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A B S T R A C T

Membrane filtration processes with flux reversal for backwashing are employed to manage fouling during
colloidal fluid treatment. This flux reversal accompanies filtration cycles where the total resistance increases
over time. However, little is known about the initial phase of filtration. We focus on early filtration phase
and present a microfluidic filtration system that allows precise observation of filtration resistances under
constant flux or constant pressure operation for soft matter dead-end filtration with subsequent percolation
of pure solvent. We identified temporal hydraulic resistance fluctuations during the start-up phase, which
significantly differed from the steady-state condition. We focus on the experimental filtration of soft core–shell
poly(N-isopropylacrylamide)-co-acrylic-acid microgels and observed a distinct peak in filter cake resistance
with a subsequent reduction down to 50% of the initial peak resistance. To comprehend the phenomenon, we
complement the experiments with temporal and spatial confocal microscopy studies linking cake compression
and cake density gradients to its resistance. By comparing filtration, dialysis, and centrifugation as different
microgel purification methods, we discover microgel shell degradation leading to detached polymer chains
permeating in the downstream which causes the observed resistance reduction. This result demonstrates the
permeation-induced degradation of macromolecular colloids during membrane filtration.
. Introduction

The filtration of soft colloidal matter in micro- and ultrafiltration
s a pivotal process in diverse fields. In water treatment, including
ater reuse of municipal wastewater, micro- (MF) and ultrafiltration

UF) are often used as pre-treatment for reverse osmosis to retain
ontaminants such as dust particles or cells in MF, or microbes and
acromolecules in UF [1]. The application of MF and UF in food
rocessing is a mild and energy-efficient separation method to remove
icroorganisms, proteins, and bacterial and protozoan pathogens [2–
]. In biotechnology, typical processes include 10 to 20 membrane-
ased purification steps crucial for retaining cells and cell debris via MF
n the upstream and downstream for protein purification via UF [5].
ne of the most common challenges in membrane processes is the
ecline of flux due to membrane fouling and the development of a filter
ake. The filter cake accumulating on the membrane’s surface adds
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an additional hydraulic resistance to the overall process and increases
the energy demand for separation, deteriorating the overall process
efficiency. Although micro- and ultrafiltration are widespread separa-
tion techniques, the phenomena and events that occur during filtration
at the particle level still need to be discovered and understood [6].
Even though we have succeeded in predicting some phenomena of
depth filtration [7] and cake layer build-up and rearrangements [8]
using particle-based discrete element Computational Fluid Dynamics
(CFD) simulations, the physics of membrane filtration remains chal-
lenging to describe comprehensively by experimental means. Existing
macroscopic models for describing filter cake resistances in filtration
processes are based on empirical expression with limited mechanistic
understanding [9,10] and often rely on the filtration of solid particles.
Most mechanistic models describing membrane filtration processes are
based on Darcy’s law, which correlates the permeate flux 𝐽 to the
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Transmembrane Pressure (TMP) 𝛥𝑃 by the permeate viscosity 𝜇 and
he intrinsic membrane resistance to filtration 𝑅𝑚: 𝐽 = 𝛥𝑃∕𝜇𝑅𝑚 [11].

The resistance-in-series model expands Darcy’s law by substituting
the intrinsic membrane resistance with a total filtration resistance,
which is often a sum of different resistances in series, such as pore
blocking, filter cake and intrinsic membrane resistances [12]. The
specific resistance for pore blocking can be obtained through the semi-
empirical Hermia model [13], while the filter cake resistance can be
derived using the Carman–Kozeny equation. Further studies suggest the
differentiation between internal fouling due to pore blocking by soft
matter and external fouling originating from filter cake formation [14].

However, most MF and UF applications feature the accumulation
of soft matter. The soft and compressible filter cake complicates the
purification process as, unlike assumed in the empirical models, col-
loids deform at elevated pressures, reducing the pore sizes in the cake
and drastically increasing the hydraulic resistance [15,16]. This leads
to a packing density gradient with higher porosity at the bulk side
and a significantly compacted filter cake in the layers adjacent to the
membrane. This pressure- and spatial-dependent effect is accounted for
only through empirical correction factors in the existing models [17].

Albeit a challenging realistic implementation and the accompanying
simplification necessary [18], visualization of the filtration process
remains demanding to include mechanistic phenomena in improv-
ing filtration models. In recent years, microfluidics has emerged as a
powerful tool to visualize and analyze particle deposition and parti-
cle interactions at the microscale [6,19,20]. Their unique ability to
mimic real-world filtration conditions while providing unparalleled
insights into the fundamental processes has opened new avenues for
studying soft matter filtration on a particle scale. As an example,
Agbangla et al. elucidated the dynamics of particle deposition forming
arches at different filtration conditions in a microfluidic chip [21],
a phenomenon that has been suggested earlier with diffusion-limited
aggregation studies [22] and recently with CFD simulation coupled
with Discrete Element Method model (CFD-DEM) [7,8]. Further in-
vestigations on the role of connectivity and tortuosity in a model
membrane [23] and the formation of colloidal aggregation in the
downstream can be found in the literature [24].

Microgels are often used as soft model particles due to their facile
production and adjustable properties such as size, shape, softness,
and charge to account for the soft material properties of the rejected
colloidal matter, such as cells or protein aggregates during filtration.
On a particle scale, microgels strongly deform at elevated pressures
and even pass through pores with diameters much smaller than their
own [25–28]. In an assembly of monodisperse microgels, asymmetric
deformation can lead to crystalline colloidal filter cakes during fil-
tration, decreasing the inter-particle voids and increasing resistance
during filtration [16].

Further insights were derived through microfluidic filtration studies,
emphasizing the importance of cake compression history on the soft
filter’s packing density. In particular, an already compressed filter cake
featured a lower particle distance under similar filtration conditions
and, therefore, a lower porosity than an uncompressed one [29]. In
a later study, we could visualize the effects of rearrangement during
compression and filter cake build-up and could correlate the share of
irreversible compression [30].

Furthermore, the filtration behavior of microgels is intricately tied
to their diverse properties, encompassing a broad spectrum of size
and softness, both pivotal in filtration applications. Notably, the radial
distribution of the crosslinking density within microgels results in a
locally varied mechanical response to external forces. This distribution
leads to a less crosslinked, softer corona and a stiffer particle core [31].
This effect has notable consequences when shearing microgels with ra-
dial crosslinking distribution in applications such as filtration, injection
and extrusion. By integrating a force-responsive mechanofluorophore
in poly(N-vinylcaprolactam) (PVCL) microgels, Izak-Nau et al. proved
2

that the softer corona degrades rapidly, even at modest shear forces
during needle extrusion. Such covalent bond scission further increased
the lower the microgels were crosslinked [32]. They predicted that this
rapid degradation of the coarsely crosslinked corona upon shear would
severely impact on applications such as microgel filtration, a promis-
ing pathway for the purification of large-scale microgel productions
by precipitation polymerization [33]. The shear stress encountered
during purification significantly shapes the microgel’s structure and
properties in subsequent applications. For example, microgels purified
through dialysis experience less shear stress compared to purification
by filtration due to the different driving force, resulting in a softer
structure with a more fuzzy corona. In a recent study, He et al. evaded
shear-induced degradation of the outer shells of microgels through
ultrasound by integrating a photoswitch into the polymer network. This
shifts the volume phase transition temperature to lower temperatures,
collapses the microgels, and cloaks them from degradation by external
forces [34]. Such studies emphasize the non-inert behavior of microgels
as model systems for soft matter filtration studies. Their polymer struc-
ture undergoes degradation in response to the shear forces inherent
during filtration processes which result from fluid permeating the filter
cake. These structural changes in the filter cake material can lead to
initially inexplicable phenomena during filtration.

Despite the progress in visual insights during filtration and the
behavior of the filter cake, which enhances the understanding of soft
matter filtration, some phenomena reported in the literature remain
inexplicable. One example is the so-called ’retarded packing compress-
ibility’, first described in 1953 by Rietema [35], where parts of a filter
cake from polyvinyl chloride particles abruptly change their structure
after the initial constant flux or constant pressure filtration leading
to an unexpected increase in resistance. In addition, Tarleton et al.
reported an accompanying increase in filtrate flow for the dead-end
pressure filtration of an aqueous zinc sulfide suspension [36], being
temporary and reversible. This phenomenon, which is not uncontro-
versial, has been attributed in a further study to discontinuities in
the initial stage of constant flux filtration [37]. Fluctuations in the
initial phase, such as reduced hydraulic resistance, were also briefly
mentioned in microfluidic investigations with microgels as model par-
ticles [38] and in the sterile filtration of mRNA-lipid nanoparticles [39].
In the latter, the reduction in resistance is hypothesized to be attributed
to an intrusion and break-through of the amorphous deposit of the
colloids into the membrane, resulting in partly incomplete retention.
However, a compelling explanation for the unexpected decrease in
resistance has not yet been provided. This showcase underlines the
potential of optical in-situ analysis of the filter cake during and after
filtration to further refine the understanding of filtration processes
and develop more profound explanations for variations of membrane
resistance.

The present paper combines microfluidic visual observations with
filtration data obtained from lab-scale microgel filtration to link mem-
brane filtration phenomena to structural effects in the filter cake. In
particular, we report resistance fluctuations during the start-up phase
of microgel dead-end filtration with subsequent percolation of pure
solvent under different conditions, such as flux, particle amount, and
pressure. Based on in-situ observations and post-analysis of the micro-
gels, we are able to link the observed resistance fluctuations to the
degradation of the soft microgel corona and subsequent permeation
of ruptured polymer chains through the filter cake into the permeate.
Tracking labeled microgels during filtration allows us to rule out other
effects, such as rearrangement of the microgels in the filter cake, as the
cause of these resistance fluctuations. In fact, our investigations empha-
size that shear forces originated from the permeating flow through the
filter cake voids alter and degrade the microgel structure during shear-
intense membrane filtration processes, which macroscopically causes
temporal resistance fluctuations during the initial filtration period of

colloidal matter filtration.
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2. Experimental

2.1. Microgel synthesis

Three different types of colloids with different stiffness were fil-
trated with the filtration setup. Poly(N-isopropylacrylamide)-co-acrylic-
acid core–shell microgels were synthesized batch-wise as described
by Go et al. [40] with a mixture of N-isopropylacrylamide monomer
(14 g/l), N,N’-methylenebisacrylamide (1 wt%) as crosslinker, potas-
sium persulfate (5.8 wt%) as initiator and acrylic acid (7 wt%) in
aqueous solution. All percentages are given relative to the monomer
amount. The microgels’ core is made from polystyrene (PS) labeled
with Nile-red with a diameter of 200 nm, resulting in a mean microgel
shell diameter of approx. 1.9 um (size distribution given in Fig. A.8,
DLS-ZetaSizer Ultra, Malvern). The labeling enable the visualization of
the microgels’ position in the filter cake during filtration via confocal
microscopy. As already reported in Lüken et al. [41], a zeta potential
of −37 mV at pH 7 was measured (DLS-ZetaSizer Ultra, Malvern).
After synthesis, the microgel solution was purified by dialysis (25kDa,
SpectraPor 6, CarlRoth) against deionized water for seven days. The
deionized water was exchanged twice a day. The microgel concentra-
tion in solution was 10mgmL−1. As different microgel masses were
njected in different experiments, the injected volume was adjusted
ccordingly.

Carbopol 934 (Lubrizol) is a highly versatile gelling agent from
igh molecular and cross-linked weight polymer of acrylic acid in
owder form. It is extensively utilized across various industries due to
ts effective thickening and stabilizing properties [42]. The particle size
f the powder is known from literature to range between 0.2 to 6 μm
nd swelling by a factor of about 10 in water [43]. In this study, it is
sed as an additional model system for soft hydrogels. The carbomer
owder was dispersed in deionized water in small increments under
onstant mixing with a concentration of 1 gL−1 for 24 h.

Spherical monodisperse PS particles (FluoroMax, R500, Thermo
isher Scientific) with a diameter of 2 μm and a density of 1.05 g cm−1

ere used as stiff material system as comparison to the softer car-
opol and microgel particles. The solution is supplied in an aqueous
oncentration of 1 wt% and injected at this concentration.

.2. Microgel filtration

Soft poly(N-isopropylacrylamide) (pNIPAM) microgels, carbopol
articles and PS particles were filtered inside a custom-made filtration
odule fabricated by additive manufacturing (VeroClear, J850 Pro,

tratasys) in dead-end operation with subsequent percolation. A pres-
ure controller (PC) (Elveflow OB1 MK3+) is connected to a reservoir
ith a buffer feed that sets the transmembrane pressure (TMP) for the
xperiments (see Fig. 1a). The reservoir is connected to the filtration
odule with a valve for microgel sample injection in between. By

dding a thermal flow sensor (FIC) (Elveflow MFS4) to the setup and
onnecting it to the pressure controller, the filtration experiments could
e executed with constant flux or constant pressure. The filtration
odule consists of a 3D-printed top and a bottom part (see Fig. 1b).

n between, a polyethersulfone (PES) membrane (Pieper Filter GmbH)
ith a membrane area of 3.2 cm2 and a pore size of 100 nm was placed
ith two sealings. The top part of the cell features a ribbed structure
here the membrane was placed later as support structure to prevent
embrane deformation during the filtration experiments.

Before the membrane was placed in the filtration module,
t was soaked in an equivolume mixture of water and ethanol
or 24 h. A pure water permeability (PWP) was measured at 8
quidistant pressure steps, ranging from 0 to 70mbar and calculated to
284.44 Lm−2 h−1 bar−1. A total amount of 1mg of microgels in solution
ere injected to deposit a monolayer of microgels on the membrane.
he corresponding pressure stepping protocol was similar to one used
3

or determining the PWP with 8 equidistant pressure steps. Then, i
he foulant layers were removed by opening the cross-flow valve at
olumes flows of 1000 μLmin−1 for 5 min. Additionally, the membrane
as extracted from the filtration cell and rinsed under water. With

his procedure, we ensure sufficient cleaning from residual polymers.
hese once filtrated membranes with a monolayer of microgels on top
ere then used for one batch of experiments at constant conditions

n = 3), e.g. 1mg and 100 μLmin−1. In between repeating experiments
ith the same conditions, the membrane was cleaned again by
pening the cross-flow valve and then rinsing it in water. If the
xperimental conditions were altered, a new membrane was used for
hese experiments and prepared as described above. To remove air
ubbles trapped in the filtration cell high pressures exceeding the
aximal TMP of the following experiment were applied to remove the

ubbles. Only at bubble-free conditions the experiment was initiated.
For Fig. 2, a certain amount of particle suspension was injected into

he injection valve in front of the module, depending on the experi-
ent. As the three types of injected particles were stored in different

oncentrations, we calculated the injected mass for each particle type
o enable comparison in their filtration performance. Depending on
he experiment, the injected volume was adjusted to realize differ-
nt foulant mass. The respective pressure/flux is set on the pressure
ontroller, and the measurement is started. The microgels accumulate
n the filter cake and the flux decreases/TMP increases. Meanwhile,
he solvent is recirculated and percolates the filter cake resulting in

dead-end filtration with subsequent percolation of solvent. For
he flux stepping experiments, the target flux is set to 200 μLmin−1

37 LMH) after the injection of 1mg of the pNIPAM microgel solution.
he flux was further increased by consecutive 50 μLmin−1 steps up
o a peak flux of 400 μLmin−1 (74 LMH) and step-wise decreased to
00 μLmin−1 (37 LMH). In a second cycle, this procedure was repeated
p to a flux of 400 μLmin−1 (74 LMH). Each flux step was held for
5min. The experimental protocol for the pressure stepping experiments
as similar with an initial target and peak pressure of 200mbar and
00mbar, respectively. Each pressure step lasted 10min.

The flux was set to 200 μLmin−1 (37 LMH) for experiments with
aried total injected microgel mass in Fig. 3. The resistance of the clean
embrane without foulant was interpolated based on the PWP mea-

urements for the flux value of 200 μLmin−1 to 9.75mbar. Polystyrene
articles (PS) were not included in Fig. 3a as no reasonable TMP could
e detected at 200 μLmin−1 as the resistance of the filter cake was
ignificantly lower compared to the soft material systems. When the
lux was varied, a constant amount of 1mg of particle solution was
njected for filtration. To visualize the low TMP of the PS particles in
ig. 3b as well, the amount of particles had to be increased by a factor
f 7.5.

.3. Confocal microscopy analysis and Fourier transform

To visualize the filtration process, the height, and the development
f the filter cake, a modified filtration module including a 175 μm thick
over glass on the bottom part was used (see Fig. 4a) such that the
ilter cake during filtration can be observed in-situ via laser scanning
onfocal microscopy (Leica TCS SP8). For online imaging, a 63x air
bjective was used for imaging slices of the filter cake in the x/y plane
t a resolution of 1024 × 1024 and a 10x air objective in the x/z plane
t a resolution of 2048 × 2048.. The chosen resolution and the applied
can speed resulted in approx. 5 s per image. The emission wavelength
as set to 559 nm.

Based on the x/z slices, the filter cake thickness was measured over
ime for every image. As the contrast between the fluorescing filter cake
nd the weakly fluorescing bulk is high, measuring the filter cake thick-
ess could be automated by a Matlab script. The data were smoothed
y a Gaussian function with a smoothing factor of 200. For the x/y
lices, a 2D Fourier transform was performed to calculate the inter-
article distances. A Gaussian fitting was used to determine the peak

n the characteristic particle distance in the hexagonal arrangement
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Fig. 1. (a) Experimental setup for dead-end filtration of pNIPAM microgels with PS core at a PES membrane in (b) an additive manufactured filtration module.
of the microgels in the filter cake for each image. In total, the filter
cake was scanned in 39 time steps with 18 images in 𝑧-direction each,
resulting in an approximate duration of the experiment of 45min. A
Gaussian smoothing taking the last 7 data points into account was used
for plotting the particle distances over time in specific layers with a
distance of 30 μm.

2.4. Bubble pressure measurements and centrifugation

The permeate is collected every 2min during filtration of 1mg of
pNIPAM microgels at 200 μLmin−1. For the bubble pressure measure-
ments (Krüss BP100), air is bubbled through a capillary with a diameter
of 0.346mm. The surface age is tracked in a logarithmic manner in
a range from 10ms to approx. 300 000ms with 5 data points between
each power of ten. To compare the purification performance, the
microgel solution was purified by an ultracentrifuge (Optima XPN-
80, Beckmann-Coulter) at 30,000 rpm for 1.5 h at room temperature.
In total, the microgel solution was purified in 7 cycles. After each
cycle, the supernatant was removed by pipetting and analyzed via
bubble pressure tensiometry. The remaining sediment was diluted in
double-distilled water, mixed with a roller mixer overnight at room
temperature for redispersion and centrifuged for the next cycle.

2.5. NMR

Nuclear magnetic resonance (NMR) spectroscopy measurements
were conducted at a frequency of 400MHz and at room temper-
ature (Bruker Avance III). As the polymer concentration was low,
several samples of the permeate (collected during the first 10min of
filtration) were mixed. Additionally, the clear identification of multi-
plets due to the low concentration was not possible. For comparison,
the permeate after 10 to 20min was also collected to compare the
polymer concentration at the beginning of the filtration with the steady-
state. The water was evaporated by a rotary evaporator for both
samples, and the residues were diluted in deuterated water. Poly(N-
isopropylacrylamide):1H NMR (D2O, 400MHz): 𝛿 8.35 (1H), 3.79 (1H),
2.29 (1H), 1.23/1.45 (2H), 1.04 (2H).

2.6. AFM

Samples for the atomic force microscopy (AFM) measurements were
prepared by drop casting. Therefore, rectangular pieces of ultra-flat
silicon wafers were cleaned in an isopropanol ultrasonic bath, dried,
and treated in an ozone oven (UVC-1014, NanoBioAnalytics, Germany)
for 15min. Subsequently, 100 μL of the respective microgel solution was
dripped onto an activated substrate and the substrate was allowed to
dry for several hours prior to measurement. AFM measurements were
performed on a dimension icon AFM in closed-loop operation (Veeco
Instruments Inc., USA, Software: NanoScope 9.4, Bruker Co., USA). Im-
ages of the microgels were recorded in tapping mode using OTESPA tips
(NanoAndMore USA Corp., USA) with a nominal tip radius smaller than
4

7 nm, a nominal spring constant of 26N∕m and a nominal resonance
frequency of 300 kHz. Images were corrected using Gwyddion (version
2.65) [44]. The height profiles for untreated and filtered microgels were
measured in Gwyddion software. Mean values and standard deviations
were calculated from height profiles of 10 different microgels from
each batch. Each microgel was measured twice, with both measurement
lines being perpendicular. To estimate the volume of dried microgels
at the interface, at least 24 microgels were individually extracted from
AFM images of size 20 × 20 μm2 with a resolution of 512 × 512 pixels.
Each segmented image was corrected by employing a linear background
subtraction based on the pixels at the edges of the image. The volume
of the microgels 𝑉ℎ,𝑠𝑢𝑚 was then calculated from the sum of the height
values of each pixel ℎ𝑖 multiplied by the area per pixel 𝐴𝑝𝑥 according
to equation

𝑉ℎ,𝑠𝑢𝑚 = 𝐴𝑝𝑥
∑

𝑖=1
ℎ𝑖 (1)

The threshold to distinguish between the background and polymer of
the microgel shell was set to 6 nm.

3. Results and discussion

3.1. Resistance fluctuations

In this study, we filtered soft pNIAPM microgels in dead-end oper-
ation with subsequent percolation of water at either constant flow or
pressure, with flow or step functions and varied the amount of filtered
microgels as well as the flux level.. For constant flux filtration in Fig. 2a,
1mg of microgel solution was injected into the system via a valve in
front of the filtration module. During the first minutes of dead-end
operation, microgels accumulate on top of the membrane, leading to
an expected increase in TMP. As the cake layer’s build-up is complete
and no further microgels reach the filter cake, water percolates the
obtained filter cake and a steady-state should be reached after time and
a constant TMP is expected. However, after a steep increase, the TMP
peaks at 830mbar after 11min, followed by a decline to 466mbar until
a steady-state is reached. This decline of 56% indicates an unexpected
reduction in resistance of the accumulated filter cake. Flux and pressure
stepping experiments were conducted to examine this phenomenon at
different compression levels. In Fig. 2b, we increased the flux in five
consecutive flux steps for 15min each. Similar to the constant flux
experiment, the TMP peaks at 4min in the first flux step after starting
the measurement and declines afterward. The flux was then decreased
to the initial level in 5 steps before a second flux-stepping cycle was
initiated. During the second flux-stepping cycle, the TMP decrease
continues until a steady-state is reached in the second flux-stepping
iteration. The TMP remains constant for each flux step at repeated flux
increase in the second iteration. We expand the observations on this
reduction in resistance by increasing the pressure step-wise instead of
the flux (see Fig. 2c). Each step is held for 10min. After insertion of
the microgels, the flux drops to a minimum after 7min due to particle
deposition on the membrane surface. Similar to the findings before, the
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Fig. 2. TMP and flux curves for experiments at (a) constant flux, (b) flux stepping and (c) pressure stepping experiments.
overall resistance then declines, and the flux, in turn, increases until
a steady-state is reached after 3 to 4 pressure steps. No flux increase
during each step is observed at a second pressure stepping iteration.
Both flux and pressure stepping experiments indicate that once the
steady-state is reached, the resistance of the filter cake remains constant
over time.

Overall, we report a reproducible decrease in resistance during the
start-up procedure when filtrating soft pNIPAM microgels at differ-
ent filtration conditions indicating severe changes in the filter cake
properties.

3.2. Variation of total injected microgel mass, flux and sample material

To further describe the effect of resistance decrease during the start-
up of filtration, we investigated the influence of the total injected
microgel mass and the set flux level on the resulting peak and the
steady-state pressure. In addition to the microgels, we filtrated a sec-
ond soft particle system made from carbopol and, in contrast, solid
polystyrene particles to compare the influence of the particles’ softness
on the resistance decrease.

We varied the mass of injected particle solution from 0.5 to 2mg and
kept the flux constant to 200 μLmin−1 (37 LMH) for 60min to ensure
steady-state conditions. In Fig. 3a, the peak and steady-state pressures
are given for each total injected microgel mass. The resistance of the
clean membrane was neglected as its share to the overall TMP was
measured to 10mbar at 200 μLmin−1 (37 LMH) in PWP measurements.
As the total injected microgel mass increases, the TMP and, thus, the
hydraulic resistance of the filter cake increase. On top, the phenomenon
of resistance fluctuation is amplified for higher injected microgel mass
by the increasing difference of peak to steady-state pressure. Although
these differences are in the range of error bars (n = 3), the increase
in permeability from peak to steady-state pressure is evident in every
experiment. Due to the soft nature of the particles and their deforma-
tion at elevated TMP, the correlation between TMP and flux as well
as TMP and injected mass is not linear. With increasing injected mass
and increasing filter cake thickness the particles compress and deform,
reducing filter cake porosity and increasing the hydraulic resistance. It
is assumed that the first particle layers at the membrane feature the
highest compression with the lowest void space in the filter cake and
mainly contribute to overall hydraulic resistance of the overall filter
cake [16]. For carbopol particles as a second soft material system, the
peak and steady-state pressures, and hence, the filter cake resistances
increase at higher total injected microgel mass as well. However, the
difference between peak and steady-state pressure in Fig. 3a is less
pronounced compared to the microgel system. No decrease in pressure
could be identified for the solid PS particles. In addition, the resistance
of the PS particles was not distinguishable from the resistance of
the clean membrane with about 10mbar at comparable total injected
microgel mass and fluxes and has been excluded from this graph. Since
a distinct resistance reduction is an artifact soft particle filtration only,
we can exclude the filtration module causing this phenomenon.
5

In Fig. 3b, we injected a constant amount of 1mg and measured the
pressure at different flow rates. As reported in the graph previously,
TMP, hydraulic resistance and the difference between peak and steady-
state pressure are highest for the microgel system. With increasing flux,
the microgels deform and narrow the inter-particle voids, as already
reported previously [16], yielding high hydraulic resistances and an
increasing pressure decrease from peak to steady-state. Comparably
to Fig. 3a, the second material system from carbopol shows a less
pronounced decrease in resistance between both pressure states and
lower absolute pressures. As the hydraulic resistance of the filter cake
from 1mg of PS particle solution was not distinguishable from the PWP
measurements of the clean membrane 7.5 times more particles had to
be injected to be able to detect a hydraulic resistance of the filter cake
from PS particles. This illustrates the influence of particle deformation
and the resulting pore narrowing during filtration of soft particles on
the hydraulic resistance of the filter cake. For solid particles, the TMP-
flux relationship is nearly linear in Fig. 3b with only minor deviation.
We attribute the deviation from linearity to an inhomogeneous filter
cake thickness over the length of the filtration module due to the lateral
injection the module. In addition, the system reached a steady-state
without a pressure peak and subsequent decrease to a steady-state,
showing that the phenomenon described in this study is an attribute of
soft matter filtration only. With increased total injected microgel mass
and flux, this pressure decrease amplifies for both soft material systems
tested.

Plotting the ratio of steady-state to peak TMP over the total injected
particle mass and flux in Fig. 3c indicates that the relative resistance
fluctuations for carbopol particles are even greater than for microgels.
One possible explanation for this behavior could be that the carbopol
particles exhibit a higher Young’s modulus compared to the micro-
gels. This suggests that the carbopol particles are less elastic, which
results in a reduced narrowing of the void spaces in the filter cake
and consequently, a lower resistance and TMP level. The observed
greater relative differences between peak and steady-state TMP further
support this hypothesis, indicating a higher degree of degradation of
the carbopol particles compared to the microgels, despite the fact that
the shear stresses experienced by the carbopol particles is lower due
to larger pores. However, this speculative explanation requires further
studies on the degradation of carbopol particles in agglomerations
under shear.

The increasing error bars at increased injected particle mass and
the variations of the TMP ratio over the flux are an artifact of the
experimental setup used in this work. During the experiments, the
flux was held constant using a pressure controller, which took several
seconds to achieve the target flux level asymptotically. This gradual
increase was necessary to avoid flux overshoot, which could further
compact the filter cake, increase hydraulic resistance, and result in
higher TMPs, complication comparisons due to varying compression
histories of soft materials [30]. Higher injected microgel masses and set
flux levels made it more difficult to quickly regulate at the desired flux
level constantly without overshooting or fluctuations in the regulating
pressure. At 2mg injected microgel mass, only one filtration experiment
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Fig. 3. Peak ■ and steady-state pressures ▴ visualized for microgels (black), carbopol (gray) and PS particles (green) at (a) different total injected microgel mass in solution for
200 μLmin−1 (37 LMH) and (b) varied fluxes with the same injected mass in each experiment of 1mg. For the PS particles, a 7.5 times higher particle mass was taken. The ratios
of steady-state to peak pressure are plotted for varied total injected particle mass (c) and varied flux (d). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
could be performed under the specified conditions. Fig. 3d further
illustrates that the observed resistance fluctuations are a perquisite
of soft material filtration only. However, a direct correlation between
relative TMP and flux is not identified.

3.3. Cake build-up and particle distances

The previously described reduction in resistance and TMP during
the start-up of the filtration of up to 56% indicate substantial structural
shifts within the filter cake. Due to particle deformation at higher TMPs,
the particle fraction can exceed the theoretical limit for densely packed
spherical and solid particles of 0.74 [45,46]. In order to visualize
the structural shifts inside the filter cake, the filtration module was
slightly adapted, and a cover slip was glued to the bottom part (see
Fig. 4a). This modification enabled in-situ observations and analysis of
the membrane surface and the accumulating filter cake during dead-end
filtration by confocal microscopy.

Images of the x/z plane show a cross-section of the filter cake,
unraveling the development of the filter cake thickness over time (see
Fig. 4b). The microgels’ cores with a diameter of 200 nm are labeled
6

with a fluorescent dye, indicating the position of the microgels as tiny
dots in the images. In addition, this cross-section offers the possibility
to determine the point in time at which no microgels remain in the
bulk and all microgels accumulate in the filter cake. The visualization
of the x/y plane in Fig. 4c enables a detailed description of the particle
distances inside a specific layer of the filter cake over time.

With the adapted filtration module, we were able to correlate the
filter cake thickness to the decrease in filter cake resistance observed
in pressure/flux measurements. The dotted line and the gray area in
Fig. 4d indicate the filter cake thickness during filter cake build-up at
a constant flux of 200 μLmin−1. In the first minutes of the filtration,
the pressure increases as the filter cake grows over time. At about
8min, the pressure peaks at about 350mbar and declines after several
minutes to 330mbar. This decline, however, does not coincide with the
end of the filter cake build-up. Based on the x/z confocal microscopy
images, we can determine that after about 14min, all injected microgels
accumulated on top of the membrane, and no additional microgels
reach the cake. However, the filter cake thickness further increases over
time due to a reswelling of the filter cake as the TMP decreases. The
independently decreasing resistance of the filter cake in perspective to
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Fig. 4. Visualization and analysis of the filter cake for microgel filtration using confocal microscopy in a (a) dead-end filtration cell suitable for in-situ observation of the membrane
surface during the filtration experiment. Confocal microscopy allows (b) x/z visualization of the filter cake’s cross-section and (c) x/y visualization of the filter cake. Only the
microgel cores are labeled. The filter cake thickness is measured using the x/z data and (d) plotted with the filtration flux and pressure for a constant flux and (e) a constant
pressure filtration. The dotted curves correspond to the time when the feed consists of a microgel solution and the filter cake grows by inflowing microgels. The dashed lines
correspond to the time when the feed consists only of a buffer solution without inflowing microgels.
the cake build-up is also visible when performing constant pressure
experiments (see Fig. 4e). The flux decreases to a minimum at about
9min and slightly increases during cake build-up. Besides, an almost
constant cake relaxation can be observed in this experiment.

In conclusion, the confocal microscopy observations describe two
overlapping but opposing effects during the filtration. On the one
hand, the resistance initially increases due to a growing filter cake by
depositing microgels. On the other hand, a reduction in TMP/increase
in flux displays a reduction in resistance leading to cake relaxation by
changes in shape and volume of the microgels in the filter cake. Once all
microgels accumulate in front of the membrane, the latter phenomenon
of resistance reduction due to microgel reswelling and reshaping and
the coupled cake relaxation dominates.

We expand the in-situ description of the filter cake during filtration
by scanning the cake in multiple x/y observation planes with an inter-
plane distance of about 30 μm during constant pressure filtration. The
images show the fluorescent particle cores of 0.2 μm of the microgels,
which have an overall diameter of 1.9 μm (see Fig. 4c). From these
images, the mean inter-particle distance at observation planes with
constant distances to the membrane z are determined by a 2D Fourier
transform. As the filter cake is compressed at higher TMPs, the soft
shells of the microgels deform, the microgels shrink, and the particle
distances decrease. In return, the filter cake porosity decreases resulting
in a higher resistance of the filter cake. As illustrated in the x/y scan
in Fig. 4c, the particles partly self-assemble into a hexagonal packing
featuring a characteristic inter-particle distance at higher TMPs as
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previously described by Linkhorst et al. for microgel filtration. [47].
The crystallinity enables the microgel packing to be analyzed by a
2D Fourier transform of the images to calculate the mean particle
distance in specific observation planes at a constant distance to the
membrane z. These inter-particle distances in the filter cake are plotted
in Fig. 5a for the specific observation planes over time, enabling an
in-situ description of the filter cake morphology during the filtration.
However, the further away a microgel layer is from the membrane,
the more randomly the inter-particle distances are distributed and an
analysis using 2D Fourier transform becomes inaccurate and error-
prone. For comparison, the flux during the constant pressure filtration
and the duration for the filter cake build-up are illustrated at higher
magnification in Fig. 5b.

Overall, Fig. 5a shows that with increasing distance from the mem-
brane 𝑧, the inter-particle distance also increases, indicating highly
compressed layers directly at the membrane. In these layers, the inter-
particle distances are only 1/3 of the particles’ diameter demonstrating
high particle deformation and compression and small voids between
the particles. As the void’s radius correlates to the pressure loss by the
power of four (Hagen–Poiseuille), the first compressed layers have a
significant share to the overall filter cake’s hydraulic resistance. In con-
trast, the layers further away from the membrane are less compressed
and more loosely packed as already observed by Epstein et al. during
alginate filtration [48].

As already described for Fig. 4, two effects now overlap. Firstly, the
hydraulic resistance increases due to the filter cake build-up and the
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Fig. 5. (a) Filter cake density displayed as inter-particle distance during a constant pressure filtration of microgels at 350 mbar over time. The inter-particle distances are shown for
specific observation planes with a constant distance from the membrane z. The graph results from a 2D Fourier transform of x/y images as illustrated in Fig. 4c. (b) Corresponding
flux during filtration sectioned in cake build-up (gray) and cake relaxation (white). The x/z planes show the filter cake thickness at specific points in time for (c) 10 min, (d)
25 min and (e) 40 min of filtration from a different experiment. The dotted line represents the static observation plane with a constant distance from the membrane and the red
circle a brighter microgel that moves away from the membrane during filtration.
deformation of the particles. This is demonstrated by a sharp decline
in inter-particle distances in Fig. 5a for different z values. Secondly,
the phenomenon of reduced resistance leads to a reswelling of the
filter cake. This effect starts to dominate after about 13 min, the
point of maximum resistance. For the interpretation of the particle
distance curves over time, it must be taken into account that the
observation planes are at a constant position with constant distances
to the membrane while the reswelling microgel layers move away from
the membrane. Over time, a specific observation plane of e.g. z=30 μm,
displays several different microgel layers. In addition, the movement
of microgel layers away from the membrane is more pronounced for
layers near the bulk as the reswelling effect accumulates along the
layers toward the bulk.

We underlined our interpretation of Fig. 5a by adding an x/z
image sequence over time with highlighted filter cake thickness from
a different experiment. The red circles in Fig. 5c–e indicate two bright
and recognizable microgel cores that increase their distance from the
membrane during the experiment and thereby passing several observa-
tion planes. The complete image sequence is given as supplementary
video in Appendix C.

Based on the particle distance measurements, a link between micro-
scopic events during filtration and macroscopic filter cake and filtration
behavior can be made, revealing much higher compression in the first
layers of the filter cake compared to the layers being more distant to the
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membrane. Additionally, the reswelling of microgel layers due to the
phenomenon of resistance reduction leads to a movement of microgel
layers away from the membrane. However, the in-situ observation
could not reveal the cause for the relaxation and the decrease in
hydraulic resistance.

3.4. Comparison of purification techniques

Microgels necessitate a robust purification process following their
synthesis to remove undesired side products and residuals. These con-
taminants primarily consist of monomer residues, surfactants used in
the reaction, and linear pre-polymers that form as byproducts. These
molecules are considerably smaller than the targeted microgels, so their
removal can be achieved effectively through membrane processes such
as ultrafiltration or dialysis. Ultracentrifugation offers an alternative
purification method and is often preferred for concentrating microgel
solutions. Ensuring sufficient purification is vital to obtain microgels
with the desired properties and functionalities, free from impurities that
might interfere in future usage.

We investigated the influence of the purification step on the de-
crease in filtration resistance by additionally purifying the microgel
solution via 7 cycles of ultracentrifugation and comparing subsequent
filtration performance at constant flux. Compared to the filtration lack-
ing the additional centrifugal purification, the TMP reaches a steady-
state after several minutes without a decrease in resistance. On top,



Journal of Membrane Science 708 (2024) 122988L. Stüwe et al.
Fig. 6. (a) Comparison of peak ■ and steady-state pressures ▴ for the first filtrations at 200 μLmin−1 (37 LMH) and 1 mg of microgel solution for a single dead-end filtration
and a filtration with purified microgels by seven cycles in an ultracentrifuge beforehand. (b) Bubble pressure tensiometry measurements of the permeate during a first filtration of
dialyzed microgels and (d) of the supernatant after several cycles of ultracentrifugation prior filtration (reprinted with permission from [49]). (c) NMR analysis of the permeate
during the first 10 and 10–20 min of filtration of dialyzed microgels in D2O.
the steady-state TMP is reduced by about a half to 301 ± 57mbar
instead of 534 ± 113mbar (see Fig. 6a), clearly indicating an influence
of the purification technique on the filtration performance. At this
point, we assume polymer chains to be washed out of the filter cake
during filtration, leaving voids in the cake, which leads to the decreased
hydraulic resistance described previously. By additional purification
with the ultracentrifuge, polymer chains are removed from the solution
beforehand, thus, leading to an expected filtration behavior which
reaches a steady-state without any resistance fluctuations.

To strengthen this assumption, additional monitoring of the per-
meate’s surface tension over time by bubble pressure tensiometry was
performed. Bubble pressure tensiometry gauges the surface tension of
a bubble at different surface ages, mirroring the affinity of surface-
active molecules to the air–water interface. Accordingly, it serves as
an analytical tool to assess the presence of high-molecular-weight
polymers in a liquid. Fig. 6b illustrates the surface tension at different
surface ages of the permeate for microgels purified via dialysis only.
At the beginning of the filtration at 4min, the surface tension decreases
at higher bubble surface ages, indicating the presence of surface-active
polymer chains in the permeate. The surface tension of the permeate
increases during filtration until it reaches a steady-state after about
10min. At this stage, no surface-active polymer chains are present in the
permeate as the surface tension is close to the value of water at room
temperature. In subsequent NMR analysis of the permeate (Fig. 6c),
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the surface-active substances were identified to be pNIPAM. However,
calculating a detailed concentration over time was not possible due to
the low concentration of pNIPAM in the permeate.

Furthermore, the bubble pressure tensiometry of the supernatant
for each ultracentrifugation cycle indicates residues of polymer after
multiple centrifugation cycles (Fig. 6d). A complete purification of the
microgel solution from polymer chains could be achieved after seven
cycles. For the subsequent filtration of the microgels, no polymer chains
are released from the filter cake, the void size in the filter cake is
maintained, and the TMP reaches a steady-state without any hydraulic
resistance decrease.

However, the origin of the polymer chains remains yet unknown.
Two plausible explanations account for the presence of dissolved poly-
mer chains in the microgel solution. First, the polymer chains are linear
pre-polymers that originated from the synthesis process and were not
sufficiently removed during dialysis. They accumulated in the filter
cake and were subsequently washed out. Alternatively, the observed
polymer chains result from degradation of the low crosslinked polymer
shell, which are caused by shear force of the permeating flow through
the filter cake voids [32].

In Fig. 7, atomic force microscopy (AFM) images were taken to
investigate the structural integrity of the microgels before and after
filtration. As all microgels were dialyzed in advance, the untreated
microgels after dialysis serve as reference. In addition, height profiles
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Fig. 7. AFM images of the microgels (a) untreated after dialysis (and before filtration) and (b) after filtration. (c) illustrates a magnification of the height profiles for both microgel
batches (n = 10).
for both microgel batches are added to Fig. 7. The untreated microgels
exhibit a smaller shell-diameter in comparison to the filtered microgels.
However, the polymer is higher concentrated at the core and in the
inner parts of the shell as compared to the filtered microgels. While the
filtrated microgels’ shell is barely distinguishable from the background
at heights below 1 nm, the shell of the untreated microgels reaches
heights of over 2 nm. In addition, the core of the untreated microgels
features a slightly wider core which might be attributed to a higher
density of pNIPAM at the immediate vicinity of the PS-core. Further-
more, single polymer chains are more clearly visible and branch out
more widely in comparison to the filtered microgels in Fig. 7b. Overall,
the filtered microgels illustrate more evenly distributed polymer in
the microgel’s shell and a flatter shell compared to the untreated
microgels. However, volume integrating of the AFM topographic data
over the whole microgel revealed a 22% higher volume for the fil-
tered microgels compared to the untreated microgels when spreading
on a solid interface. We attribute the increased volume observed for
the filtered microgels in the AFM images to a decrease in polymer
density, which is caused by individual bond rupture events within
the low crosslinked polymer network of the shell. The drag forces
exerted during filtration induce the cleavage of covalent bonds, causing
polymer fragments to permeate toward the downstream as indicated in
literature [32]. This reduction of polymer density softens the polymer
network and facilitates the spreading of the shell on the wafer surface
in the AFM images resulting in a larger radius for the filtered microgels
in Fig. 7c. Regarding the condition within the filter cake, the removal
of shell material can result in either an increased shell porosity or a
reduced microgel size. In both cases, the pores within the filter cake
become larger, which could explain the phenomenon of a reduction in
resistance.

In conclusion, the AFM images illustrate a degradation of the mi-
crogel shell for force-intensive purifications, such as dead-end filtration
and ultracentrifugation. In contrast to alternative purification methods
like dialysis, filtration and ultracentrifugation involve substantially
higher forces, thereby elevating the probability for degradation of
the soft microgel shell. While filtration offers advantages in scaling
up purification capacity after the microgel production, the potentially
altered microgel properties necessitate careful consideration. The ob-
served shell degradation in dead-end filtration agree with the findings
of Izak-Nau et al., who correlated polymer network degradation to the
cleavage of covalent bonds in the network upon shearing [32]. Polymer
chains are ruptured during filtration and permeate through the filter
cake. The change in mass either leads to an increase polymer porosity
or a reduction in shell diameter and the permeability of the overall
filter cake increases, leading to the observed reduction in resistance.
However, further studies are necessary to elucidate to what extent
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polymer chains rupture from the polymer network, to what extent
residual polymer chains from the synthesis contribute to the effect of
resistance reduction, and how the degradation influences the single
microgel softness.

Furthermore, the fact that core–shell microgels degrade during fil-
tration should be considered when applying them as model particles in
filtration studies. However, degrading microgels as a model system may
be helpful to understanding and investigating analogous observations
in resistance fluctuation during the start-up procedure of filtrations
in practical filtration applications. In addition, this study underscores
the intricate nature of soft matter filtration and suggests an additional
contributing factor to the overall filter cake resistance: the degradation
of the colloidal matter. Besides filtration studies, the varying microgel
integrity and properties depending on the purification technique could
have noteworthy implications for other applications involving shear
forces.

4. Conclusions

This study combines a lab-scale dead-end filtration setup, core–
shell microgels as soft model particles and microfluidic visualization
techniques to investigate an unexpected resistance decrease during
the filtration start-up procedure. This effect was observed in different
process conditions, such as constant flux, constant pressure, flux and
pressure stepping, at different amounts of filtrated microgels, and for
different constant fluxes. AFM images illustrate a degraded shell after
filtration, and bubble pressure tensiometry combined with NMR analy-
sis confirms the presence of polymer chains in the permeate within the
initial minutes of filtration. We deduce that applying substantial shear
forces to the microgels’ shell during filtration leads to the rupture of
polymer chains from the low-density polymer network. These ruptured
chains then permeate through the filter cake and membrane, creating
voids in the filter cake and consequently diminishing its hydraulic
resistance. These observed amplifications of the reduction in hydraulic
resistance at elevated flux rates are attributed to an increased shear
force and an enhanced degradation of the microgel shell. With higher
particle mass, more layers accumulate in front of the membrane, in-
creasing the TMP, and enhancing the resistance reduction effect due
to a greater amount of residual polymers being washed out. During
filtration, confocal microscopy unveiled cake relaxation caused by a
reduction in resistance due to the permeation of chains, increasing
porosity in the filter cake. This relaxation of the cake occurs during the
whole process of filtration and superimposes with the initial resistance
increase during cake build-up.
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This study underscores the impact of microgel shell degradation
involving shear stress, particularly in filtration applications. It high-
lights the necessity of considering the potentially altered properties of
microgels when used as model particles in filtration studies. Further
studies with integrated optical force probes [50] could elucidate the
degree of microgel shell degradation during filtration in more detail.
Overall, this investigation highlights the complexity inherent in soft
matter filtration, introducing the integrity of the filtered material as
an additional factor influencing overall filter cake resistances.
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Appendix A. Microgel size distributions

The microgel size distribution in Fig. A.8 was measured via DLS and
reveals a mean diameter of about 1.9 μm. The higher variations at large
diameters is attributed to agglomerations of microgels.

Appendix B. Full AFM height profiles

To illustrate that the cores of the microgels with a diameter of
approx. 200 nm are significantly larger than the variations in thickness
of the shell of the microgels, the complete height profile from Fig. 7c
for untreated and filtered microgels was added in Fig. B.9 for the sake
of completeness.
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Fig. A.8. Size distributions of microgel used in this work measured by DLS.

Fig. B.9. Full height profile of untreated and filtered microgels from Fig. 7c at full
scale.

Appendix C. Filter cake relaxation

The supplementary video is the complete image sequence of the x/z
plane shown in Fig. 5c-e taken over 329 images within a time frame of
57min. The brightness of the image sequence was adjusted to better
visualize the filter cake thickness. After about 18min the filter cake is
build up and all microgels accumulated on the membrane. However,
an increase in filter cake thickness is still visible indicating filter cake
swelling. The size of the image sequence is about 250 × 250 μm.

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.memsci.2024.122988.
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