the cake  properties8,9. Such properties can be tuned in a reproducible manner using colloidal 
microgels as a model. Microgels are so� polymeric colloids that are well-studied and easily tunable. Fabricated by 
precipitation polymerization, microgels o�er diameters ranging from less than 100 nm10 up to 5µm11. Microgels 
are tunable to respond to an external stimulus like temperature, pH, ionic strength, or pressure by changing 
their size or  charge12. �e properties of densely packed microgel suspensions cover deswelling, deformation, and 
interpenetration e�ects and nicely mimics other so� matter  applications13–15. �is �exibility and reproducibility 
makes the use of microgels in so� matter �ltration studies  advantageous16–18.

Characterization of �lter cakes on membrane surfaces follows either visual or non-visual methods. Non-visual 
methods pose the challenge that calibration experiments need to characterize the origin of the measured value, 
and appropriate models are required to interpret the data. While hard-sphere �ltration can be e�ectively moni-
tored by TMP and �ux  measurement1 or impedance  spectroscopy19–21 and modeled  accurately22,23, non-visual 
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approaches for so�-matter �ltration are limited by underlying models. Even though these models have increased 
in complexity and accuracy in recent years, further experimental veri�cation is needed to cover multi-scale phe-
nomena such as compression, deformation, and rearrangement of the �lter  cake24–26. �e on-line visualization of 
such microscopic events of the �lter cake needs adaption of the membrane modules. Hence, a popular method is 
to retain particles by micro�uidic structures to study the phenomena in the cake layer. A glass slide represents one 
channel wall perpendicular to the membrane such that high-resolution imaging of the �lter cake cross-section is 
 possible3,4,16,27. Studies, monitoring �ltration with real membranes give additional insight into the membrane-cake 
 interface28, the cake  morphology29, and cleaning  e�ciencies30. Nevertheless, high-resolution in-situ microscopy 
o�en su�ers from insu�cient process control resulting in pulsating �ows or moving membranes as well as from 
large focal distances stemming from channel design, reducing the �uorescent signal.

Filter cakes on membrane surfaces are highly concentrated packed beds of particles. When removing a �lter 
cake by �owing tangentially across the cake without permeation, the �uid dynamics are similar to granular beds 
from the �eld of geology. Granular bends are well studied related to their �uid dynamic behavior. �ere are 
two cases where longitudinal patterns occur on the surface of granular beds during particle transport. �e �rst 
case is in river beds, where water quickly over�ows sand sediments. �e �uid dynamic forces rip particles out 
of their sedimentary position and transport them in a so-called bedload layer on top of the sediment’s surface. 
�is bedload layer is a highly packed suspension of moving particles with a �ow-velocity pro�le ranging from 
no-movements on the sediment side and fast-movements on the over�own  side31. In shallow water, instabilities 
can create a regular longitudinal pattern in the bedload, based on the phenomenon of bedload di�usion. �e 
wavelength of the pattern is larger than the �ow depth, such that di�erent �ow velocities induce diverse trans-
port rates of the particles. �ese velocity gradients create instabilities, vortexes in the bedload, and a sinusoidal 
longitudinal  pattern32.

In the second case, granular �ows, such as sand particles, slide down steep incline planes. �ere is no over�ow-
ing liquid �uid inducing a bedload, but the rapidly moving granular particles collide and form a highly agitated 
layer. �e average density of this layer is smaller compared to the sediment. In such �ows, mechanical instabilities 
can also generate longitudinal patterns, as reported by Forterre and  Pouliquen33,34 and explained by the con-
cept of granular temperature. �e agitation is induced on the over�owed rough bottom, such that the granular 
temperature at the bottom is highest resulting in a density gradient in the opposite direction than gravity. �is 
density gradient creates vortexes, well known as Rayleigh–Taylor instabilities in �uids. Other experiments and 
CFD-DEM models con�rmed the explanation by showing similar  results35,36, and a larger scale study questions 
if this phenomenon might also occur in landslides in the geological  context37. Transferring the phenomena of 
longitudinal pattern formation from geology to membrane �lter cakes, neither of these has yet been reported.

In this work, we visualize the motions of microgel �lter cakes by confocal laser scanning microscopy. �e 
∼ 2µm sized transparent so� microgels comprise a �uorescently labeled 200 nm core for imaging the center 
position. We �lter them on top of a commercial polyethersulfone (PES) membrane with a pore size of 100 nm 
and visualize the cake’s top view and cross-section. We show the morphology as well as dynamic bulk motions of 
the �lter cake during two di�erent cleaning procedures: back�ushing and cross-�ow �ushing. Cross-�ow �ushing 
unexpectedly creates a longitudinal pattern on the cake surface, similar to the ones obtained in the geological 
context of granular beds. We analyze the behaviour of this pattern regarding the average cross-�ow velocity, its 
stability, and its in�uence on cake removal.

Results and discussion
A custom �ltration module with a build-in glass slide parallel to the membrane was fabricated by additive 
manufacturing and used in all �ltration experiments. Poly(N-isopropylacrylamide)-co-acrylic-acid (pNIPAM-
co-AAc) microgels were �ltrated in two experiment sets by either constant pressure or constant �ux �ltration. 
�e �lter cake was simultaneously monitored by confocal microscopy. In order to monitor the membrane in situ, 
precise control of the membrane position was necessary. For this purpose, we inserted a permeate spacer struc-
ture positioning the membrane surface 700µm above the glass slide in all �ltration states. For larger channel 
size, the �uorescent signal was found to weaken, and microscopical resolution su�ered. All �ltration experi-
ments were conducted in laminar �ow condition with a Reynolds number 2 < ReChannel < 250 for the channel 
and 0.004 < ReParticle < 0.4 for a particle with a diameter of 2µm as characteristic length. Assuming the feed 
over�owing the particles with a diameter of 2µm as characteristic length at the �lter cake surface with an aver-
age cross-�ow velocity of ū > 0.1 cm/s, we calculated Peclet numbers Pe > 15000 , which shows that the �uid 
transport is advection-dominated.

Cake morphology during filtration. Using the custom �ltration module, we conducted a constant pres-
sure cross-�ow �ltration using the labeled microgels (�nd details in the “Method” section), which deposit as a 
thick cake layer on top of the membrane surface. Using laser scanning confocal microscopy, we can visualize the 
top view (x–y-image) and the cross-section (x–z-stack) of the �lter cake. Using a 10× objective, we visualize the 
shape of the cross section of the �lter cake. �is method allows an e�cient and fast study of the cake’s general 
shape and its mobility on a large observation �eld of up to 400µm . As shown in Fig. 1a, we �rst monitored 
cake growth and identi�ed uniform cake thicknesses all over the membrane. In the laminar �ow regime with 
Re < 100 , this uniformity is independent of the cross-�ow velocity. �is cross-�ow independency con�rms the 
observations made in traditional �ltration  experiments39.

We studied the macro-mobility of the cake layer conducting a photo-bleaching experiment. For this purpose, 
we illuminated a small area of the �lter cake with high laser intensity. Under these conditions, in this area, the 
microgels were still present, but the �uorescent signal disappeared (Fig. 1b). In constant pressure cross-�ow �ltra-
tion with 100 mbar TMP and an average cross-�ow velocity of 4.2 cm/s, we were not able to see any changes in 
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the bleached region within an long observation time of 5 min. Accordingly during �ltration, no macro-mobility 
of the cake induced by the cross-�ow was observable.

For analyzing single microgel behavior, we utilized a 63× air objective with long working distance to charac-
terize both the cross-section (Fig. 1c) and a representative slice parallel to the membrane inside the cake layer 
(Fig. 1d). �e cross-section shows the cores of the single microgels appearing as elongated stripes, as well known 
from 3D-image stacks in confocal microscopy using the z-stack  technology40. �e top-view slice is located in 
the center of the �lter cake, i.e., approximately 10 levels of microgels are above and underneath the visualized 
slice. �e image shows areas with highly ordered arrangements of microgels in parallel lines next to each other, 
indicating crystalline structures. As criterion for being highly ordered, we chose regions where a minimum of 
three microgels are located on a straight line and two of these lines being parallel to each other. �ese highly 
ordered areas are labeled in grey indicating half-ordered and half-amorphous regions. �is existence of highly 
ordered areas con�rms micro�uidic observations of partly crystalline and partly amorphous cakes for jammed 
 colloids41,42. Based on experimental phase diagrams generated with pNIPAM microgels, this transition between 
amorphous and crystalline structures develops in the transition region from �uid to crystal behavior at e�ective 
volume factions φeff ∼ 0.5643.

Cleaning by backflushing. We additionally studied the morphology of colloidal �lter cakes while applying 
a back�ush cleaning procedure. Two sets of experiments were conducted with 10s �ltration and 100s �ltration, 
both at 300 mbar constant pressure. A�er cake built up, we visualized the cake removal by applying a gentle 
back�ush while stopping all other �ows. �e back�ush was induced by a 10 mbar trans membrane pressure on 
the permeate side, leading to two di�erent phenomena. First, a�er 10 s of cake build-up, the cake layer detached 

Figure 1.  (a) On-line �lter cake visualization by confocal microscopy in cross-�ow constant pressure �ltration 
with a labeled membrane, �lter cake, and bulk. (b) Filter cake mobility experiment under cross-�ow �ltration. 
�e image shows the persistent photo-bleached region (black stripe) in cross section and top view (square) 
not moving during cross-�ow �ltration. �e membrane position is indicated with a grey dashed line. (c) 
Magni�cation of the cross-section with 63× lens enables identi�cation of individual microgels. �e membrane 
position is indicated with a grey dashed line. (d) A representative slice taken parallel to the membrane, 
demonstrating the morphology of the �lter cake with highly ordered domains highlighted in grey.
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in fragmented pieces from the membrane and subsequently dissolved in the bulk (Fig. 2a–d, video available in 
the SI V1). Second, a�er 100 s of cake build-up, the whole cake layer detached in one piece, bent, and �nally 
broke apart (Fig. 2e–h, video available in the SI V2). At a subsequent cross-�ow, hazy fragments were observed 
in the retentate outlet tube of the module, which subsequently disaggregated in the storage beaker. In both 
experiments, a shiny layer remains on the membrane surface. At higher magni�cation, this layer �gures out to 
be a monolayer of microgels adhering to the membrane, appearing broader due to the light’s di�raction at low 
magni�cation. �e microgels touching the membrane surface deform strongly, such that the area of contact 
points and subsequently the attractive interaction potential (e.g., Van der Waals forces) increases  strongly44. 
Accordingly, the monolayer is hardly removable even at high shear �ow rates, as studied by Wiese et al.28. �ese 
back�ushing results lead to the assumption that compression and more time for rearrangement in the �lter cake 
stabilizes the cake structure by increasing the packing density and interpenetration degree. �is phenomenon is 
in accordance with literature, where jamming of microgels has been found to induce entanglement of polymer 
arms and to increase the adherence to each  other15. On top of this jamming phenomenon, studies have shown 
that highly concentrated suspensions tend to rearrange and form crystalline domains during waiting  times45.

Cleaning by cross-flow flushing. An alternative way of removing the �lter cake from a membrane is 
cross-�ow �ushing through the feed channel without membrane permeation. To mimic this procedure, we �rst 
�ltrated 2.4 ml of a 0.1 g/l microgel suspension in constant �ux dead-end mode, ensuring the comparability of 
the cakes in di�erent experiments. Subsequently, we closed the permeate channel, opened the retentate channel, 
and applied a cross-�ow stream on the feed side of the membrane inducing a shear force on the �lter cake sur-
face. For slow cross-�ow velocities the cake removal takes several minutes, for high velocities the cake removal 
only takes a few seconds. While studying these removal kinetics we observed a longitudinal pattern appearing 
on the �lter cake in a certain range of cross-�ow velocities. �e following sections describe selected properties 
of this pattern.

Pattern formation. �e pattern has the shape of parallel regular ridges (Fig. 3a) along the �ow direction on the 
whole area of the �lter cake covered membrane (Supplementary Fig. S1). During one experiment, unintention-
ally trapped air bubbles con�rmed that the ridges follow the streamlines. �e bubbles settled on the feed side of 
the membrane and the ridges followed the curvy shape around the bubbles, in accordance with the streamlines 
(Supplementary Fig. S2). �e ridges’ appearance and their peak-to-peak distance were found to depend on the 
cross-�ow velocity ū as shown in Fig. 3. For cross-�ow velocities higher and lower than the plotted range of 
0.2 cm/s < ū < 13 cm/s , no pattern appeared as illustrated in Fig. 3a in the top and bottom images. At low cross-
�ow velocities in the range from 0.2 cm/s < ū < 1.5 cm/s , a time lag of several minutes occurred before pattern 
formation was observed (Fig. 3b). Additionally, in this �ow range, the peak-to-peak distance at the moment of 
pattern appearance is larger (Fig. 3c). �e ridges stayed on the cake surface for the complete duration of cake 
removal. �ey slowly moved in wavy motions, with ridges merging and new ones appearing. �e longer the 
process took, the more ridges merged, such that the peak-to-peak distance during cross-�ow �ushing increased 
until the �lter cake was completely removed (see supplementary movie V3). �e duration for complete cake 
removal a�er pattern appearance decreased with higher cross-�ow velocity as expected (Fig. 3b).

Cake mobility under shear stress. �e cake mobility during pattern appearance was studied by a photo-bleach-
ing experiment similar to the one in Fig. 1. A�er dead-end cake formation, we exposed a speci�c region of the 
cake to high laser intensity and photo-bleached microgels to the extent that they became non-�uorescent despite 
still being present (Fig. 4a). When inducing the shear stress by cross-�ow �ushing at 2.4 cm/s without permea-
tion, we observed a �uorescent zone on the bulk side appearing in the bleached region at the very moment of 
pattern formation (Fig. 4b). In the ongoing experiment the cake layer thickness decreased, but the �uorescent 
zone remained at the cake-bulk boundary until the complete removal of the cake layer (Fig. 4c). Just as in the 

Figure 2.  Filter cake back�ush mechanism induced by a gentle back pressure of 10 mbar. �e membrane 
position is indicated with the grey dashed line. (a–d) A�er 10 s of 300 mbar �ltration, the cake detaches in 
fragmented pieces; (e–h) a�er 100 s of 300 mbar �ltration, the cake detaches from the membrane in one piece. A 
monolayer of strongly adhering microgels remains on the membrane and is visible in (c,d,g,h). It appears larger 
due to di�raction of the light.
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back�ushing experiments, a monolayer remains on the membrane surface and does not show any movement in 
the photo-bleached region.

Pattern stability at pulsating �ow and accelerated cake removal. We additionally studied pattern stability by 
pulsating �ow, such as it might appear with radial piston pumps or diaphragm pumps. We attached a digital 
pressure regulator to the feed side and �rst built up a standardized �lter cake by constant pressure dead end 
�ltration. �en we applied a pulsated cross-�ow with inlet pressure amplitude from 0 to 100 mbar in frequencies 
f = 1 /s, 0.5 /s, 0.25 /s and 0.17 /s resulting each in the average cross-�ow velocity of roughly 10 cm/s. Apply-
ing the frequency of f = 1 /s (Fig. 5b), pattern formation occurred just as in non-pulsating �ow. For f = 0.5 /s 
(Fig. 5c) pattern formation was decreased and for f ≤ 0.25 /s no pattern formation was visible. For high frequen-
cies, the so� tubing’s and the module’s damping compensation is dominant, such that pulsation does not inhibit 
the pattern. For small frequency the damping e�ect decreases, such that the process does not overcome the lag 
time that is needed to form a pattern.

Comparing the cake removal kinetics of the pulsation experiments, we �nd another characteristic of the 
pattern (Fig. 5e). �e steady �ow and the high-frequency pulsations with pattern occurrence show a faster cake 
removal than the slow pulsation frequencies below 0.25/s, where no pattern occurs. Even though this is a limited 
data-set of six experiments, which does not demonstrate statistical signi�cance, all conducted experiments sup-
port the trend. �is accelerated dissolution is likely due to the increased microgel mobility in the cake surface, 
where the pattern occurs. On the one hand, mobility increases the microgels’ distance to each other and hence 
reduces the inner cake adhesion. On the other hand, the microgels on the tip of the ridge have a larger contact 
surface to the bulk and experience a higher shear force resulting in detachment. As shown in the scheme of 
Fig. 4d, particle �ow of microgels from the valley to the ridge and subsequent detachment is a possible sequence 
of the accelerated transport.

Figure 3.  (a) Cake removal by cross-�ow �ushing without permeation reveals a pattern appearing on the 
microgel �lter cake, which depends on the average cross-�ow velocity ū. �e cross-�ow of the bulk is directed 
into the image-plane parallel to the pattern. �e membrane position is indicated with a grey dashed line and the 
images are taken in the moment of pattern appearance a�er the time lag. (b) �e pattern appears with a time 
lag a�er starting the cross-�ow that depends on the cross-�ow velocity (black). �e cake removal time a�er �rst 
pattern appearance depends on the cross-�ow velocity (grey). (c) �e peak-to-peak distance in the �rst moment 
of pattern appearance depends on the cross-�ow only for small velocities.
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Discussion of the cake pattern origin. Understanding the origin of the cake movements presented in this study, 
we look at a single particle in the �lter cake in the moment of switching from �ltration mode to cross-�ow 
mode without permeation. During permeation, the microgels are compressed by the permeating �ux and adhere 
to each other by the entanglement of polymer  chains15, hydrogen bonds between NIPAM- and acrylic acid 

Figure 4.  Cake mobility experiment with photo-bleached section. �e membrane position is indicated with a 
grey dashed line. (a) A�er cake formation by dead-end �ltration a 40 × 40µm area of the cake is irradiated with 
high energy laser light to bleach the microgels. (b) Cross-�ow �ushing without permeation shows a mobility of 
the cake on the lower part of the surface a�er the surface pattern appears. (c) A�er complete cake removal, only 
a irreversible microgel monolayer remains on the membrane. �e low resolution makes the single microgels 
shine fuzzily by di�raction, such that the light cone appears larger than the microgels are. (d) �e schematic 
drawing shows the zones of the cake while inducing shear by cross-�ow �ushing of the bulk: An immobile 
monolayer on the membrane surface, a �xed cake-zone in the center, and the mobile cake with pattern 
formation on the bulk-side of the cake. �e microgels move from the valley to the ridge, where detachment and 
dissolution is accelerated.

Figure 5.  Slowly pulsating �ow prevents pattern formation. All images are taken at average cross-�ow velocities 
of ū = 10 cm/s and pulsation from 0 to 100 mbar. �e membrane position is indicated with a grey dashed line. 
�e pattern appears at no pulsation (a) or higher frequencies (b), but is reduced (c) or inhibited (d) at low 
frequencies. (e) For the equal average cross-�ow velocity of ū = 10 cm/s the cake removal time increases on 
the pulsation frequency, while the fastest removal occurs in steady �ow. �e steady �ow error is based on two 
independent experiments.
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 moieties46, and hydrophobic interactions between the  microgels47. When permeation through the cake disap-
pears and shear stress along the �ow direction becomes dominant, the microgels on the cake’s surface are ripped 
out of their �xed position and start �owing parallel to the �ow in a bedload layer. Such bedload layers are well 
known in the �eld of granular beds (see Introduction). In Fig. 4b, we see that the part of the cake layer next to the 
bulk shows mobility, while the remaining cake close to the membrane remains �xed. When �owing in a speci�c 
cross-�ow velocity range (see Fig. 3), the microgels in the bedload start forming the longitudinal pattern due 
to some instability occurring either inside the cake or by the �uid over�owing the cake. We now discuss three 
instabilities from other research �elds that might promote pattern formation. First bedload di�usion, second 
vortex formation in a �uid dynamic boundary layer, and third Rayleigh–Taylor instabilities.

As described in the Introduction, bedload di�usion can occur when shallow-water over�ows a mobile bedload 
layer and has a larger wavelength than the water depth. �e shallow water leads to di�erent cross-�ow velocities 
at the ridge and the valley, creating di�erent driving forces for particle transport and stabilizing the pattern. In 
our case, we ful�ll the criterion of the mobile bedload layer. Still, the shallow water criterion is not satis�ed, as 
the wavelength (approx. 40µm ) is smaller than the water depth ( 700µm ), such that velocity di�erences between 
ridge and valley are not reasonable.

Another possible explanation for pattern formation is vortex formation in a �uid dynamic boundary layer in 
the transition range of laminar and turbulent �ow. �e Tollmien–Schlichting wave is observed at lower Reyn-
olds numbers than in the traditional turbulent transition range. It forms longitudinal vortexes at boundaries by 
interactions of surface roughness and external perturbations (e.g., acoustic, vortical, temperature, or vibrational 
�uctuations)48. In our case, the more viscous cake and the less viscous bulk might destabilize the boundary 
layer similar to surface roughness. Still, the second criterion of having an external perturbation is not satis�ed. 
Moreover, �uid dynamic vortexes appear for Reynolds numbers in the range of Re > 50049, and not for our 
range of Re > 2 . �erefore, we do not expect vortex formation in �uid dynamic boundary layers to be a potential 
mechanism for our phenomenon.

Rayleigh–Taylor instabilities are known to create longitudinal patterns when grains �ow down steep inclines. 
�e mean density at the bottom side of the �ow decreases, such that Rayleigh–Taylor instabilities create vortexes 
in the cross-section of the �owing layer (see Introduction). �e main criterion for the instability in a density dif-
ference in the opposite direction as gravity acts. For meeting the criterion in our case, the higher density bedload 
layer needs to be positioned above the lower density bulk. Using an inverted microscope, the membrane and the 
cake are above the feed, meeting the required criterion. Nevertheless, the densities of microgels and the solvent 
are very similar, such that no settling under gravity is observed, and the in�uence of gravity is minor. Addition-
ally, we do not observe any pattern without cross-�ow stream, suggesting that the mobility in the densely backed 
bedload layer abolishes adhesive mechanics between microgels and enables gravity-driven movements already 
at minor density di�erences. �e time lag, which is observed before pattern formation a�er starting the �ow, 
supports this theory (Fig. 3b). Small cross-�ow velocities with reduced shear stress delay the formation of the 
mobile bedload layer and the subsequent pattern formation.

Finally, we cannot give a de�nite explanation for the pattern appearance, but the most promising mechanism 
is a combination of the mobile, less-adherent bedload layer with density-driven Rayleigh–Taylor instabilities. 
For this mechanism, the pattern would not be speci�c to so� microgels but to cake layers positioned above the 
feed channel. Accordingly, we suggest a morphological description with three di�erent layers in the process of 
pattern formation as shown in Fig. 4d. An immobile monolayer adheres to the membrane surface, while a �xed 
cake layer is positioned in the center of the cake. At the cake-bulk boundary, a mobile bedload layer is advec-
tively moving along the shear �ow direction. In the bedload layer, the mobility and the mean particle distance 
increases, such that the particle–particle adhesion decreases. Accordingly, small density di�erences might create 
Rayleigh–Taylor instabilities and transport the loose microgels out of the bedload towards the bulk, such that a 
longitudinal pattern occurs. Nevertheless, further research is required to estimate if the microgel’s minor density 
di�erence su�ces for creating the instabilities.

Conclusion
�is study links general particle speci�c investigations of densely packed so� colloidal suspensions observed 
in idealized micro�uidic systems to real membrane processes. In this context, we present a unique visualiza-
tion of colloidal �lter cakes during di�erent process conditions in a cross-�ow micro�ltration module. As an 
exemplary colloid, we use pNIPAM-co-AAc microgels with a small �uorescent core. Accordingly, the �lter cake 
is transparent, while the core positions in the whole cake can be detected precisely using confocal microscopy. 
In-situ measurements of the cake morphology on a single colloid level reveal highly ordered and amorphous 
regions inside the cake. Based on these results, further research is required for a better understanding under 
which circumstances crystalline and amorphous regions develop in �lter cakes and how they develop during 
�ltration processes. Furthermore, we studied the motions of the �lter cake when being removed by back�ushing. 
�e experiments reveal that the thickness of the �lter cake and it’s internal organization in�uence the stability of 
the cake, such that the size of the removed cake-pieces varies. Additionally, we see changes in the cake structure 
when applying a shear induced by cross-�ow �ushing along the cake without permeating the cake. �e top-most 
particle layers of the cake mobilize and a pattern on the cake surface appears. �is pattern occurs with a time 
lag and has a characteristic peak-to-peak distance, both depending on the cross-�ow velocity. �e pattern sup-
ports colloid transport from cake to bulk and accelerates cake removal accordingly. We assume Rayleigh–Taylor 
instabilities in the mobile bedload layer as a physical explanation for the pattern phenomenon.

�e novel phenomena of dynamic cake mobility presented in this study introduce a new approach of fouling 
analysis to the �eld of membrane �ltration. We show that so� compressed cakes adapt their properties to their 
environment during permeation and shear force by changing their organization and mobility. Nowadays, such 
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dynamic processes are barley studied and practically not considered in module design and process engineering 
but might give some additional guidance towards process optimization and additionally increasing accuracy of 
�ltration models.

Methods
Membrane module. A custom membrane module (3D-CAD-model as supplementary information) was 
designed to enable membrane permeation and in-situ observation of the membrane surface (see Fig. 6). �e 
in-situ observation is implemented by attaching a glass cover slide as module bottom, such that the optical 
laser microscope can directly observe the membrane surface. Additionally, the feed channel height of 700µm is 
adjusted by positioning the membrane with an imprinted spacer structure in the module lid. �is spacer struc-
ture avoids movements of the membrane on the one hand and reduces the feed channel height which shortens 
the optical laser path and increases microscope resolution on the other hand. �e module was liquid-tight tested 
for pressures up to 400 mbar and used in the experiments at pressures below 300 mbar.

�e module was designed by Autodesk Inventor and fabricated by additive manufacturing with a polyjet 
printer (Objet Eden 260VS) using “Veroclear” material. �e printed module was stored in 1M NaOH solution 
to dissolve the support material, rinsed with water and dried at room temperature for at least 24 h. A�erwards 
a 175µm thick glass cover was glued to the module using a two-component epoxy glue “UHU-Plus Schnellfest” 
and baked at 60◦

C for another 24 hours. �e module was assembled with a 0.1µm pore size PES membrane with 
an active membrane size of 15 mm × 24 mm (Pieper Filter GmbH). �e membrane was mounted between two 
0.5 mm thick �at gasket frames (Viton/FKM 0.5 mm, Lux & Co GmbH). �e membranes were wetted beforehand 
by immersing them in a 50 vol% water, 50 vol% ethanol mixture for at least 24 h. �e module top and bottom 
were pressed together using four plastic M4 screws and nuts. 3 × 2 mm polyurethane tubes were connected using 
M5 × 3  mm IQS connectors (Landefeld GmbH).

pNIPAM-co-AAc microgels. Filtrated colloids are poly(N-isopropylacrylamide)-co-acrylic-acid core-
shell microgels that were synthesized as described  elsewhere28,50. In short, the polystyrene cores have a diameter 
of 200 nm and are labeled with a nile-red �uorescent marker, such that visual observation of the center of the 
microgel is possible using a �uorescent microscope. �e non-�uorescent pNIPAM shell (14 g/l NIPAM, 1 wt% 
MBA, 5.8 wt% KPS, 26 mol% or 7 mol% AAc—see section Filtration experiments all percentages are relative to 
the monomer amount) is polymerized around the cores and creates a so� microgel with a diameter of ∼ 2µm 
and has a negative charge with a zeta potential of −37 mV at pH 7 (measured with DLS—ZetaSizer Ultra). Both 
microgel batches (26 mol% and 7 mol% AAc) had the same size and Zeta-potential. �e synthesis solution was 
puri�ed from linear chains and residuals of other reactants by dialysis (25kDa, SpectraPor 6, CarlRoth) against 
DI water for one week while changing the DI-water twice a day resulting in pH7. For all experiments the micro-
gel solution was diluted with water to a concentration of 0.1 g/l. �e pH was kept constant at pH 7 during all 
experiments and checked before and a�er each experiment.

Experimental setup. �e experimental setup uses a feed side syringe pump (Chemyx Fusion 4000) for 
precise and pulseless �ow and a digital backpressure regulator (Elve�ow OB1 MK2+) on the retentate module 
outlet. Accordingly, experiments could be conducted either in constant pressure cross-�ow �ltration by adjust-
ing a feed �owrate with the syringe pump and setting a backpressure with the pressure regulator or in dead-end 
constant �ux �ltration by closing the retentate channel with a valve. �e �ltration module is mounted on an 
inverted confocal laser scanning microscope (Leica SP8) using 10× air and 63× air objectives, enabling on-line 
visualization of slices in the top view and the cross-section to the membrane with a frame rate of ∼ 1 frame per 
second at a resolution of 512 × 512 px. �e cross-section images were taken by laser scanning in x–z scan mode. 

Figure 6.  �e cross-section model of the module assembly shows the additive manufactured �ltration device 
consisting of a module bottom, a module lid, and the �ltration membrane squeezed in between two �at sealing 
gaskets. �e module lid includes a membrane positioning spacer structure and the permeate outlet. �e module 
bottom includes a integrated glass slide, the feed inlet, and the retentate outlet (a). �e permeate-side view of the 
real module shows the assembly with four plastic screws, IQS push-in �ttings, and tubing (b).
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�ereby the laser scans in x-direction and the sample simultaneously moves through the focal plane by the galvo 
controlled z-stage.

Filtration experiments. Experiments on cake stability and morphology (Fig. 1) were conducted in con-
stant pressure �ltration mode by applying a trans-membrane pressure of 100 mbar and an average cross-�ow 
velocity of 4.2 cm/s. �e low trans-membrane pressure of 100 mbar was chosen to reduce the in�uence of cake 
growth during the analysis. �e average cross-�ow velocity is calculated by dividing the feed volume �ow by the 
size of the feed channel cross-section, which has a width of 15 mm and a height of 700µm . For mobility studies, 
an 80 × 80µm area of the cake was photo-bleached by applying maximum laser power for several minutes. For 
this experiment the �rst microgel batch with 26 mol% AAc was used.

Back-wash mechanisms (Fig. 2) were studied by �rst creating a cake layer by constant pressure �ltration at 
300 mbar for a speci�c duration and subsequently applying a gentle gravitational permeate back pressure of 
∼ 10 mbar by hand li�ing the permeate outlet tube and stopping the feed �ow. �e experiments were repeated 
twice showing the same phenomenon, only images from the one experiments with clearer imaging are shown. 
For this experiment the �rst microgel batch with 26 mol% AAc was used.

Pattern formation and its morphology at cross-�ow �ushing (Figs. 3, 4) were studied by �rst dead-end cake 
formation (3 min, 0.8 ml/min), then closing the permeate by a valve to avoid any membrane permeation or 
permeate back�ush, and subsequent cross-�ow �ushing at di�erent velocities without applying any retentate 
back-pressure. All experiments conducted in the �ow-range are plotted in the graph (Fig. 3b,c). For this experi-
ment the second microgel batch with 7 mol% AAc was used.

�e experiments on pulsating �ow (Fig. 5) were conducted by connecting two independent channels of the 
digital pressure regulation (Elve�ow OB1 MK2+) to the feed and retentate side. We started with constant pressure 
cross-�ow �ltration at 300 mbar for 2 min to generate a �lter cake and subsequently applied a pulsating cross-
�ow by applying a sinusoidal pressure on the feed side ranging from 0 to 100 mbar while closing the permeate 
side by a valve. For this experiment the second microgel batch with 7 mol% AAc was used.

Received: 10 June 2020; Accepted: 30 October 2020

References
 1. Baker, R. W. Membrane Technology and Applications 2nd edn. (Wiley, Chichester and New York, 2004).
 2. Rautenbach, R. & Melin, T. Membranverfahren (Springer, Berlin, 2004).
 3. Bacchin, P., Marty, A., Duru, P., Meireles, M. & Aimar, P. Colloidal surface interactions and membrane fouling: investigations at 

pore scale. Adv. Colloid Interface Sci. 164, 2–11. https ://doi.org/10.1016/j.cis.2010.10.005 (2011).
 4. van Zwieten, R., van de Laar, T., Sprakel, J. & Schroën, K. From cooperative to uncorrelated clogging in cross-�ow micro�uidic 

membranes. Sci. Rep. 8, 5687. https ://doi.org/10.1038/s4159 8-018-24088 -6 (2018).
 5. Sendekie, Z. B. & Bacchin, P. Colloidal jamming dynamics in microchannel bottlenecks. Langmuir ACS J. Surf. Colloids 32, 

1478–1488. https ://doi.org/10.1021/acs.langm uir.5b042 18 (2016).
 6. Wei, H. et al. Particle sorting using a porous membrane in a micro�uidic device. Lab Chip 11, 238–245. https ://doi.org/10.1039/

c0lc0 0121j  (2011).
 7. Hwang, K.-J., Yu, Y.-H. & Lub, W.-M. Cross-�ow micro�ltration of submicron microbial suspension. J. Membr. Sci. 194, 229–243. 

https ://doi.org/10.1016/S0376 -7388(01)00547 -6 (2001).
 8. Hwang, K.-J., Wang, Y.-T., Iritani, E. & Katagiri, N. E�ect of gel particle so�ness on the performance of cross-�ow micro�ltration. 

J. Membr. Sci. 365, 130–137. https ://doi.org/10.1016/j.memsc i.2010.08.043 (2010).
 9. Lorenzen, S., Ye, Y., Chen, V. & Christensen, M. L. Direct observation of fouling phenomena during cross-�ow �ltration: in�uence 

of particle surface charge. J. Membr. Sci. 510, 546–558. https ://doi.org/10.1016/j.memsc i.2016.01.046 (2016).
 10. Xia, L.-W. et al. Nano-structured smart hydrogels with rapid response and high elasticity. Nat. Commun. 4, 2226. https ://doi.

org/10.1038/ncomm s3226  (2013).
 11. Ksiazkiewicz, A. N. et al. Closing the 1–5 µ m size gap: temperature-programmed, fed-batch synthesis of µm-sized microgels. 

Chem. Eng. J. 379, 122293. https ://doi.org/10.1016/j.cej.2019.12229 3 (2020).
 12. Plamper, F. A. & Richtering, W. Functional microgels and microgel systems. Acc. Chem. Res. 50, 131–140. https ://doi.org/10.1016/j.

cis.2010.10.0050 (2017).
 13. Sen�, H. & Richtering, W. Temperature sensitive microgel suspensions: colloidal phase behavior and rheology of so� spheres. J. 

Chem. Phys. 111, 1705–1711. https ://doi.org/10.1016/j.cis.2010.10.0051 (1999).
 14. Bouhid de Aguiar, I. et al. Deswelling and deformation of microgels in concentrated packings. Sci. Rep. 7, 10223. https ://doi.

org/10.1038/s4159 8-017-10788 -y (2017).
 15. Mohanty, P. S. et al. Interpenetration of polymeric microgels at ultrahigh densities. Sci. Rep. 7, 1487. https ://doi.org/10.1038/s4159 

8-017-01471 -3 (2017).
 16. Linkhorst, J., Beckmann, T., Go, D., Kuehne, A. J. C. & Wessling, M. Micro�uidic colloid �ltration. Sci. Rep. 6, 22376. https ://doi.

org/10.1038/srep2 2376 (2016).
 17. Nir, O., Trieu, T., Bannwarth, S. & Wessling, M. Micro�ltration of deformable microgels. So� Matter 12, 6512–6517. https ://doi.

org/10.1039/c6sm0 1345g  (2016).
 18. Hendrickson, G. R. & Lyon, L. A. Microgel translocation through pores under con�nement. Angew. Chem. Int. Ed. Engl. 49, 

2193–2197. https ://doi.org/10.1002/anie.20090 6606 (2010).
 19. Bannwarth, S., Trieu, T., Oberschelp, C. & Wessling, M. On-line monitoring of cake layer structure during fouling on porous 

membranes by in situ electrical impedance analysis. J. Membr. Sci. 503, 188–198. https ://doi.org/10.1016/j.memsc i.2016.01.009 
(2016).

 20. Ho, J. S. et al. In-situ monitoring of biofouling on reverse osmosis membranes: detection and mechanistic study using electrical 
impedance spectroscopy. J. Membr. Sci. 518, 229–242. https ://doi.org/10.1016/j.memsc i.2016.06.043 (2016).

 21. Martí-Calatayud, M. C., Schneider, S. & Wessling, M. On the rejection and reversibility of fouling in ultra�ltration as assessed by 
hydraulic impedance spectroscopy. J. Membr. Sci. 564, 532–542. https ://doi.org/10.1016/j.memsc i.2018.07.021 (2018).

 22. Zamani, A. & Maini, B. Flow of dispersed particles through porous media—deep bed �ltration. J. Pet. Sci. Eng. 69, 71–88. https ://
doi.org/10.1016/j.petro l.2009.06.016 (2009).

https://doi.org/10.1016/j.cis.2010.10.005
https://doi.org/10.1038/s41598-018-24088-6
https://doi.org/10.1021/acs.langmuir.5b04218
https://doi.org/10.1039/c0lc00121j
https://doi.org/10.1039/c0lc00121j
https://doi.org/10.1016/S0376-7388(01)00547-6
https://doi.org/10.1016/j.memsci.2010.08.043
https://doi.org/10.1016/j.memsci.2016.01.046
https://doi.org/10.1038/ncomms3226
https://doi.org/10.1038/ncomms3226
https://doi.org/10.1016/j.cej.2019.122293
https://doi.org/10.1016/j.cis.2010.10.005
https://doi.org/10.1016/j.cis.2010.10.005
https://doi.org/10.1016/j.cis.2010.10.005
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-01471-3
https://doi.org/10.1038/s41598-017-01471-3
https://doi.org/10.1038/srep22376
https://doi.org/10.1038/srep22376
https://doi.org/10.1039/c6sm01345g
https://doi.org/10.1039/c6sm01345g
https://doi.org/10.1002/anie.200906606
https://doi.org/10.1016/j.memsci.2016.01.009
https://doi.org/10.1016/j.memsci.2016.06.043
https://doi.org/10.1016/j.memsci.2018.07.021
https://doi.org/10.1016/j.petrol.2009.06.016
https://doi.org/10.1016/j.petrol.2009.06.016


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20043  | https://doi.org/10.1038/s41598-020-76970-x

www.nature.com/scientificreports/

 23. Lohaus, J., Stockmeier, F., Surray, P., Lölsberg, J. & Wessling, M. What are the microscopic events during membrane backwashing?. 
J. Membr. Sci. 602, 117886. https ://doi.org/10.1038/s4159 8-017-10788 -y0 (2020).

 24. Lanoiselle, J.-L., Vorobyov, E. I., Bouvier, J.-M. & Piar, G. Modeling of solid/liquid expression for cellular materials. AIChE J. 42, 
2057–2068 (1996).

 25. Bergman, M. J. et al. A new look at e�ective interactions between microgel particles. Nat. Commun. 9, 5039. https ://doi.org/10.1038/
s4159 8-017-10788 -y1 (2018).

 26. Gnan, N. & Zaccarelli, E. �e microscopic role of deformation in the dynamics of so� colloids. Nat. Phys. 15, 683–688. https ://
doi.org/10.1038/s4159 8-017-10788 -y2 (2019).

 27. Ngene, I. S., Lammertink, R. G., Wessling, M. & van der Meer, W. A micro�uidic membrane chip for in situ fouling characteriza-
tion. J. Membr. Sci. 346, 202–207. https ://doi.org/10.1038/s4159 8-017-10788 -y3 (2010).

 28. Wiese, M., Lohaus, T., Haussmann, J. & Wessling, M. Charged microgels adsorbed on porous membranes—a study of their mobility 
and molecular retention. J. Membr. Sci. 588, 117190. https ://doi.org/10.1038/s4159 8-017-10788 -y4 (2019).

 29. Hughes, D., Tirlapur, U. K., Field, R. & Cui, Z. In situ 3d characterization of membrane fouling by yeast suspensions using two-
photon femtosecond near infrared non-linear optical imaging. J. Membr. Sci. 280, 124–133. https ://doi.org/10.1038/s4159 8-017-
10788 -y5 (2006).

 30. Zator, M., Ferrando, M., López, F. & Güell, C. Micro�ltration of protein/dextran/polyphenol solutions: characterization of fouling 
and chemical cleaning e�ciency using confocal microscopy. J. Membr. Sci. 344, 82–91. https ://doi.org/10.1038/s4159 8-017-10788 
-y6 (2009).

 31. Frey, P. & Church, M. Bedload: a granular phenomenon. Earth Surf. Proc. Land. 36, 58–69. https ://doi.org/10.1038/s4159 8-017-
10788 -y7 (2011).

 32. Abramian, A., Devauchelle, O. & Lajeunesse, E. Streamwise streaks induced by bedload di�usion. J. Fluid Mech. 863, 601–619. 
https ://doi.org/10.1038/s4159 8-017-10788 -y8 (2019).

 33. Forterre, Y. & Pouliquen, O. Longitudinal vortices in granular �ows. Phys. Rev. Lett. 86, 5886–5889. https ://doi.org/10.1038/s4159 
8-017-10788 -y9 (2001).

 34. Forterre, Y. & Pouliquen, O. Stability analysis of rapid granular chute �ows: formation of longitudinal vortices. J. Fluid Mech. 467, 
361–387. https ://doi.org/10.1038/s4159 8-017-01471 -30 (2002).

 35. Börzsönyi, T., Ecke, R. E. & McElwaine, J. N. Patterns in �owing sand: understanding the physics of granular �ow. Phys. Rev. Lett. 
103, 178302. https ://doi.org/10.1038/s4159 8-017-01471 -31 (2009).

 36. d’Ortona, U. & �omas, N. Self-induced Rayleigh–Taylor instability in segregating dry granular �ows. Phys. Rev. Lett. 124, 178001 
(2020).

 37. Magnarini, G., Mitchell, T. M., Grindrod, P. M., Goren, L. & Schmitt, H. H. Longitudinal ridges imparted by high-speed granular 
�ow mechanisms in martian landslides. Nat. Commun. 10, 4711. https ://doi.org/10.1038/s4146 7-019-12734 -0 (2019).

 38. Karcz, I. Harrow marks, current-aligned sedimentary structures. J. Geol. 75, 113–121 (1967).
 39. Wiese, M., Nir, O., Wypysek, D., Pokern, L. & Wessling, M. Fouling minimization at membranes having a 3d surface topology with 

microgels as so� model colloids. J. Membr. Sci. 569, 7–16 (2018).
 40. Di, H., Martin, G. J. & Dunstan, D. E. A micro�uidic system for studying particle deposition during ultra�ltration. J. Membr. Sci. 

532, 68–75. https ://doi.org/10.1016/j.memsc i.2017.03.017 (2017).
 41. Linkhorst, J., Rabe, J., Hirschwald, L. T., Kuehne, A. J. C. & Wessling, M. Direct observation of deformation in microgel �ltration. 

Sci. Rep. 9, 18998. https ://doi.org/10.1038/s4159 8-019-55516 -w (2019).
 42. Genovese, D. & Sprakel, J. Crystallization and intermittent dynamics in constricted micro�uidic �ows of dense suspensions. So� 

Matter 7, 3889. https ://doi.org/10.1039/c0sm0 1338b  (2011).
 43. Paloli, D., Mohanty, P. S., Crassous, J. J., Zaccarelli, E. & Schurtenberger, P. Fluid–solid transitions in so�-repulsive colloids. So� 

Matter 9, 3000. https ://doi.org/10.1039/c2sm2 7654b  (2013).
 44. Wellert, S., Richter, M., Hellweg, T., von Klitzing, R. & Hertle, Y. Responsive microgels at surfaces and interfaces. Z. Phys. 

Chem.https ://doi.org/10.1515/zpch-2014-0568 (2015).
 45. Muluneh, M., Sprakel, J., Wyss, H. M., Mattsson, J. & Weitz, D. A. Direct visualization of pH-dependent evolution of struc-

ture and dynamics in microgel suspensions. J. Phys. Condens. Matter Inst. Phys. J. 23, 505101. https ://doi.org/10.1088/0953-
8984/23/50/50510 1 (2011).

 46. Meng, Z., Cho, J. K., Debord, S., Breedveld, V. & Lyon, L. A. Crystallization behavior of so�, attractive microgels. J. Phys. Chem. B 
111, 6992–6997. https ://doi.org/10.1021/jp073 122n (2007).

 47. Krüger, A. J. D. et al. A catalyst-free, temperature controlled gelation system for in mold fabrication of microgels. Chem. Commun. 
54, 6943–6946 (2018).

 48. Kachanov, Y. S. Physical mechanisms of laminar-boundary-layer transition. Annu. Rev. Fluid Mech. 26, 411–481 (1994).
 49. Klebano�, P. S., Tidstrom, K. D. & Sargent, L. M. �e three-dimensional nature of boundary-layer instability. J. Fluid Dyn. 12, 

1–34 (1962).
 50. Go, D., Kodger, T. E., Sprakel, J. & Kuehne, A. J. C. Programmable co-assembly of oppositely charged microgels. So� Matter 10, 

8060–8065. https ://doi.org/10.1039/c4sm0 1570c  (2014).

Acknowledgements
�e authors wish to acknowledge support via the Deutsche Forschungsgemeinscha� through the collaborative 
research center SFB 985 “Functional microgels and microgel systems”. Part of the work was performed at the 
Center for Chemical Polymer Technology CPT, which is supported by the EU and the federal state of North 
Rhine-Westphalia (Grant No. EFRE 30 00 883 02). �e authors thank Johannes Lohaus and Benedikt Aumeier 
for fruitful discussion and Salim Benjamaa for the microgel synthesis.

Author contributions
A.L., J.L., M.W. conceived the experiments, A.L., R.F. and L.L. conducted the experiments, A.L. and R.F. analysed 
the results, D.R. synthesized core particles for the microgels, all authors reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. 

Competing interests 
�e authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-76970 -x.

https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-01471-3
https://doi.org/10.1038/s41598-017-01471-3
https://doi.org/10.1038/s41467-019-12734-0
https://doi.org/10.1016/j.memsci.2017.03.017
https://doi.org/10.1038/s41598-019-55516-w
https://doi.org/10.1039/c0sm01338b
https://doi.org/10.1039/c2sm27654b
https://doi.org/10.1515/zpch-2014-0568
https://doi.org/10.1088/0953-8984/23/50/505101
https://doi.org/10.1088/0953-8984/23/50/505101
https://doi.org/10.1021/jp073122n
https://doi.org/10.1039/c4sm01570c
https://doi.org/10.1038/s41598-020-76970-x


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20043  | https://doi.org/10.1038/s41598-020-76970-x

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to M.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© �e Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Unravelling colloid filter cake motions in membrane cleaning procedures
	Results and discussion
	Cake morphology during filtration. 
	Cleaning by backflushing. 
	Cleaning by cross-flow flushing. 
	Pattern formation. 
	Cake mobility under shear stress. 
	Pattern stability at pulsating flow and accelerated cake removal. 
	Discussion of the cake pattern origin. 


	Conclusion
	Methods
	Membrane module. 
	pNIPAM-co-AAc microgels. 
	Experimental setup. 
	Filtration experiments. 

	References
	Acknowledgements


