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Abstract

Membrane ultra- and microfiltration is a chemical unit operation used to purify and con-
centrate liquid suspensions of colloids and particles. Typical industrial applications are
removing or concentrating colloids, proteins, or cells in water treatment, food process-
ing, and bioprocessing. The filtration performance suffers from the agglomeration of the
filtrated matter on the membrane surface as a filter cake. This filter cake adds hydro-
dynamic resistance on top of the membrane’s resistance and decreases the process’s
overall efficiency. Traditional applications measure the resistances for a specific filtrate
at the point of operation and adapt the process design and the operating conditions
accordingly. This thesis aims to provide mechanistic insights into the filtration process
by developing experimental methods for microscopic filter cake visualization and apply-
ing these methods to analyze colloid and particle interactions in the filter cake during
filtration. Finally, the thesis presents a novel ultrafiltration-based lab-scale microgel pu-
rification process and validates the process compared to state-of-the-art technologies.

This thesis developed two devices for visually observing filter cakes: The first is a mi-
crofluidic system that withholds the filtrated particles at a membrane-mimicking structure
and enables a visual observation of the filter cake’s cross-section. Filtering soft spherical
polyethyleneglycol particles provoked avalanche-like compaction of the filter cake during
cake built up. The filtration of additive manufactured non-isotropic any-shape particles
showed the dependency of the hydraulic resistance and the cake morphology from the
particle shape and material. These microscopic particle scale results give essential
insights into the particle interactions occurring in filter cakes and permeated assem-
blies. The second observation device developed and applied in this thesis is a flat sheet
membrane filtration cell that visually observes the filter cake using Confocal Laser Scan-
ning Microscopy. During cross-flow cleaning procedures, microgel filter cakes unravel
instability-driven 3D patterns on the cake surface, accelerating cake removal. Finally,
the microscopic filtration results are supplemented with developing a tangential flow mi-
crogel lab-scale ultrafiltration device. The thesis validates the applicability of the process
for purifying microgels and reports operational procedures, process quantification, and
the purification’s challenges compared to state-of-the-art technologies.

This thesis’s findings provide one step towards bridging the gap between microscopic
particle interactions and filtration cake layer properties. The presented results need to
be incorporated into filtration models to translate the fundamental phenomena into ap-
plicable separation processes in future works. Finally, the findings are not only relevant
for filter cakes, but additionally give insights in various applications of permeated micro-
particle assemblies. The properties of self-assembling microparticle scaffolds, e.g., as
tissue in cell culture, depend strongly on the particle-particle interactions, the assembly’s
morphology, and its hydraulic resistance. This interdisciplinary perspective will transfer
the methods presented here to drive future developments.
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Zusammenfassung

Ultra- und Mikrofiltration sind chemische Verfahren, das zur Reinigung und Konzentra-
tion von flissigen Suspensionen von Kolloiden und Partikeln eingesetzt werden. Ty-
pische industrielle Anwendungen sind die Aufreinigung oder Konzentration Proteinen
oder Zellen in der Wasseraufbereitung, der Lebensmittelverarbeitung und der Biopro-
zessindustrie. Die Filtrationsleistung leidet unter der Anhaufung der filtrierten Stoffe auf
der Membranoberflache in Form eines Filterkuchens, welcher den hydrodynamischen
Membranwiderstand erhdht und damit die die Gesamteffizienz des Prozesses vermin-
dert. Herkémmliche Anwendungen messen die Widerstande fir ein bestimmtes Filtrat
im Betriebspunkt und legen den Prozess entsprechend aus. Ziel dieser Arbeit ist es,
experimentelle Methoden zur mikroskopischen Visualisierung des Filterkuchens zu ent-
wickeln und mit diesen Methoden Kolloid- und Partikelinteraktionen im Filterkuchen zu
analysieren. AuBerdem wird in dieser Arbeit ein Ultrafiltrationsprozess fur Mikrogelauf-
reinigung im Labormafstab entwickelt und validiert.

Im Rahmen dieser Arbeit wurden zwei neue Methoden zur visuellen Beobachtung
von Filterkuchen entwickelt: Die Erste ist ein mikrofluidisches Ersatzsystem, das die
filtrierten Partikel an einer membranahnlichen Struktur zurlickhalt und eine Visualisie-
rung des Filterkuchenquerschnitts bei verschiedenen Verdichtungsmechanismen er-
maoglicht. Die Filtration von nicht-kugeligen Partikeln zeigt eine starke Abhéngigkeit des
hydraulischen Widerstandes und der inneren Struktur von der Partikelform und dessen
Material. Diese mikroskopischen Ergebnisse geben wesentliche Einblicke in die Par-
tikelinteraktionen, die in Filterkuchen auftreten. Die Zweite Visualisierungsmethode ist
eine Flachmembran-Filtrationszelle, die eine Filterkuchenbeobachtungen durch konfo-
kale Laser-Scanning-Mikroskopie ermdglicht. Die Methode erlaubt die Darstellung des
Filterkuchens wahrend der Filtration und auch wahrend verschiedener Reinigungsver-
fahren. Uberraschenderweise erzeugt das Tangential-Fluss-Reinigungsverfahrens ein
topographisches 3D-Muster auf der Kuchenoberflache, dass den Filterkuchenabtrans-
port beschleunigt. SchlieBlich werden die mikroskopischen Filtrationsergebnisse durch
die Entwicklung einer Mikrogel-Diafiltrationsanlage im LabormafBstab erganzt, welche
zur Aufreinigung von Mikrogelen angewendet wird.

Um die mikroskopischen Ergebnisse dieser Arbeit im Kontext der Filtrationsanwen-
dungen zu interpretieren, missen in der Zukunft die vorgestellten Phanomene in mathe-
matische Filtrationsmodelle eingearbeitet werden. Neben der Anwendung fur Filtratio-
nen, sind die Ergebnisse auch im Kontext permeierter Anordnungen von Mikropartikeln
relevant. Beispielsweise hdngen die hydrodynamischen Eigenschaften von selbstorga-
nisierenden Mikropartikelanordnungen als 3D-GerUst fur Zellkultur stark von der Struk-
tur der Anordnung und den Interkationen zwischen den Partikeln ab. Eine solche in-
terdisziplinare Sichtweise kénnte mit den hier vorgestellten Methoden und Ergebnissen
weitere Forschungs- und Entwicklungsprojekte definieren und vorantreiben.

Xiii






1 Introduction

1.1 Membrane processes

The separation of chemicals accounts for 10-15 % of the world’s energy
consumption [Shol2016]. Most of these separation processes are based
on energy-inefficient distillation processes, using different phase change
properties of the substances. However, changing phases requires signifi-
cantly more energy than pressure-based membrane separations, opening
enormous energy- and carbon emission savings potential. E.g., the desali-
nation of water using a distillation process requires up to 40 times more
energy than a membrane-based reverse osmosis process [Shol2016].
Membrane processes are classified into liquid filtration and gas sepa-
rations. Even-though membrane-based gas separations gained growing
attention in academia and industry in the last decade and show promis-
ing applications in the separation of hydrocarbons, the majority (85 % of
expenditure 2019) of membrane applications are still in the field of liquid
filtration [Belf2019]. A successful design of a membrane process requires
the consideration of three main design parameters: First, the selectivity
of the membrane is essential for reaching the required purity. Second,
the capacity of the process at the point of operation defines the active
membrane area for the necessary throughput. Finally, the mass trans-
fer at the point of operation impacts the deposition of filtrated mater at the
membrane surface and strongly influences the capacity and the temporal
stability. While the selectivity and the initial capacity primary de-
pend on the membrane selection, the mass transfer depends not only on
the filtrated materials but also on the module design and the operating con-
ditions. E.g., a spacer structure combined with high cross-flow velocities
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can efficiently remove colloid deposition on the membrane surface and in-
crease the permeation rate [Wies2018]. The three design parameters are
intimately dependent on each other, so that each of them needs to be con-
sidered equivalently for the successful operation of a membrane process
[Belf2019)].

This thesis focuses on the mass transfer of soft particles with sizes of
50 nm - 50 um in microfiltration (MF) and ultrafiltration (UF) processes.
Therefore the following sections will target the phenomena occurring in
these processes.

1.2 Applications in Micro- and Ultrafiltration

Today’s major applications of MF and UF are in the fields of water treatment,
bioprocessing, and food processing. Water treatment applications include
processes treating surface water, reusing water in chemical processes and
drinking water applications, and treating wastewater. Membrane-based wa-
ter treatment processes are applicable on any scale, ranging from personal
carry-on drinking water purification to industrial-scale produced
wastewater purification [Belf2019]. The main goal in all processes is the
removal of contaminants from water, including dust particles or cells in MF,
but also microbes or macromolecules in UF processes (Figure [1.7).

Liquid membrane filtration processes separate particles and molecules
gently, based on their molecular size and charge, by flushing them through
a porous structure. This delicate processing makes membrane processes
advantageous for proteins and living matter in bioprocessing compared
to thermal separation processes. Virtually every biotechnology process in-
cludes several UF processes in upstream processing, in the reaction unit,
and downstream processing [Robe2001]. Examples for upstream process-
ing include sterile filtration of buffers and chemicals or virus filtration. In the
bio-reactor itself, membranes are integrated for continuous product removal
during cultivation and as a scaffold for cell immobilization on the mem-
brane surface, allowing nutrient or oxygen supply through the membrane.
Membrane-based downstream processes include cell harvesting, concen-
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Water Treatment Bioprocessing Food Processing
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Figure 1.1: Exemplary applications of MF processes in water treatment, biopro-
cessing and foodprocessing, all forming soft compressible filter cakes on the mem-
brane surface. (Icons are designed by macrovector_official / Freepik.)

tration and separation of cells and proteins [Char2006]. Finally, in down-
stream bioprocessing, membrane chromatography extends the membrane-
based separation possibilities. Molecules are separated based on the ma-
terial interactions by selective adsorption and desorption on the inner mem-
brane surface [Fr6h2012].

Besides water treatment and bioprocessing, MF is widely applied in food
processing for purifying liquids from microorganisms, proteins (e.g., ca-
sein micelles), or fat globules in dairy and beverage processing. In dairy
processing, MF is widely used for removing microorganisms extending the
shelf life of milk even more than ultra-high-temperature processing (UHT)
with a lower cost [Zahe2019]. In cheese making, MF is applied for defat-
ting whey and for enriching casein micelles and removing serum proteins
[Kuma2013]; [Nels2005]. Further, smaller-scale on-site applications ap-
proach milk concentration for reducing transportation costs [Kuma2013].
Concentration using MF is also carried out in juice processing, containing
the taste of freshly squeezed juice, while reducing costs of worldwide ship-
ping [Jiao2004]. Processing of fermented beverages, such as wine and
beer, use MF processes for clarification, purification, and reduction of the
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total microorganism count. In comparison to traditional mash separation,
MF helps to reduce processing times, prolongs shelf life and can achieve
higher yields [Geor2001].

Although different applications have significantly different feed concen-
trations and flow rates, all MF and UF processes include the removal of
soft and deformable biological matter, such as proteins, cells, or microbes.
The filtered particles accumulate on the surface of the membrane as com-
pressible filter cake, adding a hydraulic resistance to the membrane’s own
resistance.

1.3 Membrane fouling

Membrane fouling is a general term for describing the reduction of mem-
brane efficiency by the accumulation of particles, molecules or salts on the
membrane surface and increasing the process’s energy consumption. In
MF and UF, filter cake formation predominantly defines the fouling behavior.
This cake layer formation depends on the operating conditions and the par-
ticle transport properties. A membrane process can either be designed as
a dead-end or tangential-flow filtration. In dead-end filtration, the complete
feed-stream is flushed through the membrane so that the entire rejected
matter accumulates on the membrane surface. In tangential-flow filtration
(TFF), also called cross-flow filtration, the fluid flows tangentially along the
membrane’s high-pressure side. As a result, a share of the feed stream
permeates the membrane, and a concentrated retentate stream leaves the
membrane on the high-pressure side. In this TFF operation mode, filter
cake formation and thickness depend on the particle transport properties
and the flow conditions in the module [Bake2004].

1.3.1 Particle transport properties

The particle transport properties during a filtration are characterized using
the Peclet number Pe , which is a dimensionless number giving the ratio of
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advective to diffusive mass transport defined by:

Pe — advective mass transport _ L-v (1.1)

~ diffusive mass transport D

where L being a characteristic length, i.e. the membrane boundary layer
thickness § (section|1.3.2), v the flow-velocity, i.e. the permeation flux, and
D the diffusion coefficient for particles and colloids. The diffusion coefficient

D is given by the Stokes-Einstein-equation [Eins1905]:

2.kg T

p=22_"8""
omr-n-d

(1.2)

where kg being the Boltzmann constant, T the absolute Temperature, » the
dynamic viscosity and d the particle diameter.
For MF and UF applications, this results in a Peclet number of:

_o0-6m-n-v-d

P
T T o kg T

(1.3)

Accordingly, the Peclet number is lineary dependent on the particle size.
As a result, diffusive transport phenomena dominate the filtration of small
molecules, such salts in RO (small Peclet). On the other extreme, the parti-
cle transport of 5 um sized cells during an MF process is dominated by ad-
vective fluid transport with almost negligible particle diffusion (large Peclet).

[Bake2004]

1.3.2 Concentration polarization

Correlating the transport phenomena of molecules and particles (compo-
nent /) to a cross flow filtration process, results in the model of concentra-
tion polarization (CP). The feed sided bulk is flowing tangentially along the
membrane and is well mixed. However, close to the membrane, there is a
laminar boundary layer with negligible tangential flow velocities, but domi-
nating transport phenomena perpendicular to the membrane. The filtrated
component i is advectively transported J, ¢;(x) towards the membrane by
the permeation flux, but retains at the membrane surface and accumulates
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Figure 1.2: Transport phenomena close to the membrane surface depend on dif-
fusive and advective transport mechanism. Operation below the critical flux results
in a diffusion-driven concentration polarization boundary layer (BL)(a). Operation
above critical flux generates particle accumulation on the membrane forming a
cake layer (b). The particle size predominantly affects the Peclet number and the
critical flux by being inverse proportional to the diffusion coefficient D;.

there. The increased concentration gradient between membrane surface
and bulk c¢jo — ¢z induces a diffusive transport D, de

() towards the bulk.
These two transport phenomena result in a steady state increased concen-
tration in the membrane boundary layer (Figure[1.2g). The material quantity
balance for the retained component i yields equation [1.4] [Bake2004]

dc;(x
JVC,'(X) — D,' lei )

= JVC,',p (1 4)

with J, being the volume flux in the boundary layer generated by permeate
flow (m®/(m?s)) and D; the diffusion coefficient of the component i in the
respective solvent. Integration over the thickness of the boundary layer o
with boundaries c;(x = 0) = ¢;g and c;(x = §) = cjp yields the polarization
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equation [Bake2004]:

-) (1.5)

The term (Jﬁf) represents the ratio of advective J, and diffusive D;/s fluid
transport and corresponds to the above mentioned Peclet number (section
1.3.1).

Going one step further, equation can be solved for cjy/ciz, Which is
named the concentration polarization modulus (CP modulus) [Bake2004]:

cio exp(Jv9/D;)
—_— C.P (1 .6)
GB 14 C’—[exp(Jv5/Di) -1

i0

This CP modulus is a dimensionless number for evaluating the CP’s affect
on the membrane performance. In reverse osmosis, the flux is small and
the diffusion coefficients are high, resulting in CP modulus between 1.1 and
1.5, i.e. the osmotic pressure at the membrane is 1.1 to 1.5 times higher
than between bulk and permeate [Bake2004]. For ultrafiltration processes
with higher fluxes and lower diffusion coefficients, the CP modulus may be
significantly larger, up to 5 or 10, seriously affecting the membrane perfor-
mance, as shown for e.g. ultrafiltration of double-digit nanometer scaled

colloids [Roa2015]; [Roa2016].

Increasing the colloids size to d > 100 nm the diffusion coefficient de-

creases severely resulting in very high Pe. Depending on the applied flux
Jy, the concentration at the membrane ¢, exceeds the theoretical packing
density, resulting in a packed arrangement of colloids on the membrane
surface as filter cake. Thereby, first, the particles deposit on the membrane
surface and afterwards, if all pores are blocked, colloids accumu-
late in several layers on the membrane (Figure [1.2b). The minimal flux
required to create a filter cake on the membrane surface is called criti-
cal flux. For operation conditions above the critical flux more and more
particles are transported towards the membrane and accumulate on the
membrane surface. Accordingly, in constant flux operation mode, the fil-
ter cake grows and it’'s resistance increases continuously without reaching
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steady state (see section [1.3.4) [Fiel[1995]. For operation at critical flux,
quickly occurring in MF, the CP in the boundary layer model does not suf-
fice to describe the filtration performance because the filter cake’s hydraulic

resistance dominates the process properties.

1.3.3 Particle deposition at a membrane

During filtration below critical flux and during the startup procedure of fil-
tration above critical flux, the filtrated particles deposit on the membrane
surface. Based on the classical fouling model from Hermans and Bredée
[Herm1936]; [Gons1950], Hermia developed a constant pressure filtration
model correlating the temporal development of the filtration flux to parti-
cle deposition phenomena at a membrane (Figure [1.3) [Herm1985]. Four
fundamentally different phenomena were reported and correlated to the
flux: cake formation, intermediate pore blocking, pore constriction (also
standard pore blocking), and complete pore blocking (Figure[1.3). The pre-
dominant phenomenon depends on the filtrated matter and the membrane,

including the particles’ sizes, the membrane’s pore size, and the particles’
interactions with the membrane [Hlav1993]. Since then, the model was
adjusted and improved regarding mixed deposition phenomena
and adapted to various specific process applications, including constant

flux and cross flow filtration [Hlav1993]; [Fiel1995]; [Kirs2019]. Hermia’s fil-

tration model explains macroscopic filtration data with microscopic particle

interactions and, therefore, presents a strong basis for interpreting micro-
scopic filtration phenomena in the context of filtration data [Ngen2010b].

This thesis’s topic focuses on the phenomena occurring in a filter cake,
i.e. during filtration processes with n=0, not regarding the particle mem-
brane interactions and the deposition phenomena of particles on the mem-
brane surface and inside membrane pores. Therefore, at this point this
thesis focuses on filter cake’s resistances.
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) o O

n=1.5 n=1
cake formation  pore constriction intermediate blocking complete blocking

t = filtration time

d?t <dt>n V = permeated volume

dv2 = d_V n = fouling type index
k = deposit specific resistance coefficient

Figure 1.3: lllustration of different particle deposition and pore blocking phenom-
ena based on Hermia with the respective equation correlating these
particle scale phenomena to a measurable filtrate flux correlation

1.3.4 Filter cake resistance

In membrane processes filter cakes emerge when retained particles ac-
cumulate on the membrane surface. This occurs in dead-end processes,
when the particle’s sizes exceed the membrane’s pore size and the amount
of retained particles exceeds the formation of a monolayer on the mem-
brane. In cross-flow processes, depending on the particle’s transport prop-
erties, filter cakes emerge, when the filtrated particles have a slower back-
diffusion to the bulk than the advective, flux-driven transport towards the
membrane (section [1.3.2). In both configurations, during filter cake for-
mation, the permeating flux needs to permeate the filter cake additionally
to the membrane, increasing the overall hydraulic resistance. The perme-
ation through the filter cake J can be described by the filtrate flux equa-
tion [Bake2004], which is derived from Hermia’s filtration correlation for n=0:

Ap

J—-—=F
N(Rm + - m)

(1.7)
where Ap is the applied transmembrane pressure, n the fluid viscosity, R,
the membrane resistance, o the specific cake resistance, and m the mass
of cake per unit membrane area. In membrane processes, the cake resis-
tance is often evaluated indirectly. The flux and pressure drop are mea-
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sured at a specific operation point, and the cake resistance is calculated
from the data. Similar methods are also applied for correlating empirical
measurements at different fluxes to the specific cake resistance [Fole2006].
This procedure delivers important process information for designing and
operating industrial filtration processes; however, it does not describe the
cake resistance mechanistically with discrete events [Bouh2019a]; [Grif2022].
A rather mechanistic analysis model for rigid particles is given by a modi-
fied Carman-Kozeny equation. It estimates the cake resistance by correlat-
ing the permeation velocity v of the fluid in a packed bed with the porosity

e [Rich2002]:

€3 Ap
qu-5§(1—5)2u-h (1.8)

where K is the Kozeny constant, S, the particle surface area per unit vol-
ume, and h the bed depth, i.e. the height of the cake in front of the mem-
brane. This equation can then be adapted to filtration processes to yield
the specific cake resistance o from equation [1.7][Fole2006]

2

o= %ﬁ)i) (1.9)
with p, being the density of the particles. This approach is valid for non-
compressible filter cakes, however, most applications of MF and UF re-
sult in soft compressible filter cakes, making empirical correction factors
for the Kozeny constant K necessary for a reasonable fitting [Fole2006].
For soft filtration systems, the packing density increases towards the mem-
brane which leads to a higher porosity at the bulk side compared to the
membrane-boundary [Fole2006].

The Hagen-Poiseuille equation, which is also considered in the Carman-
Kozeny equation, gives demonstrative assistance for understanding the
importance of compressibility in a filter cake. It correlates the pressure
loss Ap at a specific flowrate J in a capillary to its radius r and length L

10
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through [Oert2015]:
__ AP 4
J = 8 L r (1.10)

with n being the viscosity. The capillary radius r impacts the hydraulic re-
sistance to the power of four, being the crucial parameter for the hydraulic
resistance’s order of magnitude. The change of the effective capillary-
radius in a compressed filter cake was estimated in a geometrical model
by Linkhorst et al. He calculated the diameter of a pore in the void space
between 4 deformed, spherical colloids at constant colloid volume (isocho-

risity) in a crystal arrangement during compression by [Link2019]:

V3 T.a— 3. agy

Toore = (5 = 0.5) 6 (1.11)

IS

o=

while a is center colloid distance without deformation and a,.r the distance
during the deformation. Assuming a compression (a — aqer)/a of 5% results
in a void pore size reduction of 54%, leading to a 20 fold hydraulic resis-
tance based on the Karman-Cozeny equation. Even though this estimation
is very error-prone based on the geometrical isochoric deformation model,
it highlights the importance to account for particle deformation and particle
density gradients in a filter cake.

1.4 Visual filter cake analysis

Correlating the filter cake morphology to the permeation properties helps
validate and develop filtration models that transfer single-particle proper-
ties to the hydraulic resistances of a filter cake. However, the direct cor-
relation of the morphology to permeation properties is only reasonable us-
ing in-situ real-time monitoring. There are a variety of in-situ methods in-
cluding visual microscopic observation, light-based spectroscopy, acoustic
techniques, interferometry, magnetic resonance imaging, X-ray and neu-
tron imaging, vibrational spectroscopy, controlled current, and controlled
stress techniques, which are precisely summarized in a recent review arti-
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cle [Rudo2019]. However, either the gained information or the lowest reso-
lution of existing techniques does not allow precise statements about single
colloid behavior in filter cakes.

1.4.1 Confocal laser scanning microscopy:

Confocal laser scanning microscopy (CLSM) is a visual microscopic obser-
vation method capable of providing 3D microscopy data with sub-micron
resolution. The technology allows the individual detection of various fluo-
rescently labeled species in a multi-component sample by exciting the sam-
ple with different wavelength lasers and separately detecting the emissions
from several fluorescent dyes. A scanning laser provides high sub-micron
resolution in the field of view, and confocal optics make it possible to de-
crease the z-resolution down to 1 um. Moving the sample through the focal
plane enables the generation of 3D visualizations.

Applying CLSM for filtration monitoring enables the detection of particles
on the membrane surface during a filtration process (Figure [T.4p). Several
studies performed similar in-situ monitoring of particle deposition, including
the visualization of mono-disperse and bi-disperse particle accumulations
on different membrane surfaces [Ben 2014a]; [Ben 2014b]. Furthermore,
it is possible to distinguish surface fouling and in-pore fouling [Krom2006];
[Bran2007], and study particle deposition at varying salt concentrations and
pH in correlation to filtration resistances [Di2017]; [Di2018]. However, the
in-transparency of the accumulated particles limits the ability to in-depth
study real filter cakes.

Nevertheless, biological matter and hydrogels partially transmit light, mak-
ing an in-depth visualization of the deposited matter possible. Therefore,

such samples allow phenomenological statements of the filter cake compo-
sition at different depths [Beau2011]; [Bere2010] and make greater use of
the CLSM abilities. Incorporating fluorescent nano-particles in transparent
and soft alginate layers enables a micro-rheological analysis of the cake at
different depths. The rheological properties of the gel-layer are distinguised

by measuring the diffusive movements of the nano-particles in the alginate
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a) direct observation in b) microfluidic membrane
membrane modules mimicking devices

1 cLsM 1y Bright field
: : CLSM

Figure 1.4: Schematic field of view for the direct observation of flat sheet mem-
branes (a) and microfluidic membrane mimicking devices (b). Visual observation
of the membrane surface results in a top view, requiring 3D-CLSM to get depth in-
formation of the filter cake (a). Microfluidic membrane mimicking devices provide
a cross-sectional view of the filter cake and the pores allowing analysis of the filter
cake depth using bright field microscopy (b).

filter cake [Epst2021]. However, a detailed analysis of particle density gra-
dients and particle arrangements in a filter cake, which would be desired
to generate a particle-scale filter cake model, has not been demonstrated
in a filtration process yet. In addition, the non-transparency of the sample
and the limited focal distance affect the module design and hinder high-
resolution in-situ analysis.

1.4.2 Microfluidic analysis of filtration physics

Various methods for membrane integration in microfluidic channels allow
the integration of commercial membranes, the in-situ synthesis of mem-
branes in phase boundaries in microfluidic channels, and the creation of
porous structures retaining particles [Jong2006]. These membrane mim-
icking structures allow the in-chip filtration of soft particles and colloids,
creating densly packed assemblies, similar to filter cakes in membrane pro-
cesses. Thereby, a transparent glass slide represents one of the channel
walls and allows a direct cross-sectional view of the filter cake (Figure[1.4Db).
The main focus of microfluidic membrane mimicking studies is to observe
particle-particle and particle-surface interactions visually, transfer these phe-
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nomena to mathematical equations, and bridge the gap towards discrete
filtration processes [Bouh2020]. The clogging of single micro-pores for dif-
ferent particle and pore sizes was studied and resulted in diverse pore-
clogging phenomena, named sieving, bridging, and aggregation [Dres2016];
[Saur2014]: If the cross-section of the particle is larger than the pore, the
particle will get stuck in the pore entrance and block this pore for the follow-
ing particles similar to a sieving effect. Bridging happens at higher col-
loid concentrations, when several particles, which are significantly smaller

than the pore, bridge the pore by agglomerating and covering the pore
in a bridge-like structure. In aggregation, colloids aggregate at the inner
surface of a pore by surface interactions and potentially block a pore by
decreasing the diameter subsequently.

Particle-particle interactions were additionally modeled applying the DLVO-
theory [Peto2010], showing that the repulsive and attractive forces between
particles and walls have a significant influence on the aggregation and clog-

ging phenomena [Bacc2011]; [Send2016]. Additionally, the overall clogging
process depends on the pore geometry, and the particle compressibility
[Bouh2019a]. CFD-DEM models allow the incorporation of the fluid dynam-
ics into the clogging procedures of single pores and cleaning by
backflushing [Loha2020], however, are limited to short modeling times by
the computational effort. Models coupling discrete and continuum models
allow a discrete description of pore blocking events while reducing compu-
tational cost and making such models a promising alternative for realistic
time scales [Grif2022]. These varieties of studies offer first approaches to
describe and predict discrete particle behavior at an MF pore.

Another critical aspect of MF and UF processes is gel and cake layer
formation. Microfluidic model systems with membrane mimicking struc-
tures can visualize the cake layer’s cross-section. For example, Linkhorst
et al. applied CLSM to visualize single particles in a filter cake during
the cake’s permeation and showed the formation of highly ordered crys-
talline regions occurring within permeation procedures for soft microgels
[Link2016]. Additionally, the deformation of single microgels and the over-
all bulk have a strong influence on the assembly’s overall pressure drop
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[Link2019]; [John2021]. This soft-matter cake layer analysis adds another
missing piece to the complex filtration process puzzle. The transforma-
tion of the microfluidic observations towards filtration processes is still hin-

dered by the variety of phenomena occurring during filtration. These phe-
nomena include the complex morphology of real membranes, the particle
transport in bulk and at the boundary layer, and the mixture of real filtra-
tion solutions. Accordingly, model systems are promising for studying de-
fined parameters at high resolution, however, bridging this gap between
microscopic observations and filtration processes will only be possible in
combination with analysis methods being capable of studying real filtration
systems [Kerd2019]; [Desm2018]; [Jafa2019] and will continue pushing the
microscopic membrane community in the future years [Bouh2020].

1.5 Additive manufacturing boosting
membrane process analysis

Additive manufacturing - commonly known as 3D printing - is the fabrica-
tion process of three-dimensional (3D) objects from computer-aided design
(CAD) models. The object is typically formed by joining materials together
in a layer-by-layer fabrication process. On the one hand, additive manu-
facturing offers fabrication of customized structures of complex geometries
that are hardly producible by traditional manufacturing and, on the other
hand, allows a reduction of the fabrication time and costs in prototyping ap-
plications [Lee2016]. In membrane research, various additive manufactur-
ing technologies are applied for unraveling novel analysis methods driven
by the production of complex geometries and taking advantage of fast and
cheap prototyping.

Lab-scale filtration systems can be easily fabricated by 3D-printing cus-
tom holders, connections, and housings for the components using fused
filament fabrication (FFF). Additive manufactured membrane modules with
optimized geometries advance flow conditions and allow rapid analysis and
adaption of the module design [Ande2013]; [Bait2021]. Furthermore, 3D
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printed spacer geometries can serve as secondary flow promoting struc-
tures for various membrane configurations [Shri2008]; [Armb2018] and can
also be printed in metal, serving as an electrode in electrochemical reactors
[L6Is2017]. Structuring the membrane surface topology can also improve
the mass transfer in the membrane boundary layer. A polyjet and stere-
olithography (SLA) printed spinneret allows the fabrication of such helical
ridge on the membranes improving the mass transfer during UF applica-
tions [Tepp2022]. Printing membranes with single pores is hindered by the
resolution and the final sample size of existing 3D printers. However, high-

resolution direct laser writing allows the introduction of porous membrane-
like structures into microfluidic channels [John2021]. This technique can
also be applied to fabricate free-form molds for microfluidic chip fabrication
via soft lithography or creating microfluidic channels for filtration
analysis.

This thesis applies various additive manufacturing methods to create the
experimental environment for analyzing soft matter filter cakes. The ex-
perimental environment includes fabricating device components using FFF,
membrane modules using polyjet printing, microfluidic channels and any-
shape particles as filter particles using direct laser writing.

1.6 Scope of the thesis

The present thesis analyzes the process of filtering colloids and soft micro-
particles, focusing on the fundamental phenomenon occurring in the filter
cake. It bridges the gap between microfluidic soft colloid assemblies, fil-
ter cake physics, and lab-scale filtration processes by transferring micro-
scale particle interactions during cake compaction to dynamic cake-scale
movements and lab-scale filtration processes. Thereby, the chapters in this
thesis address the following research questions:

« Chapter [2: How does filter cake permeation affect the mobility of the
single particles in the assembly?

« Chapter [3 How does the shape and softness of particles influence
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5 lab scale
filtration device

/ \

cake
movements

any-shape
3 particle filtration

cake
2 compaction

Figure 1.5: Outline of the thesis

the filter cake morphology and its hydraulic resistance?

« Chapter [4 How do colloidal filter cakes behave during membrane
cleaning procedures including backflushing and cross-flow flushing?

« Chapter[5: Can soft colloids be purified by tangential flow filtration and
how could an automated lab scale device look like?

Chapter 2 presents a fundamental microfluidic experimental study ana-
lyzing filter cake compaction by visualizing single-particle movements oc-
curring in permeated filter cakes. The soft particles are fabricated by mi-
crofluidic emulsion polymerization, and their softness provokes rearrange-
ments of the filter cake during permeation. The experimental study is ad-
ditionally accompanied by CFD-DEM modeling approving the results on a
phenomenological level.

Chapter 3 tackles the question of how the particle shape influences the
cake morphology as well as the hydraulic resistance. The chapter presents
a continuous two-photon lithography fabrication method for microscopic
any-shape particles and studies the particles assemblies in a microfluidic
filtration device during permeation. The particle’s shape, size, and softness
correlate to the packing density and the hydraulic resistance.
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In chapter 4, colloidal fluorescent microgels are filtered in a flat sheet
membrane module, and their filter cake is visualized during filtration and
cleaning procedures. This study links microscopic cake morphology to fil-
tration process conditions. During cake removal by cross-flow flushing, a
longitudinal stripe pattern occurs on the filter cake boundary layer. This
instability is analyzed according to the flow conditions, and its accelerated
cake removal properties are investigated.

Chapter 5 presents a novel method for purifying precipitation polymer-
ized microgels by tangential-flow filtration. The proof of principle for the
purification task is given, and a detailed hardware description of an auto-
mated lab-scale filtration device for microgel purification applying low-cost
hemodialysis membrane modules is presented.

Chapter 6 summarizes the thesis and stimulates to interpret filter cakes
in a different context as porous and permeable soft scaffolds, e.g., in the
field of tissue engineering.

This thesis includes the results of the following student theses written
under the supervision of Arne Liken:

« Fabian Kools, 2018, Master thesis, Design of a versatile microfluidic
impedance device for organ-on-a-chip and filtration applications

» Laura Lippert, 2019, Bachelor thesis, Microgel filtration - Filtration
analysis and in situ visualization using microscopy

 Lucas Stlwe, 2019, Master thesis, Visualization of Microgel Filtration
using Particle Image Velocimetry (PlV)

» Robin Fréhlingsdorf, 2019, Bachelor thesis, Investigation and visuali-
sation of filter cake formation and removal in microgel filtration

« Max Friedl, Johannes Paduch, Project thesis, 2019, Purification of
microgel solutions via ultrafiltration

» Maike Bruckhaus, 2019, Master thesis, Development of an ultrafiltra-
tion device for microgel purification
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» Lukas Griesberg, 2021, Seminar Paper, Investigating soft matter foul-
ing effects using constant flux measurements and hydraulic impedance
spectroscopy

« Jesco Oelker, 2021, Master thesis, Continuous 2-photon production
and filtration of anisotropic particles
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Chapter 2. Permeation induced cake compaction phenomena

2.1 Introduction

Membrane filtration is a unit operation in chemical processes to efficiently
separate colloids from aqueous suspensions applied in, e.g., water treat-
ment, food processing, or bioprocessing. During filtration, the colloids ac-
cumulate on the feed side surface of the membrane in a cake layer. This
cake layer generates an additional resistance on top of the membrane’s

resistance and reduces the performance of the overall filtration process
[Raut2004]. To optimize filtration performance and predict cake proper-
ties, intrinsic knowledge of the phenomena occurring inside the cake on a
colloid-scale is essential.

During the filtration of biological suspensions, such as applied in food
processing or membrane bioreactors [Jorg2014], the filtered
matter is soft and deformable. In contrast to hard particle filtration, the soft
particle cake layer is compressible, such that the specific cake resistance
depends on the filtration time and the applied flux [Bell2020]. Additionally,
the soft cake layer is not packed uniformly but shows an increasing packing
density towards the membrane [Fole2006]. Accordingly, the specific cake
resistance increases over the filter cake thickness and reaches its maxi-
mum at the most compressed gel layer next to the membrane [Bake2004].
In soft matter microfiltration applications, this gel layer often dominates the
pressure loss of the overall process [Hwan2003]; [Hwan2009]; [Bouh2018].

For explaining gel layer formation, the general phenomena during com-

pression of a collection of soft colloids need to be considered. This com-
pression strongly depends on the local colloid concentration and can be
described in three stages. In the first stage, concentration is low, and sin-
gle colloids are separated from each other. The colloids behave like hard
spheres rearranging their position and filling up large voids in the cake
[Moha2014]. In the second stage, the concentration is higher. The col-
loids are in a fixed position inside the collection and start deforming and
narrowing the neighboring colloids’ voids. Many different physical phe-
nomena ranging from thermal agitation to compression and deformation

[Bouh2018]; [Link2019], as well as interpenetration and crystallization [Moha2017];
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depend on the particle’s softness and charge and influence
the cake’s morphology and the corresponding cake resistance [Lu2001Db];
[Lu2001a]. One phenomenon of this stage is that the packing’s morphol-
ogy and coordination depend on the previous filtration time and applied
force [Li2014]; [Oguz2012]. The particles stick in an amorphous geomet-
rical frustration, which can reach a higher packing density by mechanical
agitation induced rearrangement [Léva2018]. The particle interactions, as
well as their shape and size, significantly affect the rearrangement kinetics
and the resulting packing [Dull2006]. In the last stage, at very high com-
pression, the colloids form a homogeneous material without voids. The
packing still behaves compressible by water expulsion like a polymer gel
[Menu2012)].

Stage one and stage two networks occur in a filtration process during
cake formation, where fluid permeates the compressed filter cake and the

voids between the colloids. The void size mainly influences the cake-
specific fluid resistance, and the pressure loss correlates to the inverse
void-radius to the power of four (Hagen—Poiseuille). Subsequently, minor
void size changes induced by particle deformation and cake compression
affect the permeation characteristic tremendously [Hwan2010]; [Link2019];
[Di L2013]. The most compressed gel layer with the smallest voids next to
the membrane dominates the overall pressure loss [Fole2006]. This dense
gel layer might become a stage three network without voids when filter-
ing tiny and soft colloids at high compression or when particles break by
compression. In this case, the fluid needs to permeate through the com-

pressed colloid material, which has higher fluid resistances than the filter
cake’s porous structure. Thus, the gel layer permeation properties domi-
nate the overall cake resistance [Bacc2002].

The soft matter multi-stage cake behavior and the subsequent filtration
process is often inaccurately described by models, such as the conven-
tional cake filtration theory [Lu2001b]; [Hwan2003]. There exist a vari-

ety of empirical and semi-empirical models, which macroscopically de-
scribe softness and compression effects of the filter cake on the permeation

[Hwan2003]; [Meir2004]; [Bugg2012]; [Bouc2014]. These models are very
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valuable to describe and to design filtration processes. The interplay be-
tween the reversible / irreversible compression and hydrodynamic perme-
ation is determined by the micromechanics of the individual soft particles,
which is difficult to analyze with these macroscopic models. Therefore, the
evaluation of the micro-mechanics of the particles inside the filter cake is of
great interest. Simulation tools combining particle mechanics coupled with
fluid dynamics help to decode the complex reversible and irreversible com-
pression phenomena inside the filter cake of soft particles. These methods
potentially enable to connect the individual soft particles’ properties and the
empirical parameters which still remains unsolved.

Microfluidic filtration of colloids at porous structures have proven to be
a powerful tool for mimicking real filtration processes and visualizing cake
morphology on particle scale [Bouh2020]. Hard spherical colloids were
flushed through tight microfluidic pore-mimicking constrictions inside poly-
(dimethylsiloxane) (PDMS) channels, and the phenomena of particle ad-
hesion on the pore surface and the consequent pore-blocking were stud-
ied using visual methods [Bacc2011]. The pore geometry, as well as the
foulant and the fluid-properties, were studied. The studies reveal the impor-
tance and the influence of particle-particle and particle-wall interactions on
particle adsorption and pore-blocking [Send2016]; [van 2016]; [Loha2018].
In contrast to hard particles, soft particles can adapt to the pore geome-
tries by deformation and, therefore, show a smaller pore-blocking tendency
[Bouh2019a]; [Bouh2019b]. The microfluidic observation method was ap-
plied for pore phenomena and for studying the filter cake in a fouling layer.

Different studies investigate the influence of the cake morphology on per-

meation [Link2016]; [John2021], the deformation of single microgels during
cake compression [Link2019], and the relaxation and removal of filter cakes
by backflushing [Send2016]; [Loha2020]; [Luke2020]. These microfluidic
studies display the complexity of the phenomena influencing single parti-
cles’ behavior during micro-and ultrafiltration by studying single events dur-

ing pore blocking, cake formation, or cake compression. However, trans-
ferring single colloid phenomena to real membrane processes lacks the
description of how single colloid events, such as colloid deformation, affect
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the overall cake morphology and its properties.

This work studies the influence of single-particle movements on the cake
properties in microfluidic soft filter cakes. Hence, 27 um sized soft poly-
ethylene-glycol (PEG) microgels are filtered in front of porous microfluidic
structures. The impact of single-particle movements inside the filter cake
during filtration is analyzed by image analysis. Thus, this study differenti-
ates particle movements that induce avalanche-like v-shaped displacement
of a particle network inside the cake and minor movements of single parti-
cles not affecting the cake morphology. After cake buildup, the cake is com-
pressed by applying pressure stepping experiments, allowing the differen-
tiation of reversible and irreversible cake compression and the localization
of the spatial position of the two effects. Finally, the experimental findings
of irreversible compression are explained and confirmed using CFD-DEM
simulations.

2.2 Experimentals

Fabrication of the microfluidic chip Two different microfluidic chips were
fabricated using soft lithography replica molding. One chip was used for mi-
crogel synthesis using emulsion polymerization and one for the filtration ex-
periments. The positive master mold was 3D-constructed using Autodesk
Inventor and fabricated by two-photon dip-in direct laser writing following
the procedure described by Loelsberg et al. [L6ls2018]; [Blei2018]. After-
ward, PDMS (Sylgard 184, Farnell) was used to replicate the molds, holes

for tube connection were punched, and the chip was bonded to a micro-
scope slide with a thickness of 1 mm using oxygen plasma.

Microgel synthesis For the microfluidic filtration experiments, PEG micro-
gels are produced inside a microfluidic chip via emulsion polymerization
following the procedure as described elsewhere [Jans2017]. In short, the
microfluidic cross-junction chip has a height of 50 um and a nozzle width
of 20 um, such that droplets are formed one-by-one at the intersection of
two organic and one aqueous phase flow. Due to different manufacturing
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conditions, the droplet size varies slightly from batch to batch. The aque-
ous phase contains 10 wit% poly(ethylene glycol) diacrylate (MW 575 g/-
mol) and 0.5 wit% 2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone
(Ircagure) as radical photo-initiator. A 50:50 wt mixture of cyclohexane
and paraffin oil with 8 wt% SPANB8O0 is chosen as a continuous organic
phase. SPAN8O serves as surfactant and prevents agglomeration of formed
droplets. Before synthesis, both solutions are mixed separately for at least
10 min. Polymerization of the emulsion takes place in the outlet tube by
exposing the droplet-filled tube to UV-light for at least three minutes. The
droplet production rate is adjusted by using a constant pressure microflu-
idic pump system (Elveflow OB1 MK3). The microgel solution is purified
by centrifugation based solvent exchange from cyclohexane to isopropanol
and finally to distilled water. The microgels show an average diameter of
approx. 27 um with a standard deviation of 2.55 ym and a zeta potential of
-12.7 mV + 2.95 mV, measured with Zetasizer Ultra (Malvern Panalytical)
with a DTS1070 cuvette (Malvern). The slightly negative charge is caused
by the remaining acrylate groups in the polymeric network.

Filtration experiments The filtration channel is 800 um wide and has a
height of 150 um. 8 filtration blocks with a distance of 3 um in between
are placed inside the channel to withhold the microgels. Filtration experi-
ments are executed in dead-end mode using a microfluidic constant pres-
sure pump (Elveflow OB1 MK3) and an additional microfluidic pressure
sensor Elveflow MPS1 at the chip inlet. The experiments were executed
on a light microscope, and the images were analyzed using the imaging
software DaVis10 (LaVision GmbH). The channel is at first contacted with
water to ensure complete wetting. In a second step, microgels dispersed
in distilled water are added to the fluid flow to build a filter cake. The cake
buildup experiment (Fig. is conducted by applying constant pressure
of 50 mbar to the feed solution. For image analysis a time filter is used
to subtract from every image the average of the recent 3 frames for every
pixel. This results in highlighted areas illustrating movements in the filter
cake. These areas are manually identified and transferred to the graph in
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Fig. [2.7k.

The two compression experiments (Fig. [2.2c) are conducted by first
building up a filter cake using 17 mbar feed pressure for 13 minutes un-
til no flux is visible and no further incoming microgels build up the cake.
In this uncompressed state, pressure stepping is performed by increasing
and decreasing the pressure in 50 mbar steps.Subsequently, the previously
compressed cake undergoes another compression by repeating the com-
pression cycle, which resulted in the "compressed" curve in Fig. [2.2c. The
cake thickness is measured at a specific point in the middle of the channel
for every pressure state. Inflowing microgels by increased transmembrane
pressure and increasing cake thickness are neglected, as each pressure
step is executed in a short period of about 5 seconds. Image analysis for
generating the heat-maps (Fig. is conducted by using a time filter and
subtracting the intensity of each pixel from the state before and after com-
pression using the "Davis 10" software from LaVision GmbH.

CFD-DEM simulations The simulation framework CFDEM © is applied
in this study. CFDEM © combines computational fluid dynamics (Open-
FOAM ©) with discrete element method (LIGGGHTS ©) to describe particle
movement inside a fluid flow field [Goni2010]; [Klos2012]. In the CFD-DEM
approach, individual particle trajectories are determined by a force and mo-

mentum balance. The particle motion is coupled with the fluid profile by a
momentum exchange enabling two-way coupling between fluid and particle
[Zhu2007]; [Noro2016]. The continuity equation and the volume-averaged
Navier-Stokes equation is used to calculate the fluid flow field in the CFD-
part. Detailed information about the CFD-DEM coupling algorithm is pro-
vided in the supplementary part.

2.3 Results and Discussion

Soft PEG microgels with a diameter of approx. 27 um are fabricated by
microfluidic emulsion polymerization and are filtrated inside a microfluidic
PDMS filtration channel using a porous filter structure. The filter structure
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in the channel consists of several filtration blocks with a trapezoidal cross-
section as indicated in Fig. 2.7p, ¢, and d. The 3 um gaps between the
filtration blocks allow an entire rejection of the microgels. The channel’s
height of 150 um permit more than eight microgel layers to fit in the filter
cake on top of each other.

2.3.1 Cake mobility during buildup

This study investigates the mobility of microgels in a filter cake during fil-
ter cake formation at constant pressure. Therefore, microgels are filtrated
for about 23 min and the cake growth is visualized (Fig. [2.1j). Inside the
cake, the microgels change their initial position to fill the voids in the ar-
rangement. The cake formation video is evaluated applying a time filter to
improve the visualization of particle movement in the filter cake. The time
filter subtracts the average of the previous three frames from each frame.
The results is a mostly dark video. Areas without brightness change over
the previous three images remain dark, whereas areas in which the pixel
information change over the previous three images appear bright. Hence,
bright areas highlight particle movements in the bulk and in the filter cake.
Moving particles in the bulk change their position over the previous frames
and appear as trajectories. One-time movements in the filter cake appear
as bright spots. Fig. [2.7p and c showcase two selected frames of the
edited video revealing two different phenomenological types of morphology
change.

The first type of change describes an avalanche-like displacement of par-
ticle networks over the whole filter cake. This type is characterized by a
v-shaped geometry ranging from a single microgel on the right side to the
cake surface on the left side of the image. These network movements are
induced by a single microgel movement on the right side in the filter cake,
which causes the following layers to rearrange (see Fig. [2.1p). The second
type of morphology change is the single-particle movement, where only
one microgel modifies its position in the particle arrangement. In contrast
to the first type, no avalanche-like rearrangement follows, and neighbor-
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ing microgels remain at their initial position (see Fig. [2.1k). Both types of
morphology change are illustrated in Fig. [2.71.
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Figure 2.1: Evolution of a filter cake of 27 um sized PEG microgels inside a mi-
crofluidic PDMS channel during constant pressure filtration. The lines in (a) in-
dicate the cake surface at the respective time. Visualization of the local cake
movements by microgel rearrangement with avalanche-like network movements
(b), and single-particle movements (c). The filter cake surface at that respective
time is overlaid as a blue line and the porous filtration structure is overlaid in white
for better orientation. lllustration of the two types of rearrangement occurring in
the filter cake (d). Position of the rearrangements (blue dots) in the filter cake at
the respective filtration time and the filter cake thickness (black squares) (e).

In Fig. the particle movements are extracted of the cake build-up
video, analyzed in terms of their distance to the membrane, and differ-
entiated in terms of the above-mentioned avalanche-like movements and
single-particle movements. The dashed line shows the continuous filter
cake growth over time. Wall effects and non-uniform cake thicknesses are

29




Chapter 2. Permeation induced cake compaction phenomena

excluded by omitting the particle movements in the upper 300 and lower
100 pixels of the images, such as indicated in the grayed areas in Fig.
and d. Movements close to the cake surface during the initial attachment
of incoming microgels also appear bright (compare to Fig. next to the
cake boundary line). As those microgels have fewer neighbors and higher
freedom of movement, rearrangement in this region is observed with each
inflowing microgel. However, these movements do not play a decisive role
in the filter cake’s morphology and are therefore also omitted. Hence, Fig.
shows a white gap between the filter cake surface and the defect po-
sitions.

At the beginning of the experiment, during the first 10 minutes, the sys-
tem represents a homogeneous state. Rearrangements are initiated by
flow-induced mechanical agitation, such that single-particle and avalanche-
like network movements are both occurring and evenly spread over the
whole filter cake. Several events cluster simultaneously in a short time,
suggesting that rearranged microgels open novel voids subsequently filled
by the following microgels. With ongoing filtration time, the defect posi-
tions shift towards the cake surface, as seen in the grayed region 1 of
Fig. [2.1. This shift indicates that the total number of rearrangements in
a layer is limited. Each rearrangement increases packing density towards
the membrane, reducing remaining voids and further rearrangements be-
come unlikely. Region 2 shows a decreased probability of avalanche-like
network movements. The packing density is already on a high level, and
load-bearing microgels have found their stable position, such that only local
single-particle movement of non-loaded microgels occurs.

2.3.2 Cake mobility during compression and relaxation

The compression behavior of the filter cake is investigated by performing a
pressure stepping experiment. The buildup has been executed by applying
constant pressure before. For pressure stepping, the pressure is raised
three times by 50 mbar and then lowered again three times as illustrated
in Fig. [2.2a. This procedure is repeated twice, enabling a differentiation
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between uncompressed (Fig. [2.2b) and compressed initial state. To further
analyze the cake behavior at elevated pressures, the filter cake thickness
change, relative to the initial position 1, (h; — h;)/h1, is measured for each
pressure step (Fig. [2.2c). In the uncompressed state, the relaxation does
not follow the compression, while in the compressed state, the relaxation
follows the compression.

Compared to the results from cake mobility during the buildup, two par-
allel phenomena occur in this experiment; irreversible rearrangement and
elastic compression. The flow-induced rearrangement changes the internal
morphology towards an increased order and higher packing density with-
out reversing during relaxation. The elastic compression deforms the soft
microgels and reverses during compression. Accordingly, in the initial com-
pression, the filter cake rearrangement dominates step 1 to step 3, while
all other steps and the second cycle mainly show elastic deformation. This
result underlines the importance of a soft filter cake’s compression history
and its decisive influence on its morphology and cake properties.
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Figure 2.2: Cake thickness during pressure stepping experiment. Experimen-
tal procedure of the applied transmembrane pressure (TMP) steps (a). Light mi-
croscopy image of the microfluidic membrane channel and the filter cake during
pressure step 1 (b). Cake compression relative to the initial thickness % of an
uncompressed and a previously compressed filter cake during pressure stepping
experiments (c).

The images of the seven compression states are analyzed in the pre-
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viously uncompressed cycle by generating spatial descriptive heat maps,
displaying the movements inside the cake (Fig. [2.3). Therefore, the image
of a specific compression level is subtracted from the previous compres-
sion level (Fig2.3@, b), so that bright areas in the image highlight the re-
gions with the morphological change, while dark regions are unaffected by
the compression and relaxation. Additionally, these cake movements are
plotted by accumulating the heat map average pixel counts (Fig. [2.3c). Ac-
cordingly, the Figure shows the brightness in different x-slices in the cake,
representing the mobility at that specific position.

The heat map of the first compression c1 is brightest with two peaks at
the filter structure (0 < d,,, < 200) and the filter cake surface (750 < d,, < 1000).
At the peak at the membrane structure, the particles rearrange severely by
filling up voids. This rearrangement leads to a large change in the total fil-
ter cake thickness, as shown in Fig. [2.2c, step 1-2. These movements are
transferred to the following layers, such that the overall brightness is high.
The brightness peak at the cake surface is due to a reordering of a very
loosely packed layer in front of the cake, which emerged during the initial
cake built up at low pressure. In the following compression curves (c2 and
c3), the near-membrane peak moves towards the cake center, decreasing
the overall brightness. This brightness decrease indicates that rearrange-
ment is reduced and that it mainly occurs distant from the membrane.

During relaxation (r1, r2, and r3) only elastic deformation occurs, such
that the heat maps are generally darker. However, the last relaxation step
shows a higher movement in all layers compared to the two recent steps.
This brightness difference nicely confirms the findings from Fig. where
the compression gradient between step 6-7 is more extensive than between
step 4-5 and step 5-6.

This analysis confirms the findings from Fig. [2.2] that the cake movement
during compression is more prominent than during relaxation. Addition-
ally, it shows that the rearrangement begins at the membrane surface and
evolves towards the center of the cake. The layers close to the membrane
experience the highest compression, such that they reach the state of ge-
ometrical frustration with exclusive elastic deformation. Further pressure
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increase enlarges the mechanical agitation and the driving force of parti-
cles towards the membrane, such that the layers distant to the membrane
also rearrange towards the frustrated state. In relaxation, the frustrated
state remains, while the microgels reform elastically towards a sphere.
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Figure 2.3: Spacial resolution of the pressure stepping cake mobility. Compres-
sion (a) and relaxation (b) heat maps revealing cake movements during the pres-
sure stepping experiment from Fig. uncompressed. Heat map comparison
illustrating spacial resolution of cake movements at different compression and re-
laxation steps (c).

CFD-DEM modeling

The microfluidic experiments were accompanied by coupled CFD-DEM sim-
ulations investigating the filtration and the compaction of soft particles. De-
tails about the simulation method and conditions are described in the sup-
plementary part. The simulations were performed in a two-step process.
First, soft particles are filtered with a constant transmembrane pressure
(TMP) of 17 mbar on a particle-impermeable membrane. In the simula-
tions, the particle’s softness is reflected in a low Young’s modulus of 50 kPa,
which is adapted from values that can be found in literature for PEG-DA
based hydrogels [Peyt2006]; [Herr2013]; [Anse2015]; [Teme2002]. The
softness enables the particles to interpenetrate partly.

A hydrodynamic resistance is integrated into the simulation’s CFD part,
resulting in a pressure loss in the porous filter cake structure at permeation.
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The particles build up a filter cake with a height of roughly 250 um. The
resulting filter cake is shown in Fig. [2.4a. The filter cake exhibits two
important characteristics of a soft filter cake: cake compaction accompa-
nied by increased coordination closer to the membrane. Fig. (pre-
compression) highlights the compaction behavior of the filter cake. The
average penetration depth is chosen as a measure for compaction of the
filter cake. Since the pressure on the particles raises closer to the mem-
brane, the penetration depth increases. Besides the compaction, the av-
erage coordination number increases towards the membrane indicating a
more ordered morphology until the coordination number drops off for steric
reasons at the membrane boundary.

After filtration, the filter cake is briefly compressed with a higher TMP of
175 mbar. The higher TMP causes the filter cake to compact drastically,
as shown in Fig. [2.4] The cake height roughly reduces to half. After com-
paction, the filter cake is relaxed again to the TMP of 17 mbar. Back to
post-compression steady state, the average penetration depth is increased
compared to the pre-compression steady-state, highlighting the filter cake’s
irreversible behavior. Further minor changes in the average coordination
can be detected. The irreversible compaction shows similarities with the
pressure stepping experiments presented in Fig. [2.2k. In both, the simula-
tion and the experiment, the cake remains more compacted after the com-
pacting step. However, the increased compaction is not as pronounced in
the simulation, perhaps due to the simulation domain’s limited size. The
avalanche-like, funnel-shaped changes in the filter cake seen in the exper-
iment are restricted to the simulation domain’s limited size. Larger simula-
tion domains would be necessary, but the simulation effort is currently still
too high.
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Figure 2.4: CFD-DEM modeling of cake compression with the visualization of the
three conditions (a,b,c). The average penetration depth (d) and the average co-
ordination number (e) of the particles is compared for the pre-compression (grey
circles) and the post-compression (black squares) condition.

2.4 Conclusion and Outlook

This study analyzes the movements of soft microgels inside microfluidic fil-
ter cakes. First, soft spherical PEG microgels are fabricated by emulsion
polymerization. These particles are then filtrated in microfluidic channels
at a porous structure, so that the microgels are fully retained and form a
porous filter cake. The evolving filter cakes shows single-particle move-
ments inside the assembly during constant pressure cake buildup, which
can be classified according to their influence on the overall cake morphol-
ogy. After rearrangements of single particles or whole particle networks in
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the filter cake, the deeper layers come to rest, forming a stable set of geo-
metrically frustrated layers. The filter cake stabilizes gradually towards the
cake center, starting with the layers close to the membrane.

Additionally, this study analyzes the filter cake’s compression and relax-
ation and divided the deformation behavior between a rearranging and an
elastic fraction. In the rearranging fraction of the compression, the single
microgels fill up voids between other microgels and change their morpho-
logical position in the filter cake. In the elastic fraction, the microgels deform
while staying in their same morphological position. At the very first com-
pression of a filter cake both, rearranging and elastic deformation can be
found. In contrast, during relaxation and repeated compression, the filter
cake only deforms elastically. Furthermore this study analyzes the spatial
resolution where the compression and relaxation occurs. It can be con-
cluded that rearranging compression develops from the near-membrane
layers towards the center of the cake, confirming process-known gel layer
formation at the membrane boundary. Finally, CFD-DEM modeling con-
firms the experimental findings of a combined reversible and non-reversible
compression. The results reveals different average penetration depths and
coordination numbers before and after a compression step. The presented
simulations are a first step to evaluate the microscopic dynamics of soft fil-
ter cakes by single particle modeling. This first phenomenological analysis
neglects the influence of the surface charge, since the particle’s charge of
-12.7 mV is minor. For future studies, it would be of great interest to refine
the model in terms of the influence of surface charge and its interactions
on the soft filter cake mobility. Additionally, a more detailed description
of the mechanical properties [Berg2018al; [Gnan2019] of the particles, in-
cluding an experimental measurement of the elastic properties [Lu2001al;
[Liet2011]; [Hash2009]; [Sier2011]; [Wyss2010] would be desirable.

This study relates single microgel properties to the overall filter cake be-
havior and gives insights into the events occurring during soft matter filtra-

tion inside a filter cake. It underlines the importance of the compression
history related to the morphological properties of a soft filter cake and the
gel-layer formation process. Additionally, the findings might be used to eval-
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uating soft filter cake models. In the future, further experiments, including
flux measurements, might link the here presented cake morphology to the
permeation resistance and allow predictions of the impact for real filtration
processes.

37






3 Filter cakes and assemblies
made from any-shape
micro-particles

Parts of this chapter have been published as:
Arne Liken, Lucas Stlwe, Sebastian Bernhard Rauer, Jesco Oelker, John
Linkhorst, Matthias Wessling

Fabrication, flow assembly, and permeation of microscopic any-shape par-
ticles, SMALL 18.15, 2022, 2107508
DOI: https://doi.org/10.1002/smll.202107508

continuous two-photon hydraulic

39



Chapter 3. Filter cakes and assemblies made from any-shape micro-particles

3.1 Introduction

Filtration of particles in MF results in cake layer formation, which is being
permeated during the filtration process. Modeling and predicting filter cake
permeation is to date based on the the Karman-Kozeny equation, estimat-
ing a porous assembly of rigid spheres (see Section([1.3.4). This
chapter analyzes the assembly and the permeation of differently shaped
particles as filter cake. This topic is hardly considered in the field of mem-
brane research, though, it is well studied for larger scale non-isotropic par-
ticles as filling in biochemical reactors. Therefore, this chapter gives an
introduction to the assembly and permeation of non-isotropic particle as-
semblies in bioreactors.

Surface active bioreactors tailor biomanufacturing processes by immo-
bilizing enzymes, cells or microorganisms on the surface of the reactor
filling. Additionally, they serve as a scalable technology, transferring batch
towards continuous processes [Kiss2018]. The biochemical reaction is per-
formed in living cells on the surface or catalyzed by the immobilized en-
zyme on the surface, making the surface to volume ratio the main factor af-
fecting the process efficiency [Anto2012]. Hollow fiber membrane bioreac-
tors [Pire1990]; [Eghb2016] and packed-bed bioreactors both
show high surface to volume ratios and are therefore the two established
reactor types in industrial processes. Tuning the properties of the particles
used in packed-bed reactors as filling defines the desired reactor charac-
teristics. These particles’ properties range from the material with a specific
surface charge, softness, or rigidity to the macroscopic structure with par-
ticular particle size, shape, and desired surface roughness. The particles’
properties affect the biological environment, including the adhesion and
development of cells, and the engineering performance indicators, such as

the hydraulic resistance, the packing density, and the surface to volume ra-
tio. E.g., the particle softness affects the cells adhesion as well
as the flow-dependent compressibility of the packed bed, which increases
the pressure loss, just as filter cake permeation during MF.

The influence of particle shape on pressure drop, permeability, and ac-
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tive catalyst surface is also applied on a larger scale at fixed bed reac-
tors for particle sizes of several centimeters. By tailoring particle shapes,
from spherical to cylindrical, tubular or more complex-shaped particles, the
hydrodynamic pressure drop and the active surface area are tailored for
the specific application in experiments as well as in simulation
[Flai2019]. Such irregular assemblies of porous any-shape particles are
a promising alternative to applications of periodic open cellular structures
(POCS) as a fixed bed. The POCS geometry allows predicting and tailoring

of the hydrodynamic properties, including the pressure drop [Klum2014];

[Lamm2018]. However, tailoring any-shape particle assemblies’ poros-
ity and pressure drop holds great benefits regarding automated fabrica-

tion, process adjustment, and installation. For bioprocessing and tissue
engineering applications, double-digit micrometer-sized particles enhance
the surface-to-volume ratio and allow cells to interact with the geometrical
structures of similar-sized obstacles. Several fabrication techniques are ap-
plied in research to fabricate such complex-shape micro-particles and can
be structured in batch fabrication, horizontal-flow lithography and vertical-
flow lithography. Batch fabrication includes molding techniques for rods
[Roll2005]; [Rose2017] and 3D printing of complex 3D particles on a static
substrate using 2-photon polymerization [Dohe2020]. These batch tech-
niques are not suited for continuous fabrication and are therefore hardly
up-scalable.

Microfluidic horizontal-flow lithography enables the fabrication of aniso-
metric particles by exposing light perpendicularly into a photoresin-filled
channel. For example, rod-shaped particles can be fabricated by centering
the photo resin by a jet and pulsating a spotlight source [Kriig2019]. More
complex 2.5D particles can be fabricated by projecting photo-masked--
shaped parallel light into a channel, which is filled with the liquid photo-resin
so that particles are formed in the shape of the light beam, and the height
of the channel [Dend2006]. This technique is applied for various materi-
als and flow interruption during particle formation improves its

resolution [Dend2007]. In addition, high-resolution 2-photon polymeriza-
tion can be applied in a horizontal flow for the fabrication of 3D particles by
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correcting the laser pathway in flow-direction depending on the print-time
[Shaw2018].

Rotating the illumination direction parallel to the fluid flow results in ver-
tical flow lithography, which was implemented with a stop-flow set-up using
UV-projection [Haba2015]. However, high-resolution in-flow printing is only
possible by moving the polymerization level away from the channel walls
inside the center of the laminar flow profile. Lélsberg et al. suggested this
technique by applying two-photon polymerization in the vertical flow and
fabricating high-resolution micro-tubular structures with sub-micron-sized
porosities [L6Is2019].

In today’s state-of-the-art particle fabrication technologies, the production
of any-shape particles in a reasonable size range is hindered regarding 3D
complexity, resolution, and throughput. Therefore, the analysis of hydro-
dynamic properties of rigid and soft micro-particle packings in model filter
cakes, as well as in other applications, such as packings in bio-reactors
or scaffolds in tissue engineering is to date limited to spherical particles
[Link2016]; [Link2019]; [Bouh2017].

This study applies the vertical flow two-photon lithography (VFL) technol-
ogy in a continuous process for fabricating complex 3D shaped
particles from rigid and soft materials for tissue engineering applications.

By printing specific amounts of particles into microfluidic channels, this
study combines the knowledge of the particle amount with visual observa-
tions and hydrodynamic resistance data. Accordingly, this study tailors the
hydrodynamic properties, the packing density, and the compressibility of
packed bed filter cakes, by engineering the single particle’s 3D shape. For
the application as scaffold, first cell culture results disclose bio-compatibility
and a manifold interaction of cells with the particles.

3.2 Experimentals

Microfluidic device fabrication The microfluidic channels for vertical flow
lithography fabrication as well as the hydrodynamic analyses were both fab-
ricated as described by Ldlsberg et al. [L6Is2018]. A negative structure of
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the channel is printed onto a glass substrate (Carl Roth, 25 x 57 x 1 mm)
using two-photon direct laser writing (Nanoscribe GmbH, Photonic Profes-
sional GT2) and fully polymerized using an ultraviolet light source (302 nm,
8 W). The structure is afterward molded using PDMS elastomer (Dow, Syl-
gardTM184 Silicone Elastomer Kit) and holes are punched (Rapid-Core
1.2 mm) into the PDMS mold for tubing connection. After cleaning by ul-
trasonication in isopropanol (Carl Roth, 99.5 %) the mold is bonded to a
170 um thick microscopy cover slide applying an absolute oxygen pressure
of 0.3 mbar at 60 W for 30 s (Diener, Zepto model 3 Plasma System).

Continuous vertical flow direct laser writing The continuous vertical
flow channel and process was adapted from Lolsberg et al. [L6Is2019]. The
printing files were prepared by first constructing a 3D object of the particle
(Autodesk, Inventor 2021), slicing the stl design using the Describe soft-
ware (Nanoscribe, Describe 2.5.5) (solid, slicing 0.6 um, hatching 0.3 um),
and subsequently processing the gwl file for VFL using a phyton script,
which performs two processing steps (supplementary file S1). First, the
script removes all z-movements from the gwl file because the moving fluid
performs the z displacement. Second, it adjusts the print-time of each layer
to the same value by adding wait commands for each printing layer. Else-
wise, small cross-section layers with short print times would reduce the
z-height compared to large cross-section layers. The liquid resin is flushed
into the channel using a syringe pump (Harvard Apparatus, PHD ULTRA)
and a syringe (SGE Gas Tight, 2.5ml) with a flowrate of 17 pl/h. The syringe
is connected to the microfluidic chip using FEP tubing (Darwin Microfluidics,
OD: 1/16" ID: 1/32"). The outlet tubing (Smiths Medical, fine bore poly-
thene, OD: 1.09 mm, ID: 0.38 mm) transfers the liquid resin and solidified
particles into a 1.5 ml tube (Eppendorf, 1.5ml). The particles are printed
alternating at two positions with a particle distance of 20 um, ensuring that
particles do not attach to each other (Supplementary Video S2). The har-
vested sample is developed and separated from the liquid resist by dilution,
centrifugation, and subsequently pipetting the supernatant. This procedure
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was repeated three times using 1-Methoxy-2-propyl-acetat (Sigma Aldrich,
99%) (10.000/s, 10 min) and six times using Isopropanol (Sigma Aldrich,
99%) (5.000/s, 5 min).

In-channel particle fabrication The hydraulic resistances of the assem-
blies were measured by printing the particles inside a microchannel inside
the analysis domain with two filter structures having a size of H/W/L of
100/300/3000 um (see Figure [3.2). The microfluidic PDMS channel was
manually filled with the photoresist (IP L or IP PDMS, Nanoscribe GmbH)
using a syringe and then placed in the two-photon printer (Nanoscribe
GmbH, Photonic Professional GT2) in oil-immersion mode using a 25x ob-
jective. The resist was given 30 minutes to rest to avoid currents caused
by the filling. The particles were sliced using the Describe software (solid,
slicing 0.6 um, hatching 0.3 um) and printed (scan speed 60000 um/s, laser
power 36%, z-direction downwards) as an array with a distance of 25 pm
away from the membrane structure (Figure [3.2). (supplementary Video S3)
The filtration experiments were prepared by removing the liquid photoresist
by flushing solvent through the channel using a constant pressure pump
(Elveflow, OB1 Mk3+). First, tubing and channels were filled with the new
solvent by flushing from inlet 1 to outlet 1 and inlet 2 to outlet 2. Afterward,
both outlets were closed, and the solvent was flushed from inlet 1 to inlet 2.
The rigid IP L particles were developed using first Acetonitrile and afterward
Isopropanol as filtration fluid. The soft IP PDMS particles were developed
using ethanol as a developer and as a working fluid. The Young’s Modulus
of the materials was taken from the material’s datasheet.

Hydrodynamic filtration experiments A reservoir containing the work-
ing fluid was connected to the constant pressure pump. In between the
reservoir and the microfluidic chip two flow sensors (Bronkhorst Coriolis
Flow Rate Sensor, Elveflow, Microfluidic Flow Rate Sensor MFS2, Elve-
flow) and a pressure sensor (Microfluidic Pressure Sensor MPS1, Elve-
flow) were installed and connected via FEP tubing. All flow data presented
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in this study were measured using the MFS2 sensor. The outlet channel
of the chip was connected to a waste reservoir. During filtration experi-
ments, the filter cake was situated on an optical light microscope (Leica
DM IL LED, 10 x objective) and recorded using Basler Video Recording
Software. The filtration experiments were conducted immediately after the
development using IPA (IP L) and ethanol (IP PDMS) as the working fluids.
For this purpose, the two outlets were closed, and the pressure was set
to 50 mbar. After particles accumulation at the filter structure, the pres-
sure controller was increased to 200 mbar, resulting in a TMP of approx.
150 mbar and reduced step-wise in 30 mbar steps. This procedure is here
defined as one filtration cycle. After each filtration cycle, the filter cake was
backflushed and sonicated for 5 min (EImasonic xtra TT) to re-disperse the
particles. The filtration cycle was repeated three times for each experiment.
The pressure and flow data for each pressure step were obtained by tak-
ing the average from the last 10 seconds corresponding to 19 data points.
Additionally, a corresponding image was taken from the filter cake.

Particle volume fraction The particle volume fraction was calculated
with

¢p _ Vp,total (31)

where ¢, is the particle volume fraction at the highest pressure step, V,, ;otal
the total volume of all particles in the cake, Arc the x/y area of the filter cake,
and h. the height of the channel (100 um). A was manually measured for
all filtration experiments from microscopic images of the respective first fil-
tration cycle at the highest pressure step using Imaged. The total particle
volume of the spheres with holes was calculated without considering the
holes.

Cell culture The interaction of particles with L929 mouse fibroblast cells
was investigated in self built PDMS wells. PDMS and crosslinker (Dow, Syl-
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gardTM184 Silicone Elastomer Kit) were poured in a petri dish in a ratio of
10:1 and were cured at 60°C overnight. Subsequently, a PDMS slab was
cut out from the petri dish, and wells were integrated using a 4 mm biopsy
puncher (EMS, Rapid-Core 4.00 mm). The PDMS slab was then plasma
bonded to a microscopy cover slide applying an absolute oxygen pressure
of 0.3 mbar at 60 W for 30 s (Diener, Zepto model 3 Plasma System). Fi-
nally, the PDMS wellplate was sterilized at 121°C for 20 min (SystecTM
VX-95). 20 um sized spherical particles with 8 um holes were printed using
continuous vertical flow direct laser writing using biocompatible IP-VISIO
resist (Nanoscribe GmbH & Co. KG). The low auto-fluorescence of the
IP-VISIO resist is advantageous for laser-based imaging applications. Par-
ticles suspended in isopropanol (Sigma Aldrich, 99%) were added to the
wells and the isopropanol was evaporated at room temperature under ster-
ile conditions. Subsequently, the wellplates were washed multiple times
with sterile MilliQ water. Finally, they were incubated over night in Roswell
Park Memorial Institute (RPMI) 1640 medium (4500 mg L-1 glucose, L-
glutamine, sodium pyruvate, sodium bicarbonate) supplemented with 10%
v/v fetal bovine serum (FBS) and 1% v/v penicillin streptomycin. Cells were
seeded at a concentration of 10 000 cells per well. After four days of cul-
tivation, the cells were fixed in 4% v/v paraformaldehyde (PFA) for 15 min,
permeabilized in a 0.1% v/v Triton X-100 solution for 15 mins and rinsed
thoroughly in phosphate-buffered saline (PBS 1x). For the analysis of cell-
particle interactions, the cells were stained for nuclei and F-actin by ex-
posing the specimen to DAPI solution (Abcam, United Kingdom) for 5 min
and Phalloidin-iFluor 488 reagent (Abcam, United Kingdom) for 120 min.
Finally, the samples were imaged using a TCS SP8 Falcon confocal micro-
scope (Leica, Germany).

46



3.3. Results and Discussion

3.3 Results and Discussion

3.3.1 Continuous vertical flow any-shape particle
fabrication

3D any-shaped particles with 20 um diameter are synthesized continuously
using a vertical flow lithography process. The channel design of Lélsberg
et al. enables 3D any-shape particle synthesis by moving a
2-photon laser in a single xy-plane while the flow transports the printed xy-
slice continuously in the z-direction (Figure [3.1ja, b). The print time of each
xy-slice is adapted to the flow rate by adding a wait command depending on
the trajectory length of the laser path using a phyton script (supplementary
Figure S1). This script additionally removes all z-movement commands
from the print file, so that Nanoscribe’s "Describe" software can be used to
slice complex geometries.

The printing layer inside the outlet channel is located 200 um above the
glass slide and is limited by the objective’s focal distance. The channel de-
sign promotes a laminar flow profile with parallel streamlines at the printing
level. However, the particles’ shape unravels a non-uniform flow depending
on the print position. Cubes were printed in the centered symmetry axes of
the outlet channel (r=0 um),as well as at two positions further dis-centered
from the symmetry axes at a radial distance of 82 ym and 165 pm. The par-
ticles were subsequently analyzed according to their height-to-width ratio
as well as their shear angle o (Figure 3.1, e). Particles printed in the cen-
ter of the channel show the desired height-to-width ratio and shear angle o
of 90°, while the dis-centered particles show undesired geometry (Figure
3.1} d1, d2, d3). The shifted shear angle « can be correlated to non-parallel
streamlines in the print layer as a result of an undeveloped laminar flow pro-
file and suits well to CFD simulations (Figure [3.1d). The increased height-
to-width ratio of the particles printed at a radius of 82 um is also a result of
the undeveloped laminar flow profile with a ring-shaped velocity profile at
the beginning of the outlet channel. The CFD simulations phenomenologi-
cally confirm the ring-shaped profile at the print position (Figure [3.1d). Still,
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Figure 3.1: Continuous vertical flow lithography particle synthesis. (a) Visual rep-
resentation of the fabrication process. (b) Micrograph of the fabrication process
with two particles printed subsequently after each other. (c) Comparison of the
fabrication velocity of vertical flow two-photon lithography (VFL) with traditional 2-
photon lithography. (d) Cross-section of a 3D CFD simulation of the flow field and
micrographs of the particles, depending on the print position (d1 at r=0 um, d2 at
r=82 um, d3 at r=165 um). (e) Analysis of the particles’ shape at different print
positions.
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the relative flow velocities at the three printing positions do not match the
measured particle height-to-width ratio. Hence, a precise height-to-width
ratio was achieved using an iterative fabrication process with subsequent
size analysis using a microscope.

Finally, this study evaluates the fabrication velocity of the VFL in com-
parison to traditional two-photon direct laser writing on a substrate. The
particles in VFL were printed one after each other at two offset positions
(Figure [3.1p) with an x/y-distance of 20 pm to prevent the particles from
adhering. Thus, the particles could be printed directly in succession with-
out waiting times between two particles. Additionally, the VFL does not
perform z-movements between the printed layers, so that the printing time
per single particle also decreases. Both effects result in an accelerated
fabrication velocity of VFL (Figure [3.1k) in comparison to two-photon direct
laser writing on a substrate. The absolute speeds depend on the particle’s
size, its uniformity, and the overall printed volume.

Using VFL, 3D particles were fabricated continuously by printing for 72 h
resulting in more than 150 000 particles. This proof of principle showcases
the potential of the automated, continuous, and scalable particle fabrica-
tion technology towards a high throughput production of 3D structures and
discloses micron-sized any-shape structures to the next level of potential
applications.

3.3.2 Permeation of any-shape particle tissues
Microfluidic encapsulation of any-shape particles

This study analyzes the hydrodynamic permeation properties of any-shape
particle assemblies by encapsulating free-flowing 3D particles inside a mi-
crofluidic channel. Filter structures at the inlet and outlet withhold the par-
ticles in the observation and analysis domain (Figure [3.2c). The particles
were fabricated directly inside the analysis domain by two-photon printing
in a steady standing fluid (Figure [3.2b), enabling precise control of particle
material, size, shape and amount. After the printing process, the remain-
ing liquid resin was removed by flushing developer solvent and afterward
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Figure 3.2: Direct 3D particle in-channel fabrication by two-photon printing of any-
shape particles (a) in a non-moving fluid (b). The channel design encapsulates
the any-shape particles by two filter structures at the inlet and outlet (c).

filtration fluid through the whole channel system (see methods for details).
For analyzing the particles’ influence on the hydraulic resistance of an as-
sembly, three different particle shapes were chosen: Spheres (d=20 um),
porous spheres with 8 um holes along all axis (d=20 um), and P-Schwarz
Triple Periodic Minimal Surface (TPMS) unit cells (d=20 pm) (Figure [3.2j).
Additionally, polydisperse particles with a pyramid-distributed size range
from 10 um to 30 um were filtrated (details in supplementary Figure S4).
The particle’s softness was modified by applying a rigid material with a
Young’s Modulus of 4730 MPa (IP-L) and a soft material with a Young’s
Modulus of 15.3 MPa (IP-PDMS). The 20 um sized soft spheres with holes
squeezed through the filter structure, though, the diameter of the soft parti-
cles was increased to 40 um.

50



3.3. Results and Discussion

Repeatability of permeation experiments for rigid and soft particles

The permeation experiments were performed by increasing and subse-
quently releasing the feed pressure in small steps from 20 mbar to 150 mbar
and measuring the flow permeating the packed bed of particles over three
cycles (Figure [3.3p, €). The assembly was in-situ visualized in a brightfield
microscope (Figure [3.3@, d) and the relative compression of the assembly
was evaluated by image analysis (Figure[3.3c, f). Finally, the void fraction of
the assembly was calculated by knowing the exact amount of encapsulated
particles in the analysis domain and the filled volume.

The encapsulation of particles between two filter structures enables a
repetition of the permeation cycles with the same particles by forward- and
backward flushing. This experimental design is outstanding for such mi-
crofluidic experiments, where the amount of particles, particle movements,
and permeation control is hardly repeatable due to the small permeation
volumes [Bouh2020]. The here presented experimental setup allows to
accurately determine the particle number and shape and also allows to
optically study the filtration process in-situ and couple this to specific resis-
tances of the particle assembly via flux and pressure data. This approach
is unique in the application of microfluidic 3D particles for the determina-
tion of hydraulic resistances. The experimental procedure includes three
permeation cycles, each with a backflushing and ultrasonication cycle in
between, re-dispersing the particles.

The rigid spheres show repeatable flow rates and compression curves
during all three cycles (Figure [3.3@-c). The soft particles show an in-
creased variation in the flow, primarily upon the first permeation cycle. The
measured flow is higher during pressure increase (Figure [3.3) than dur-
ing pressure release. The compression curve (Figure [3.3f) supports the
flow measurement by an irreversible relative compression of 10 %. Al-
though the flow measurements represent similar results of the second and
third permeation cycle (Figure [3.3[d), re-dispersion was not entirely suc-
cessful creating agglomerates affecting the assembly’s formation process
(Supplementary Figure S5). Accordingly, the compression curve during
re-permeation of soft particles shows mainly the irreversible share of the
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Figure 3.3: Three permeation cycles with backflushing and ultrasonic treatment in
between for rigid 20 um sized particles (a-c) and soft 40 um sized particles (d-f).
Each cycle is analyzed by the permeating flow at different pressure steps (b,e)
and the relative compression of the assembly during pressure stepping (c,f). The
data from the relative compression is taken from the micrographs of each pressure
step. Exemplary micrographs of the assemblies in the highest compression state
show that each cycle results in a different morphology (a,d).
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compression. The similar slope of all three decompression cycles con-
firms the theory about reversible and irreversible compression, which was
similarly reported in microfluidic filtration experiments filtering soft spherical
PEG particles [Like2021]. The phenomenon of a reversible and irreversible
hydraulic resistance upon compression of soft matter was also reported for
bio-films on membrane surfaces [Jafa2019]. This study illustrates the differ-
ence between hard and soft particles during compression and confirms the
importance of particle rigidity upon tailoring re-orientations and the inner
structure of particle assemblies.

Correlation of the hydraulic resistance and packing density to the
amount of particles

The coupled in-chip fabrication and subsequent analysis method, including
microfluidic encapsulation of a well-defined amount of any-shaped parti-
cles and filtration procedure, allows the investigation of different particle
amounts influencing the hydraulic resistance and the packing density for
rigid and soft particles. However, the assemblies’ degree of agglomeration
after the first permeation cycle unreproducibly affects the hydraulic resis-
tance of the second and third permeation cycle. Therefore, only the hy-
draulic resistance of the first pressure cycle was taken into account. Figure
shows the permeating flux interpolated at 100 mbar trans-assembly
pressure. The corresponding assemblies are visualized in the micrographs
in Figure[3.4d and e.

The 20 um diameter rigid spheres show a decreasing flow with increas-
ing particle number (Figure [3.4a, d1 - d3). The 20 um sized soft particle
measurement with low flowrate (Figure [3.4d4) uncloses that the particle
material’s softness and deformability influences the hydraulic resistance
significantly. The same amount of soft particles results in a 4-fold hydraulic
resistance compared to the same sized rigid particles. (Figure [3.4k)

The filtrate flux equation [3.2] [Raut2004] describes the hydraulic resis-
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Figure 3.4: Influence of particle number on permeation flow (a), volume fraction
(b), and hydraulic resistance (c) for rigid (back) and soft (grey) particles. The per-
meating flow (a) is interpolated for a trans-assembly pressure of 100 mbar. The
volume fraction (b) is calculated from the micrographs of the corresponding exper-
iments (d) and (e). The particle mass in (c) calculates from the particle number,
it's diameter and the material density. The interpolation of the three masses rep-
resents the linear correlation. The triangles at zero-mass represent the hydraulic
resistance of six individually measured empty channel resistances with the respec-
tive solvent.

54



3.3. Results and Discussion

tance of a filter cake on a filter structure with

Ap

J=_—_=r
(Rm + a - m)

(3.2)
while J is the permeating flux, Ap the trans-assembly pressure, i the fluid
viscosity, R, the filter structure resistance, o the specific assembly resis-
tance, and m the mass of the particle assembly per unit filter structure area.
Fitting this filtrate flux equation for the measured resistances for different
assembly masses m (Figure [3.4c), results in a linear correlation of particle
mass and hydraulic resistance. The extrapolated interception with the y-
axis, Rn, indicates that the filter structure’s resistance R, has a great share
of the overall hydraulic resistance. The empty channel resistances without
particles were measured for six individual channels (Data in supplemen-
tary Figure S6) and added as triangles to Figure [3.4k. The different values
for rigid and soft particles result from the two working fluids, isopropanol
and ethanol. The two fluids had to be used to suppress the agglomeration
of the particles for the two material systems. Due to the different solvent
resistances, a precise comparison of rigid and soft particles is not reason-
able. However, extrapolating the linear relationship of the particle mass
suits the measured empty channel resistances and confirms the accuracy
of the measurement.

The assembly’s particle volume fraction (Figure [3.4b) is calculated by di-
viding the real volume of the particles by the measured assembly volume
obtained from the micrographs (see experimental section). The particle
volume fraction increases for increasing particle number for rigid and soft
particles, indicating a denser packing. Upon permeation, a larger assembly
experiences an increased drag force towards the filter structure because
the hydraulic resistance of all particle layers sums up. Accordingly, parti-
cles tend to fill up voids and rearrange in the assembly towards the filter
structure as shown in the study of Lueken et at and increase
the overall volume fraction.
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sized polydisperse particle mixture (c4) in comparison to rigid 20 um sized spheri-
cal particles (c1). Additionally, soft (grey) 40 um sized spheres are compared with
40 um sized spheres (d1) with 16 um holes (d2).

Tailoring pressure loss by particle shape

The direct laser wiring process allows the fabrication of non-spherical 3D
particles, enabling a tailored hydrodynamic resistance and packing density.
This section investigates how the assembly’s hydrodynamic resistance and
packing density depend on the particles’ shape and porosity.

Porous particles were generated by introducing 8 um holes for the 20pum-
sized rigid particles and 16 um holes for the 40 um sized soft particles along
all three axes and analyzed in comparison to the identical sized spheres
(Figure [3.5). Rigid and soft porous particles decrease the flow upon per-
meation. Upon permeation of the soft particle assembly, the particles de-
form strongly (Figure [3.502), compressing the holes and increasing the

56



3.3. Results and Discussion

volume fraction (Figure [3.5pb). However, it must be noticed that the holes
are not considered in calculating the particle volume. Accordingly, for the
soft particles, the holes increase the compressibility of the assembly result-
ing in a denser packing with smaller permeable voids but did not contribute
to increased permeation. The contra-intuitive permeation data of the rigid
particles with holes result from the direct contact between single particles.
Spherical particles contact each other at a single point, generating large
voids between the particles. The particles with holes can smoothly adapt
into the ring-shaped openings of the holes from the neighboring particle.
This contact reduces the distance between the particle center points and
void size in the assembly, increasing the hydraulic resistance. Addition-
ally, the ring-shaped contact increases attractive forces between particles
and reduces particle mobility inside the assembly. On the one hand, re-
duced mobility supports non-uniformity and decreases the average particle
volume fraction. On the other hand, the ring-shaped particle contact re-
duces the particle distance and increases the particle volume fraction. Al-
though the reduced mobility and the reduced particle distance counteract
the particle volume fraction, both phenomena superpose with the hydraulic
resistance of the overall assembly. Therefore, they support the experimen-
tal data of a constant particle volume fraction (Figure [3.5pb) with increased
resistance (Figure [3.5p).

The polydisperse sample consists of 1000 particles with sizes from 10 um
to 30 um (Supplementary Figure S4). The P-Schwarz unit-cell particles and
the polydisperse sample behave similar to the porous spheres, increasing
the hydraulic resistance compared to spheres. This phenomenon can also
be related to an increased number of contact points reducing the average
void size inside the assembly. The increased particle volume fraction of the
polydisperse sample confirms this phenomenon.

The hydraulic resistance analysis illustrates the importance of the parti-
cle shape for tailoring the pressure loss of an assembly. Smaller particles
increase the surface relative to it’s volume, such that the influence of attrac-
tive contact forces between particles gains importance compared to larger
any-shape particles. Furthermore, the 3D shape gives an additional degree
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of design parameters, including the number of contact points and contact
area to tailor attractive and repulsive particle interactions additionally to the

material properties, e.g., the Gibbs free energy [Zama2016].

3.3.3 Particles as cell tissue

The application of particle assemblies as cell tissue is advantageous due
to the flexibility in processing, such as pipetting or injecting, and its ability
to react to ambient conditions, such as a given reactor shape or a per-
meating flow. Furthermore, tuning the particle geometry can increase the
surface-to-volume ratio and tailor the hydrodynamic properties of an as-
sembly. On the next step towards a 3D cell tissue, mouse fibroblast cells
are cultivated in a petri-dish, which was partly covered with VFL-printed
20 um sized spherical particles with 8 um holes (Figure [3.6). After four
days of cultivation, laser scanning confocal microscopy micro-graphs show
the interaction of cells and particles.

During cultivation, the cells spread on the surface of the well-plate and
grew inside the areas where particles were located (Figure [3.6b). The cells
show a manifold interaction with the particles, infiltrating the porous struc-
tures of the particles (Figure [) and percolating and connecting various
particles by the actin filament (Figure[3.6]1, lll). This study confirms the bio-
compatibility of the particles and encourages study further the influence of
particle shape, material, and surface roughness on cell-particle interaction.

3.3.4 Particle agglomeration and self-assembly

The any-shape particles reveal different agglomeration and self-assembly
tendencies, which mainly depend on two aspects. The first most prominent
aspect is the wettability of the particle material by the solvent. Dissolving
the particles in a non-wetting aqueous solvent supports particle agglomer-
ation by minimalizing the wetted surface. A well-wetting solvent, such as
isopropanol, encourages the dispersion of single particles. The hydraulic
resistance studies unravel the second aspect of particle agglomeration.
Particles with larger contact areas and more contact points increase the
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Figure 3.6: Confocal micrographs of VFL-fabricated 20 um sized particles with
8 um holes as cell culture tissue. A 3D visualization of the particles (green) in
the cell-assembly is generated from a confocal z-stack image (a). Interactions of
the cells and particles (red) are visualized as confocal micrograph in an overview
(b) and in two detailed visualizations (c,d). (l) signs cell-infiltration into the porous
particles, (Il) shows actin filament percolating porous particles, and (Ill) displays
actin filament attaching to the particle surface connecting the assembly.
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inter-particle attractive forces and promote agglomeration. The assembly
compression studies confirm these observations. Compressed assemblies
with increased inter-particle contact area result in more robust agglomera-
tions that do not disassemble in the executed ultrasonic treatment.

Particularly during the cell cultivation experiments, the particles agglom-
erate in the well plate assembling in certain regions, while other areas do
not contain any particles (Figure [3.6b). This inhomogeneity results from
the sample preparation process. After particle fabrication and purification,
the isopropanol dissolved particles are pipetted into the wellplate, spread-
ing evenly around the whole area of the well plate. After evaporation of the
isopropanol, the cells are seeded with the aqueous cell-culture medium.
The aqueous solvent acts as a non-wetting solvent and promotes parti-
cle mixing and agglomeration during the initial fluid flow. The few single
particles remaining in the well plate stuck to the well plate without being re-
dispersed by the aqueous cell culture medium. This example represents a
macroscopic self assembly process of any-shape micro particles triggered
by solvent exchange.

3.4 Conclusion

This study demonstrates an in-flow two-photon direct laser writing approach
for the continuous high-throughput fabrication of microscopic 3D any-shape
particles for tissue engineering applications. The printing process was suc-
cessfully executed to fabricate 150 000 particles in 72 hours, proving con-
tinuous processibility. The hydraulic permeation properties of printed parti-
cles were analyzed by filtrating particles with different amounts and shapes
in microfluidic channels and measuring the hydraulic resistance by perme-
ation. The unique microfluidic encapsulation method allows comparability
of different particle amounts, materials, and shapes matching the filtrate
flux equation. The particle shape defines the contact points of neighbor-
ing particles in an assembly and influences the hydraulic resistance signifi-
cantly.

The study reveals that mechanistic filtrate models need to account for the
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particle shape, the wettability of the solvent. The particle-particle interac-
tions define the inter-particle adhesion and thereby strongly influences the
packing density of a filter cake.

Additionally, the porous particle assembly can be applied as permeable
scaffold for tissue engineering enabling nutrient supply through advective
permeation. As a first step towards this application, mouse fibroblast cells
were cultivated on the any shape particles and showed manifold interac-
tions with the particle assemblies.
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4.1 Introduction

Membrane micro- and ultrafiltration is a well established low-energy unit op-
eration for separating and concentrating particles and colloids in the fields
of, e.g., food processing, water treatment, and biotechnology. In such filtra-
tion processes, a trans-membrane pressure (TMP) drives the fluid through
the porous structure of the membrane while larger particles are retained
by size exclusion . The retained matter accumulate on the surface of the
membrane. This 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 significantly impacts the process energy require-
ment. Therefore, depending on the application, cleaning methods such as
cross-flow flushing with detergent solutions or backflushing from permeate
to feed side are widely applied methods in industry [Bake2004]; [Raut2004].
Understanding the origin, behavior, and properties of such cake layers in
filtration and cleaning processes is of crucial importance to improving cur-
rent evidence-based filtration models [Bacc2011]; [van 2018]; [Send2016];
[Wei2011].

Compared to hard particle filtration, filtration of soft particles such as
colloids or biological matter results in a compressible cake layer. This
compression leads to internal mobility within the cake, which facilitates
rearrangement of the particles, resulting in higher packing densities, and
forms dense gel layers near the membrane surface [Hwan2001]. Accord-
ingly, the particle material properties such as size, softness, charge, and
ability to interpenetrate mainly influence the cake properties [Hwan2010];
[Lore2016]. Such properties can be tuned in a reproducible manner using
colloidal microgels as a model. Microgels are soft polymeric colloids that

are well-studied and easily tunable. Fabricated by precipitation polymeriza-
tion, microgels offer diameters ranging from less than 100 nm up
to 5 um [Ksia2020]. Microgels are tunable to respond to an external stimu-
lus like temperature, pH, ionic strength, or pressure by changing their size
or charge[Plam2017]. The properties of densely packed microgel suspen-
sions cover deswelling, deformation, and interpenetration effects and nicely
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mimics other soft matter applications [Senf1999]; [Bouh2017]; [Moha2017].

This flexibility and reproducibility makes the use of microgels in soft matter
filtration studies advantageous|Link2016]; [Nir2016]; [Hend2010].
Characterization of filter cakes on membrane surfaces follows either vi-

sual 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 filtration can be effectively monitored by TMP and flux mea-

surement [Bake2004] or impedance spectroscopy [Bann2016]; [Ho2016];
[Mart2018] and modeled accurately [Zama2009]; [Loha2020], non-visual

approaches for soft-matter filtration are limited by underlying models. Even
though these models have increased in complexity and accuracy in recent
years, further experimental verification is needed to cover multi-scale phe-
nomena such as compression, deformation, and rearrangement of the filter
cake [Jean1996]; [Berg2018b]; [Gnan2019]. The on-line visualization of
such microscopic events of the filter cake needs adaption of the membrane
modules. Hence, a popular method is to retain particles by microfluidic
structures to study the phenomena in the cake layer. A glass slide rep-
resents one channel wall perpendicular to the membrane such that high-
resolution imaging of the filter cake cross-section is possible [Ngen2010a;
[Bacc2011]; [Link2016]; [van 2018]. Studies, monitoring filtration with real
membranes give additional insight into the membrane-cake interface [Wies2019],
the cake morphology [Hugh2006], and cleaning efficiencies [Zato2009].

Nevertheless, high-resolution in-situ microscopy often suffers from insuf-

ficient process control resulting in pulsating flows or moving membranes as
well as from large focal distances stemming from channel design, reducing
the fluorescent signal.

Membrane filter cakes are known to show instabilities and pattern for-
mation upon certain process parameters. The first time in 1984, Jonsson
observed a stripe-shape pattern on a filter cake by recording the membrane
surface during dextran and whey filtration [Jons1984]. Jonsson showed that
the stripes occur in the concentrated boundary layer, which moves in flow
direction and he identified that the stripe distance correlates inversely with
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the cross flow velocity [Jons1984]; [Jons1986]. A few years later, Larsen
explained and modeled this behavior in a 2D model of macromolecular so-
lutions, transferring the observations of instabilities at phase boundaries
with high viscosity gradients to membrane filtration [Lars1991].
For certain permeation rates the viscosity-gradient driven instability at the
filter cake boundary and bulk are stabilized and persist on the filter cake
surface. Larsen developed a correlation for pattern stability using a modi-
fied permeate Reynolds number and the wave-number [Lars1991]. In 1993,
Hendriksen et al. presented a 3D-FEM model of the striping phenomena

and highlights the importance of a large viscosity gradient from bulk to cake
layer for the occurrence of the stripe-pattern [Pete1993]. Recent studies
recap the phenomenon experimentally for filtration of oil emulsions and
prove that the pattern accelerates emulsion back-transport from cake to
bulk [Tanu2017]; [Tanu2018]. However, in the context of membrane filtra-
tion, the striping-pattern was only visualized as a 2D-image in bird’'s eye

view without any information about its depth and its mobility in the cake.
Additionally, stripe-like surface patterns during membrane cleaning without
filter cake permeation has not been reported before.

This study visualizes the motions of microgel filter cakes by confocal laser
scanning microscopy. The ~ 2 um sized transparent soft microgels com-
prise a fluorescently labeled 200 nm core for imaging the center position.
The microgels are filtered on top of a commercial polyethersulfone (PES)
membrane with a pore size of 100 nm and the filter cake’s top view and
cross-section is in-situ visualized. The morphology as well as dynamic bulk
motions of the filter cake during backflushing and cross-flow flushing are
analyzed. Cross-flow flushing creates a longitudinal stripe-pattern on the
cake surface, which is visualized in 3D and analyzed regarding its mobility
at different depths at changing average cross-flow velocities. Additionally
the study accounts for the stripe pattern’s influence on cake removal kinet-
ics.
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4.2 Experimentals

Membrane module A custom membrane module was designed to enable
membrane permeation and in-situ observation of the membrane surface
(see Figure 4.1). The 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 700 um is adjusted by positioning the membrane with an imprinted
spacer structure in the module lid. This spacer structure 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. The module was liquid-tight tested for pressures up to
400 mbar and used in the experiments at pressures below 300 mbar.

The module was designed by Autodesk Inventor and fabricated by ad-
ditive manufacturing with a polyjet printer (Objet Eden 260VS) using "Ve-
roclear" material. The printed module was stored in 1M NaOH solution to
dissolve the support material, rinsed with water and dried at room temper-
ature for at least 24 h. Afterwards a 175 um 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. The module was assembled with
a 0.1 um pore size PES membrane with an active membrane size of 15 mm
x 24 mm (Pieper Filter GmbH). The membrane was mounted between two
0.5 mm thick flat gasket frames (Viton/FKM 0.5 mm, Lux & Co GmbH).
The membranes were wetted beforehand by immersing them in a 50 vol%
water, 50 vol% ethanol mixture for at least 24 h. The module top and bot-
tom were pressed together using four plastic M4 screws and nuts. 3x2 mm
polyurethane tubes were connected using M5x3 mm IQS connectors (Lan-
defeld GmbH).

pNIPAM-co-AAc microgels Filtrated colloids are poly(N-isopropylacryl
amide)-co-acrylic-acid core-shell microgels that were synthesized as de-

scribed elsewhere [Wies2019]; [Go2014]. In short, the polystyrene cores
have a diameter of 200 nm and are labeled with a nile-red fluorescent
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Sealing

Module
bottom

Figure 4.1: The cross-section model of the module assembly shows the additive
manufactured filtration device consisting of a module bottom, a module lid, and the
filtration membrane squeezed in between two flat sealing gaskets. The module lid
includes a membrane positioning spacer structure and the permeate outlet. The
module bottom includes a integrated glass slide, the feed inlet, and the retentate
outlet (a). The permeate-side view of the real module shows the assembly with
four plastic screws, IQS push-in fittings, and tubing (b).

marker, such that visual observation of the center of the microgel is possible
using a fluorescent microscope. The non-fluorescent pNIPAM shell (14 g/l
NIPAM, 1 wi% MBA, 5.8 wt% KPS, 26 mol% or 7 mol% AAc - see section
Filtration experimentsall percentages are relative to the monomer amount)
is polymerized around the cores and creates a soft microgel with a diam-
eter of ~ 2 um 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. The
synthesis solution was purified from linear chains and residuals of other
reactants by dialysis (25kDa, SpectraPor 6, CarlRoth) against DI water for
one week while changing the Dl-water twice a day resulting in pH7. For all
experiments the microgel solution was diluted with water to a concentration
of 0.1 g/l. The pH was kept constant at pH 7 during all experiments and
checked before and after each experiment.

Experimental setup The experimental setup uses a feed side syringe
pump (Chemyx Fusion 4000) for precise and pulseless flow and a dig-
ital backpressure regulator (Elveflow OB1 MK2+) on the retentate mod-
ule outlet. Accordingly, experiments could be conducted either in constant
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pressure cross-flow filtration by adjusting a feed flowrate with the syringe
pump and setting a backpressure with the pressure regulator or in dead-
end constant flux filtration by closing the retentate channel with a valve.
The filtration module is mounted on an inverted confocal laser scanning
microscope (Leica SP8) using 10x air and 63x 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
512x512px. The cross-section images were taken by laser scanning in x-z
scan mode. Thereby the laser scans in x-direction and the sample simulta-
neously moves through the focal plane by the galvo controlled z-stage.

Filtration experiments Experiments on cake stability and morphology
(Figure were conducted in constant pressure filtration mode by ap-
plying a backpressure of 100 mbar and an average cross-flow velocity of
4.2 cm/s. The low trans-membrane pressure of 100 mbar was chosen to re-
duce the influence of cake growth during the analysis. The average cross-
flow velocity is calculated by dividing the feed volume flow by the size of
the feed channel cross-section, which has a width of 15 mm and a height
of 700 um. For mobility studies, an 80x80 um area of the cake was photo-
bleached by applying maximum laser power for several minutes. For this
experiment the first microgel batch with 26 mol% AAc was used.
Back-wash mechanisms (Figure [4.3) were studied by first creating a cake
layer by constant pressure filtration at 300 mbar for a specific duration and
subsequently applying a gentle gravitational permeate back pressure of ~
10 mbar by hand lifting the permeate outlet tube and stopping the feed flow.
The experiments were repeated twice showing the same phenomenon,
only images from the one experiments with clearer imaging are shown.
For this experiment the first microgel batch with 26 mol% AAc was used.
Pattern formation and its morphology at cross-flow flushing (Figure [4.4] &
were studied by first dead-end cake formation (3 minutes, 0.8 ml/min),
then closing the permeate by a valve to avoid any membrane permeation
or permeate backflush, and subsequent cross-flow flushing at different ve-
locities without applying any retentate back-pressure. All experiments con-
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ducted in the flow-range are plotted in the graph (Figure [4.4p,c). For this
experiment the second microgel batch with 7 mol% AAc was used.

The experiments on pulsating flow (Figure [4.6) were conducted by con-
necting two independent channels of the digital pressure regulation (Elve-
flow OB1 MK2+) to the feed and retentate side. The experimental proce-
dure starts with constant pressure cross-flow filtration at 300 mbar for 2
minutes to generate a filter cake and subsequently changes to a pulsating
cross-flow by applying a sinusoidal pressure on the feed side ranging from
0-100 mbar while eliminating membrane permeation by closing the perme-
ate side using a valve. This experiment uses the second microgel batch
with 7 mol% AAc.

4.3 Results and Discussion

A custom filtration module with a build-in glass slide parallel to the mem-
brane was fabricated by additive manufacturing and used in all filtration ex-
periments. Poly(N-isopropylacrylamide)-co-acrylic-acid (pNIPAM-co-AAc)
microgels were filtrated in two experiment sets by either constant pressure
or constant flux filtration. The filter 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, a per-
meate spacer structure positions the membrane surface 700 um above the
glass slide in all filtration states. For larger channel size, the fluorescent sig-
nal was found to weaken, and microscopical resolution suffered. All filtra-
tion experiments were conducted in laminar flow condition with a Reynolds
number 2 < Recpanner < 250 for the channel and 0.004 < Rep.tice < 0.4 for a
particle with a diameter of 2 um as characteristic length. Assuming the feed
overflowing the particles with a diameter of 2 um as characteristic length at
the filter cake surface with an average cross-flow velocity of 2 > 0.1 cm/s,
the Peclet numbers are in the range of Pe > 15000, representing advection-
dominated fluid transport.
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4.3.1 Cake morphology during filtration

Figure 4.2: (a) On-line filter cake visualization by confocal microscopy in cross-
flow constant pressure filtration with a labeled membrane, filter cake, and bulk.
(b) Filter cake mobility experiment under cross-flow filtration. The image shows
the persistent photo-bleached region (black stripe) in cross section and top view
(square) not moving during cross-flow filtration. The membrane position is indi-
cated with a grey dashed line. (c) Magnification of the cross-section with 63x lens
enables identification of individual microgels. The membrane position is indicated
with a grey dashed line. (d) A representative slice taken parallel to the membrane,
demonstrating the morphology of the filter cake with highly ordered domains high-
lighted in grey.

Using the custom filtration module, a constant pressure cross-flow filtra-
tion is conducted using the labeled microgels (find details in the method
section), which deposit as a thick cake layer on top of the membrane sur-
face. Laser scanning confocal microscopy visualizes the top view (x-y-
image) and the cross-section (x-z-stack) of the filter cake. A 10x objective
helps to visualize the shape of the cross section of the filter cake. This
method allows an efficient and fast study of the cake’s general shape and
its mobility on a large observation field of up to 400 um. As shown in Figure
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M.2a, cake growth with uniform cake thicknesses all over the membrane is
identified. In the laminar flow regime with Re < 100, this uniformity is inde-
pendent of the cross-flow velocity. The cross-flow independency confirms
the observations made in traditional filtration experiments [Wies2018].

A photo-bleaching experiment enables analysis of the macro-mobility of
the cake layer. For this purpose, a small area of the filter cake is illuminated
with high laser intensity. Under these conditions, in this area, the microgels
were still present, but the fluorescent signal disappeared (Figured.2b). The
constant pressure cross-flow filtration with 100 mbar TMP and an average
cross-flow velocity of 4.2 cm/s did not show any changes in the bleached
region within an observation time of 5 minutes. Accordingly during filtration,
no macro-mobility of the cake induced by the cross-flow was observable.

Single microgel behavior was analyzed by utilized a 63x air objective
with long working distance to characterize both the cross-section (Figure
[4.2c) and a representative slice parallel to the membrane inside the cake
layer (Figure [4.2d). The cross-section shows the cores of the single micro-
gels appearing as elongated stripes, as well known from 3D-image stacks
in confocal microscopy using the z-stack technology. [Di2017]. The top-
view slice is located in the center of the filter cake, i.e., approximately 10
levels of microgels are above and underneath the visualized slice. The
image shows areas with highly ordered arrangements of microgels in par-
allel lines next to each other, indicating crystalline structures. The applied
criterion for being highly ordered was a minimum of three microgels being
located on a straight line and two of these lines being parallel to each other.
These highly ordered areas are labeled in grey indicating half-ordered and
half-amorphous regions. This existence of highly ordered areas confirms
microfluidic observations of partly crystalline and partly amorphous cakes
for jammed colloids [Link2019]; [Geno2011]. Based on experimental phase
diagrams generated with pNIPAM microgels, this transition between amor-
phous and crystalline structures develops in the transition region from fluid
to crystal behavior at effective volume factions ¢+ ~ 0.56 [Palo2013].
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4.3.2 Cleaning by backflushing

100s filtration 10s filtration

Figure 4.3: Filter cake backflush mechanism induced by a gentle back pressure of
10 mbar. The membrane position is indicated with the grey dashed line. (a-d) after
10 seconds of 300 mbar filtration, the cake detaches in fragmented pieces; (e-h)
after 100 seconds of 300 mbar filtration, 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 diffraction of the light.

Additionally, this study analyzes the morphology of colloidal filter cakes
while applying a backflush cleaning procedure. Two sets of experiments
were conducted with 10s filtration and 100s filtration, both at 300 mbar
constant pressure. After cake built up, the cake was removed by apply-
ing a gentle backflush while stopping all other flows. The backflush was
induced by a 10 mbar trans membrane pressure on the permeate side,
leading to two different phenomena. First, after 10 s of cake build-up, the
cake layer detached in fragmented pieces from the membrane and subse-
quently dissolved in the bulk (Figure [4.3a-d, video available in the SI V1).
Second, after 100 s of cake build-up, the whole cake layer detached in
one piece, bent, and finally broke apart (Figure [4.3-h, video available in
the SI V2). At a subsequent cross-flow, 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 magnification, this layer figures out to be
a monolayer of microgels adhering to the membrane, appearing broader
due to the light’s diffraction at low magnification. The microgels touch-
ing 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 strongly [Well2015]. Accordingly, the monolayer
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is hardly removable even at high shear flow rates, as studied by Wiese et
al. [Wies2019]. These backflushing results lead to the assumption that
compression and more time for rearrangement in the filter cake stabilizes
the cake structure by increasing the packing density and interpenetration
degree. This 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 other [Moha2017]. On top of this jam-
ming phenomenon, studies have shown that highly concentrated suspen-
sions tend to rearrange and form crystalline domains during waiting times

[Mulu2011].

4.3.3 Cleaning by cross-flow flushing

An alternative way of removing the filter cake from a membrane is cross-
flow flushing through the feed channel without membrane permeation. This
cross-flow experiment was performed by first filtrating 2.4 ml of a 0.1 g/l
microgel suspension in constant flux dead-end mode, ensuring the com-
parability of the cakes in different experiments. Subsequently, closing of
the permeate channel, opening of the retentate channel, and applying a
cross-flow stream on the feed side of the membrane induced a shear force
on the filter cake surface. For slow cross-flow velocities the cake removal
takes several minutes, for high velocities the cake removal only takes a few
seconds. During cake removal a longitudinal stripe-pattern appears on the
filter cake in a certain range of cross-flow velocities similar to the observa-
tions made for stripe-pattern during cross-flow filtration of other materials
[Jons1984]; [Lars1991]; [Tanu2017]. The following sections describe se-
lected properties of this stripe-pattern.

Stripe-pattern formation

The stripe-pattern has the shape of parallel regular ridges (Figure [4.4p)
along the flow direction on the whole area of the filter cake covered mem-
brane (Supplementary Figure S1). During one experiment, unintentionally
trapped air bubbles confirmed that the ridges follow the streamlines. The
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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 Figure S2). The ridges’ appearance and their peak-to-
peak distance were found to depend on the cross-flow velocity o as shown
in Figure [4.4] For cross-flow velocities higher and lower than the plotted
range of 0.2 cm/s < o < 13 cm/s, no pattern appeared as illustrated in Fig-
ure 4.4@a in the top and bottom images. At low cross-flow velocities in the
range from 0.2 cm/s < o < 1.5 cm/s, a time lag of several minutes occurred
before pattern formation was observed (Figure [4.4p). Additionally, in this
flow range, the peak-to-peak distance at the moment of pattern appearance
is larger (Figure [4.4k). The ridges stayed on the cake surface for the com-
plete duration of cake removal. They slowly moved in wavy motions, with
ridges merging and new ones appearing. The longer the process took, the
more ridges merged, such that the peak-to-peak distance during cross-flow
flushing increased until the filter cake was completely removed. The dura-
tion for complete cake removal after pattern appearance decreased with
higher cross-flow velocity as expected (Figure (4.4p).

Cake mobility under shear stress

The cake mobility during pattern appearance was studied by a photobleaching

experiment similar to the one in Figure [4.2] After dead-end cake formation,
a specific region of the cake was exposed to high laser intensity, such that
the microgels in this region were photo-bleached to the extent that they
became non-fluorescent despite still being present (Figure [4.5a). When
inducing the shear stress by cross-flow flushing at 2.4 cm/s without per-
meation, a fluorescent zone on the bulk side appeared in the bleached re-
gion at the very moment of pattern formation (Figure [4.5b). In the ongoing
experiment the cake layer thickness decreased, but the fluorescent zone
remained at the cake-bulk boundary until the complete removal of the cake
layer (Figure [4.5¢c). Similar to the backflushing experiments, a monolayer
remained on the membrane surface and did not show any movement in the
photo-bleached region.
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Figure 4.4: (a) Cake removal by cross-flow flushing without permeation reveals a
pattern appearing on the microgel filter cake, which depends on the average cross-
flow velocity 0. The cross-flow of the bulk is directed into the image-plane parallel
to the pattern. The membrane position is indicated with a grey dashed line and the
images are taken in the moment of pattern appearance after the time lag. (b) The
pattern appears with a time lag after starting the cross-flow that depends on the
cross-flow velocity (black). The cake removal time after first pattern appearance
depends on the cross-flow velocity (grey). (c) The peak-to-peak distance in the first
moment of pattern appearance depends on the cross-flow only for small velocities.
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Figure 4.5: Cake mobility experiment with photo-bleached section. The mem-
brane position is indicated with a grey dashed line. (a) After cake formation by
dead-end filtration a 40 x 40 um area of the cake is irradiated with high energy laser
light to bleach the microgels. (b) Cross-flow flushing without permeation shows a
mobility of the cake on the lower part of the surface after the surface pattern ap-
pears. (c) After complete cake removal, only a irreversible microgel monolayer
remains on the membrane. The low resolution makes the single microgels shine
fuzzily by diffraction, such that the light cone appears larger than the microgels
are. (d) The schematic drawing shows the zones of the cake while inducing shear
by cross-flow flushing of the bulk: An immobile monolayer on the membrane sur-
face, a fixed cake-zone in the center, and the mobile cake with pattern formation
on the bulk-side of the cake. The microgels move from the valley to the ridge,
where detachment and dissolution is accelerated.

Pattern stability at pulsating flow and accelerated cake removal

The pattern stability was additionally studied in pulsating flows, such as it
might appear with radial piston pumps or diaphragm pumps. First, a digital
pressure regulator was connected to the feed side and cake built up was
performed by constant pressure dead end filtration. Afterwards, the pres-
sure regulator pump applied a pulsated cross-flow with an inlet pressure
amplitude from 0-100 mbar with frequencies f = 1 /s, 0.5 /s, 0.25 /s and
0.17 /s resulting each in the average cross-flow velocity of roughly 10 cm/s.
Applying the frequency of f = 1 /s (Figure [4.6p), pattern formation occurred
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just as in non-pulsating flow. For f = 0.5 /s (Figure [4.6c) pattern formation
was decreased and for f < 0.25 /s no pattern formation was visible. For
high frequencies, the soft tubing’s and the module’s damping compensa-
tion is dominant, such that pulsation does not inhibit the pattern. For small
frequency the damping effect decreases, such that the process does not
overcome the lag time that is needed to form a pattern.
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Figure 4.6: Slowly pulsating flow prevents pattern formation. All images are taken
at average cross-flow velocities of u = 10 cm/s and pulsation from 0-100 mbar.
The membrane position is indicated with a grey dashed line. The 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-flow velocity of o = 10 cm/s
the cake removal time increases on the pulsation frequency, while the fastest re-
moval occurs in steady flow. The steady flow error is based on two independent
experiments.

The cake removal kinetics of the pulsation experiments show another
characteristic of the pattern (Figure [4.6e). The steady flow 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 significance, all conducted experiments support the
trend. This accelerated dissolution is likely due to the increased microgel
mobility in the cake surface, where the stripe-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
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a higher shear force resulting in detachment. As shown in the scheme of
Figure [4.5d, particle flow of microgels from the valley to the ridge and sub-
sequent detachment is a possible sequence of the accelerated transport.

Discussion of the cake pattern

The observations of the stripe-pattern presented in this study show great
similarity to the observations made for cross-flow ultra-filtration [Jons1984];
[Lars1991]; [Tanu2017]. For a similar range of cross-flow velocities 8 cm/s
as used by Jonsson [Jons1986], the stripe-pattern occurs. Just as reported
by Jonsson, this study observes a lack time before the pattern starts to
develop [Jons1984]. Jonsson also reported a movement of the boundary
layer into flow direction [Jons1986]. By visualizing the cross section of the
cake layer this study is additionally able to resolve the size of the moving
boundary layer and show that a fixed boundary layer remains close to the

membrane. Finally, the here presented observation of an increased cake
removal Kinetic by the stripe-pattern was also reported for oil emulsion fil-
tration in recent studies by Tanudjaja et al. [Tanu2017]; [Tanu2018]. The re-
sults on pulsated flow proves Tanudijaja’s observation of reduced cake-layer
formation for processes operated in the range, where the stripe-pattern oc-

curs.

However, the here presented stripe-pattern only forms in operation modes
without cake permeation. The models of Larsen and Hendriksen [Lars1991];
both account a permeation flow through the membrane, trans-
porting the particles hydrodynamically towards the membrane and main-
taining a force equilibrium. In our process the permeation drag on the par-
ticles need to be substituted by a different force towards the filter cake. Dur-
ing permeation, the microgels are compressed by the permeating flux and
adhere to each other by the entanglement of polymer chains [Moha2017],
hydrogen bonds between NIPAM- and acrylic acid moieties [Meng2007],
and hydrophobic interactions between the microgels [Kriig2018]. When
permeation through the cake disappears and shear stress along the flow di-
rection becomes dominant, the microgels on the cake’s surface are ripped
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out of their immobile cake position, and start flowing parallel to the bulk
in a bedload layer with an significantly increased concentration compared
to the bulk. Such concentrated bedload layers represent tightly packed
assemblies of microgels with increased fluid viscosity, bahaving similar
to concentrated solutions of solid particles [Senf1999]. Accordingly, the
bedload layer of flowing microgels represents a sheared boundary layer
with major viscosity-gradient, which is known to create stripe like instabili-
ties [Jose1984]. Unfortunately, a model for the process, similar to Larsen
or Hendriksen [Pete1993], would require absolute values of mi-
crogel interaction forces upon compression and data on the microgel con-
centration in the bedload boundary layer.

4.4 Conclusion and Outlook

This study links general particle specific investigations of densely packed
soft colloidal suspensions observed in idealized microfluidic systems to real
membrane processes. In this context, this study present a unique visual-
ization of colloidal filter cakes during different process conditions in a cross-
flow microfiltration module. As an exemplary colloid, pNIPAM-co-AAc mi-
crogels with a small fluorescent core were filtered. Accordingly, the filter
cake is transparent, while the core positions in the whole cake can be de-
tected precisely using confocal microscopy. In-situ measurements of the
cake morphology on a single colloid level reveal highly ordered and amor-
phous 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 filter cakes and how they develop during
filtration processes. Furthermore, this study analyzes the motions of the fil-
ter cake when being removed by backflushing. The experiments reveal that
the thickness of the filter cake and it’s internal organization influence the
stability of the cake, such that the size of the removed cake-pieces varies.
Additionally, the cake structure and morphology changes when applying a
shear force induced by cross-flow flushing along the cake without permeat-
ing the cake. The top-most particle layers of the cake mobilize and a pattern
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on the cake surface appears. This pattern occurs with a time lag and has
a characteristic peak-to-peak distance, both depending on the cross-flow
velocity. The pattern supports colloid transport from cake to bulk and ac-
celerates cake removal accordingly. The physical phenomena behind the
pattern are instabilities on sheared boundary layers with major viscosity-
gradients, such as the concentrated highly viscous filter cake and the low
viscous bulk solution.

The phenomena of dynamic cake mobility presented in this study intro-
duce a new approach of fouling analysis to the field of membrane filtration.
This study shows that soft compressed cakes adapt their properties to their
environment during permeation and shear force by changing their organi-
zation and mobility. Nowadays, such 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 filtration models.
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Chapter 5. An automated lab scale filtration system for microgel purification

5.1 Introduction

Ultrafiltration membranes are porous filters used to separate and concen-
trate particles in liquid suspensions by flushing them through the porous
structure. The solvent and smaller molecules permeate the membrane
while larger particles are retained by size and charge exclusion and ac-
cumulate on the feed side of the membrane. In tangential flow filtration
(TFF), the feed suspension is tangentially flushed across the membrane.
The solvent and smaller molecules permeate the porous membrane, while
the small pores retain larger particles. These larger particles are concen-
trated and leave the membrane separately in the retentate. Accordingly,
TFF systems are either used to separate larger particles, such as colloids,
proteins, or cells from smaller ones, or to exchange the suspension buffer.
The separation task’s driving force is the transmembrane pressure from
the feed to permeate side, which regulates the share of fluid permeating
the membrane [Bake2004]; [Raut2004]. Therefore, TFF systems sepa-
rate suspensions based on mechanical forces without chemical interac-

tion. Thus, TFF is attractive for fragile and delicate purification tasks in the

fields of pharmacy [Musu2018] and protein chemistry [Saxe2009], as well
as for large-scale purification in bioprocessing [Cars2012] or water treat-

ment [Wint2005].

Microgels are soft polymeric colloids that gained major attention in re-
search in the last decade with possible applications in drug delivery and
surface functionalization [Plam2017]. In lab-scale, microgels from various
polymers are synthesized by precipitation polymerization in a batch or plug
flow reactor [Wolf2018]. Both methods are easily up scaleable and suitable
for large scale production. However, the synthesis brew contains linear
pre-polymers, surfactants, and other residuals that need to be removed in
a purification step. In lab-scale, purification is performed either by dial-
ysis using bath dialysis tubes or ultracentrifugation [Tadr2011]. Both pu-
rification methods take a long time, extensive manual work, and are not
suitable for a larger production. Tangential flow ultrafiltration is expected
to be the promising purification procedure for upscaling microgel fabrica-
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tion [Plam2017]; [Thor2011]. Microgel filtration was already experimentally
studied in terms of its fouling characteristics [Wies2018]; [Nir2016] and its
filter-cake motions [LUke2020], as well as modeled by the group of Nagele
[Roa2015]; [Park2020]. However, purification of microgels using membrane
based TFF-systems was not studied in terms of its functionality and produc-

tivity.

TFF unit operation systems consist of a sample beaker, a permeate
beaker, a feed pump, a membrane module, and a back pressure valve. The
feed pump transports the sample inside the membrane module and cre-
ates a transmembrane pressure. The membrane-permeating share of the
fluid flows into the permeate beaker. The remaining retentate is pressure
released by the back-pressure valve and circulates back into the sample
beaker. Accordingly, the sample loses volume and concentrates. In diafil-
tration, this sample volume loss is substituted by the new buffer. Systems
without automatic process control are commercially available from different
manufacturers for 4000 - 8000 €. Automated systems monitor pressures
and flowrates using pressure sensors and balances to control the trans-
membrane pressure and to exchange buffer for diafiltration automatically.
Simple automated systems cost around 20000 - 30000 € and can also be
expanded with various sensors to monitor the filtration process. Exemplary
manufacturers for such lab scale systems are Merck Millipore, Pall Corpo-
ration, Repligen Corporation, or Sartorius AG.

The core part of the TFF process is the membrane module. The mem-
brane defines the separation task by selectively retaining certain particles
or molecules by size or charge exclusion. The retained matter concentrates
on the feed side and accumulates on the surface and in the membrane’s
inner pore structure in a filter cake. After filtration, cleaning procedures
are applied to remove the accumulated matter and increase performance.
Nevertheless, a share of the matter generally remains inside the pore struc-
ture. Subsequently, if contamination is not acceptable, membranes can be
reused for the same product but need to be exchanged for different ones.
TFF membranes and modules are subject to plenty of patents about mem-
brane materials, flow-management, and module design continuously being
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filed until today [Tana1982]; [Diel2005]; [Mart2013]; [Leut2019]. Conse-
quently, each manufacturer offers slightly different membranes and mod-
ules. The two widespread membrane materials are polyethersulfone (PES)

and regenerated cellulose (RC). The membrane modules are either stacked
flat-sheet membranes or bundles of hollow fibers. Both materials are avail-
able in all kind of pore sizes for ultrafiltration and microfiltration applications.
Depending on the effective membrane area, ready to use lab scale mem-
brane modules are commercially available for prices of 100-700 €. This
price is reasonable if reused for a specific product but rarely affordable if
used as a single-use product in lab-scale purification tasks as in research
and development, such as for microgel purification.

A more prominent application for PES membranes is blood purification
by hemodialysis. This membrane application uses hollow fiber PES mem-
branes to purify human blood on kidney failure diseases with
worldwide more than 2 million patients receiving the treatment several times
a week [Cous2011]. Blood purification modules are single-use and com-
mercially available as hollow fiber module with different effective membrane
areas reaching from 0.2 m? to 2.5 m2. Additionally, these modules are avail-
able with different molecular weight cut-offs in the range of 10-300 kDa
[Bosc2013]. Due to efficient mass production, the costs for one module is
20 - 60 €. These low cost membrane modules were recently applied for
single pass tangential flow filtration for antibody purification and proved to
be well suited for ultrafiltration applications [Yehl2020].

This work engineers an automated tangential-flow ultrafiltration device
customized for fast and cheap diafiltration-based microgel purification. It
presents the components of the filtration device to enable simple and fast
reverse engineering. Additionally, this work analyzes TFF as a unit opera-
tion for microgel purification in terms of its ability to remove contaminants of
different sizes applying nuclear magnetic resonance (NMR), bubble pres-
sure tensiometry, and conductivity measurements.
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5.2 Hardware description

The design of the device combines a robust filtration unit with low-cost au-
tomation for diafiltration. The process (Figure [5.1) uses diaphragm pumps
with solvent-resistant PVDF/ETFE pump head for the feed pump (KNF-
NF1.100) and a PP/ETFE pump head for the water pump (KNF-NF1.60).
These pumps have moderate shear stress, a low risk of leakage, and can
generate high pressures up to 6 bar. Simultaneously, they cost significantly
less than comparable peristaltic pumps, which are often used in commer-
cial TFF systems. For smooth filtration and pressure readout, a pulsation
damper is added to the feed stream (KNF-Pulsationsdampfer FDP 1.10).
The filtration unit also includes a stainless steel diaphragm based back-
pressure valve (Swagelok) on the retentate side of the membrane, which
enables a robust and precise regulation of the transmembrane pressure in
the range of 0 - 1.7 bar.

The core part of the filtration device is the membrane module that is
commercially used as a medical blood dialyzer. The here presented 200 ml
- 500 ml batch microgel application uses membrane modules with an ef-
fective membrane area of 0.2 m? and 0.6 m? and high-flux membranes
(Baxter) with a molecule weight cut off (MWCO) of 30 kDa [Ronc2003].
One module costs approx. 50 € which is approx. 10 % of a comparable
commercial TFF membrane module. The membranes used for hemodial-
ysis and TFF are fabricated with the same polymer in a similar process.
The reason for the significant price difference is the mass production of the
hemodialysis membranes and modules. Compared to traditional microgel
purification using batch dialysis tubes, the price of the single-use tubes is
similar to the cost of the membrane modules used in this process.

These mechanical fluid-contacting components are all connected using
4 mm outer diameter polyurethane tubing. These components results in
a feed-retentate cycle hold-up volume excluding the membrane module
of 43 ml, while the membrane module adds another 17 ml or 52 ml for
the Polyflux 2H or 6H respectively. Estimating an average transmembrane
pressure of 0.4 bar, the feed pump can operate flow rates in the range of
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0 - 1100 ml/min. The exemplary filtration with a Polyflux 6H membrane
module achieves permeate fluxes at 0.4 bar of 175 ml/min.

Backpressure
Valve

Water Pump Feed Pulsation
Pump Damper
RN N AN Membrane
\ \ \_/ Module
-------------------- == I
Ultrasonic Level
Control \v4
— | Water - Sample — | Waste
— | Tank - Beaker =  — |Tank

Figure 5.1: Piping and instrument drawing of the filtration process.

An Arduino microcontroller controls the electrical system (Figure [5.2). It
communicates with the operator via two buttons and a display to initialize
the operation mode and the settings. The microcontroller displays the feed
pressure from the electric pressure sensor, the sample beaker volume, and
the operation time during operation. The feed pump control and the di-
afiltration settings are set by the operator using the control buttons. The
diafiltration is controlled using a low-cost contactless ultrasonic level indi-
cator installed in the 3D-printed lid of the feed beaker. In running operation,
the solvent permeates the membranes, so that the microgel concentration
increases and the sample volume reduces. The ultrasonic level indicator
measures this volume change in the sample beaker. It regulates it by con-
trolling the water pump in iterative steps substituting the solvent with pure
water from the water tank. Three safety measures are installed. The whole
system is stopped automatically if one of the three cases occurs. In the first
case, the float switch indicates that the waste tank is full. In the second,
the electric pressure sensor exceeds a maximum pressure, and in the third,
the water level in the sample beaker does not rise during water pump op-
eration. This last case indicates a leakage somewhere in the system. The
material costs for the automation are about 70 € for the microcontroller
and circuit board and 5 € for the ultrasonic sensor. The electric pressure
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sensor (327 €) and the float switch (3 €) in the waste tank are integrated
as emergency sensors but are not essential for the system’s operation.

Ultrasonic
Display sensor

-W

Control buttons

Electric pressure
sensor

.| I

Feed pump

Figure 5.2: Electrical components communicating via the Arduino microcontroller.

With a total material price of 2400 € , the device is a low-cost alterna-
tive for cross-flow diafiltration applications and simplifies daily lab routine
by automation. The reduced costs for investment and consumables allow
technology usage, especially in academic research, with the necessity for
high flexibility and limited budget. Possible other applications of inter-
est are colloid and polymer purification, biochemical protein purification, or
microbiological buffer exchange in biotechnological applications.

» Colloid and polymer purification: The device separates the product
from synthesis residuals such as monomers, linear pre-polymers or
low molecular weight side products in the same efficiency as tradi-
tional dialysis. It holds the advantage of being faster with less manual
work.

» Biochemical protein purification: Membrane filtration is a mild me-
chanical purification step and is therefore well suitable for protein pu-
rification. Depending on the synthesis volume, the filtration device can
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easily be adapted by changing the membrane module and the sample
beaker.

 Microbiological buffer exchange in biotechnology: Such as in protein
purification, buffer exchange for cells and bacteria also require mild
conditions. Therefore, diafiltration with low transmembrane pressure
is ideally suited for buffer exchange. The diaphragm feed pump in-
stalled in the device can be regulated to small flow rates to reduce
shear stress.

5.3 Design files summary

5.3.1 Mechanical components

The filtration device is assembled on an aluminum profile cage (ITEM GmbH,
profile5 20x20cm) where all devices and different customized component
holder are attached (see Figure[5.3|or Filtration_device_assembly.stp). The
3D-printed electric housing consists of two parts containing the electrical
components, including the circuit board with the Arduino microcontroller,
the display, and the control buttons. The valve holder is a bent 2 mm steel
sheet as holder for the backpressure valve. The valve must be assembled
upright to ensure stable operation by eliminating bubble deposition inside
the valve (see Figure 5.3). The plate top is a PVC sheet that is holding the
analog pressure indicator. The membrane module holder is a 3D-printed
tray for holding the membrane module in operation. The sample beaker is
covered with a beaker lid that simultaneously holds the ultrasonic sensor
and the three tube connections for feed, retentate, and water. The ultra-
sonic sensor is additionally covered with the beaker lid cover as splash
protection. The beaker is fixated using three 3D-printed beaker fixations
each consisting of a top and bottom part. A screw connects both parts,
while the bottom part holds and fixates a screw nut, and the top is movable,
enabling adjustments to the beaker diameter. The ground is a PVC plate
where the beaker fixations, the pumps and the damper are positioned (see
Figure [5.3). The bottom tub is made of 1 mm steel sheet and serves as a
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Table 5.1: Design file table listing all self built design files including 3D-printed
parts, technical drawings of metal parts, PCB files, PCB drawings and the Arduino
software . All files are located in the online repository. 3D-printed components are
named by their fabrication technology: fused filament fabrication (FFF) or polyjet
3D-printing (Polyjet)

Design file name File type Open source license
Filtration_device_assembly.stp STP CAD file CCBY-SA 4.0
FFF_Electric_housing.ipt Autodesk Inventor CAD file CC BY-SA 4.0
FFF_Electric_housing_cover.stl STL CCBY-SA 4.0
FFF_Electric_housing_holder.stl STL CCBY-SA 4.0
FFF_Beaker_lid_cover.ipt Autodesk Inventor CAD file CC BY-SA 4.0
FFF_Beaker_lid _cover.stl STL CCBY-SA 4.0
FFF_Beaker lid.ipt Autodesk Inventor CAD file CC BY-SA 4.0
FFF_Beaker lid.stl STL CCBY-SA 4.0
FFF_Beaker_fixation top.ipt Autodesk Inventor CAD file CC BY-SA 4.0
FFF_Beaker_fixation top.stl STL CCBY-SA 4.0
FFF_Beaker_fixation_bottom.ipt Autodesk Inventor CAD file CC BY-SA 4.0
FFF_Beaker_fixation bottom.stl STL CCBY-SA 4.0
FFF_Membrane_module_holder.ipt Autodesk Inventor CAD file CC BY-SA 4.0
FFF_Membrane_module_holder.stl STL CCBY-SA 4.0
Polyjet_Membrane_connection.ipt Autodesk Inventor CAD file CC BY-SA 4.0
Polyjet_Membrane_connection.stl STL CCBY-SA 4.0
Workshop_Tub.ipt Autodesk Inventor CAD file CC BY-SA 4.0
Workshop_Tub.pdf PDF technical drawing CCBY-SA 4.0
Workshop_Valve_holder.ipt Autodesk Inventor CAD file CC BY-SA 4.0
Workshop_Valve_holder.pdf PDF technical drawing CCBY-SA 4.0
Workshop_Plate_top.ipt Autodesk Inventor CAD file CC BY-SA 4.0
Workshop_Plate_top.pdf PDF technical drawing CC BY-SA 4.0
Workshop_Pressuresensor_holder.ipt  Autodesk Inventor CAD file CC BY-SA 4.0
Workshop_Pressuresensor_holder.pdf PDF technical drawing CC BY-SA 4.0
Workshop_Ground.ipt Autodesk Inventor CAD file CC BY-SA 4.0
Workshop_Ground.pdf PDF technical drawing CCBY-SA 4.0
PCB_code.brd EAGLE Circuit Board File  CC BY-SA 4.0
PCB_code.sch EAGLE Schematics File CC BY-SA 4.0
PCB1.jpg JPG CCBY-SA 4.0
PCB2.png PNG CCBY-SA 4.0
FiltrationDevice.ino INO arduino file CCBY-SA 4.0
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plate for the water- and waste tank and additionally as spill collection. The
tub can be pulled out to the front to facilitate the tank exchange. The final
mechanical component is the membrane connection. This component
is not directly built in the device but used as a connector for directly linking
the feed and retentate tube to replace the membrane module in the flushing
step. See operation instructions (section for a detailed description.

Pressure .

Electri
sensor ; ect. C Valve holder Plate top Membrane module
holder ousing holder

Beaker lid cover

—— Beaker lid

41 Beaker fixation

N N
| |
L 8
Y
_”lllllllllllEI | |

EIT]

i— Ground

Tub

Figure 5.3: Rendering of the aluminum cage including all CAD design file items.

5.3.2 Electrical components

The electronic control system of the device is based on an Arduino Nano
controller (Figure [5.4). It is operated with two buttons and one rotary push
encoder and displays one 20x4 LCD display and one LED. The components
connected to the controller are two pumps, one ultrasonic sensor, one elec-
tric pressure sensor, one float switch and one buzzer (see Figure5.2). The
electrical circuit (Figure is supplied with a 24 Volt plug in power supply
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preventing any high voltage in the system. A step-down converter supplies
the Arduino and the operational amplifier.

Voltagel — —— | Buzzer Ultrasonic Water pump
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Figure 5.4: Electric circuit diagram

The signal of the pressure sensor is connected to the A3-pin of the
Arduino (0 - 3.3 V) using a trimmer. The electric pressure sensor signal in
the range of 4 - 20 mA is transferred to the 10-bit Arduino working range of
0 - 3.3 V, which results at a maximum pressure 2.5 bar in 930 steps with a
minimum increment of 2.7 mbar. A 2-cable pressure sensor is connected,
but the circuit board also allows using a 3-cable sensor with output signals
of 0 - 10 V or 0 - 20 mA. A second equivalent optional sensor input is
added to Pin A2, which is not shown in Figure 5.4} but can be found on the
complete PCB in the online repository.

The water pump can be turned on and off by the D9 pin, and an onboard
LED shows its operation. The feed pump is regulated by the Arduino D10
pin, so that its pump volume rate can be controlled. Therefore the signal
is transferred in an impedance converter with adjustable gain to the pump
control voltage of 5 V. Additionally, the rotation speed is back-transferred to
the Arduino A1 pin but not used in our software. Similar to the water pump,
an onboard LED shines when the pump is running.
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The ultrasonic sensor gives the distance from the sensor to the liquid
surface in the sample beaker. Using the maximum distance of an empty
beaker from calibration, the sample volume is calculated. The display is
connected via an 12C bus, the float switch and the buzzer are connected
to the Arduino.

5.3.3 Arduino nano software

The software for running the device is available for an Arduino Nano micro-
controller and has four cases that represent the main menu, the settings
menu, the operation menu, and the error case. By choosing one of the
menus the software is stepping into the respective control mode. Find a
detailed description of the GUI and the software in section [5.6] The soft-
ware code is available in the online repository.

5.4 Bill of materials

The Bill of materials in Table only shows a reduced list, including the
main components and collections of the smaller components. A complete
bill can be found in the online repository. The primary device costs result
from the pumps, the back-pressure valve, and the electric pressure sensor.
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Table 5.2: Reduced bill of materials including the main components and collec-
tions of the smaller components. The detailed list of all single components is
available in the entire bill of materials in the online repository.

Designator Component Number Cost/EUR
KNF NF 1.100 IP30 24V Feed pump Feed pump 1 577
KNF NF 1.60 KPDC water pump water pump 1 215
KNF FPD 1.10 TTZ D1.6 Feed pulsation damper 1 183
Pressure transmiter WIKA S20 2.5bar  Electric pressure sensor 1 481
Manometer WIKA Typ 111.12 1.6bar  Analoge pressure transmitter 1 10
Swagelok Valve KPR1DFC412A20000 Backpressure valve 1 440
Float Switch Waste tank float switch 1 11
Ultrasonic sensor Ultrasonic sensor for level indic. 1 5
Glas beaker 600ml d=90mm Sample beaker 1 12
Vibration damper Damper for pumps 16 1
PE Container 5l Waste & water container 2 9
Membrane connection (polyjet) Polyjet_Membrane_connection 1 10
3D-printed parts FFF collection (see detailed table) 1 14
Polyflux dialyzer Membrane module 1 50
Collections:

ITEM aluminium profiles Aluminum cage housing 1 172
Tubes, connectors see detailed table 1 100
Electrical circuit components Electric circuit and microcontroller 1 70
PVC Plates Ground plate, Top plate 1 7
Steel Plates Valve holder, Pressuresensor holder, Tub 1 <1

5.5 Build instructions

5.5.1 Electrical control system

For building the electrical control system of the filtration device, you first
need to order the circuit board and attach all electrical components to the
board (see Figure and the design files of the PCB - PCB_code.brd
/ PCB_code.sch / PCB1 / PCB2). The circuit board is screwed to the 3D-
printed electric housing. The two buttons, the rotary push encoder, the LCD
display, and the LED are directly connected to the electric housing’s respec-
tive openings and later assembled to the aluminum cage in one piece.

5.5.2 Mechanical device fabrication

The mechanical part of the filtration device is assembled as a tabletop de-
vice with all components connected to an aluminum cage. The aluminum
cage is fabricated by first cutting the 3m long aluminum profiles (Company:
ITEM) to six different lengths (x, y, z, TopX, TopY, TopZ) and assembled
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as shown in Figure 5.5 During assembly the ground plate and the plate
fop need to be inserted directly into the furrow of the aluminum profile as
shown in Figure 5.3]
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Figure 5.5: CAD-drawing of the aluminum cage assembly. Find the high quality
image in the lonline repository

Afterward, all other mechanical components (pressure sensor holder,
electric housing, valve holder, membrane module holder, and beaker fix-
ation) are assembled as shown in Figure 5.3] Then, the electric pres-
sure sensor (with pipe clamp 25mm), the back-pressure valve (with valve
holder), the membrane module holder, and the assembled circuit board (in-
side the electric housing) are attached to the cage as shown in Figure
and Figure The exact positions are not fixed and can be adapted to
the purpose.

The water pump, the feed pump, the pulsation damper, and the beaker
fixation are screwed onto the ground plate. Therefore, holes need to be
drilled at the respective position. The pumps are additionally damped using
rubbery dampers (Reichelt SMP 415 A15), one above and one underneath
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the ground plate (compare with Figure - pumps) to minimize pulsation
transfer to the device. The beaker fixation is connected by one screw and
can be adapted by approx. 1 cm to the beaker diameter. A close up of
the assembly is shown in Figure and in Figure [5.7] for the component
beaker fixation bottom.

Micro- Backpressure Analoge pressure
controller valve indicator

Digital pressure

indi Membrane m |
indicator embrane module

Beaker lid with
Ultrasonic sensor

Pulsation damper ——

AN

Float

\
switch Water pump

Feed Pump — |
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Water
container

Waste
_

container .

Figure 5.6: CAD-drawing of the filtration device assembly with all assembled com-
ponents without tubing.

The ultrasonic sensor is put in the beaker lid and covered with the beaker
lid cover. It holds in place without additional fixation. The float switch is in-
cluded into the screw cap of the waste tanks by drilling a hole into the cap as
seen in Figure [5.7]- float switch. The pumps and the other electric sensors
(Pressure sensor, ultrasonic sensor, float switch) are afterward connected
to the circuit board inside the electric housing.

The loose components, i.e., the tub, the water and waste tank, the sam-
ple beaker, and the beaker lid are put into position, and the 4mm tubing is
connected to all components. Transparent, green, and blue tubing makes
it possible to distinguish between high pressure tubing (feed), low pressure
tubing (retentate), and the non-contaminated water cycle, respectively. The
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Figure 5.7: Image of the filtration device with assembly close-ups of all compo-
nents.

tubing is connected to all components using Landefeld IQS connectors with
the respective threads. The membrane module connection is gluid to the
tubing using a 2 component epoxy glue (UHU Schnellfest). The permeate
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waste tubing is connected to one shell side of the membrane module, a
stopcock is attached, and the tube is inserted into the waste tank by drilling
a hole into the cap next to the float switch. The second permeate outlet of
the membrane module is closed using a cap. Find images of the details in

Figure5.7]

5.6 Operation instructions

Table shows a descriptive summary of the functions of the graphical
user interface including descriptions of all settings. An exemplary operation
instruction for microgel purification via diafiltration is shown in Table [5.4]
The procedure includes the following steps:

 During device preparation the membrane module is installed, the mi-
crogel solution is filled in the sample beaker, the water tank is filled,
and the waste tank is emptied (if necessary).

« Dilution needs to be performed if the sample volume is smaller than
100 ml. Operation volumes from 200-400 ml are suggested.

» During diafiltration the sample flows tangentially along the mem-
brane, while the transmembrane pressure drives a share of the sol-
vent and smaller molecules through the membrane. Additionally, it
refills the sample beaker with pure water, so that the sample volume
stays constant. This filtration step is performed until the solution is
sufficiently purified. In our exemplary diafiltration using a 200 ml mi-
crogel solution (see section [5.7), this took approximately 2.6 | of per-
meate and 15 min of filtration using a Baxter Polyflux 6H hemodialysis
membrane module. Adding a safety factor of 400 ml of filtrate results
in a minimum of 3 liters of solvent exchange.

« After the filtration step, the solution is concentrated to the desired
sample volume.

» The flushing step is essential to decrease colloidal microgel loss in
the membrane module. Microgels accumulate on the membrane sur-
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Table 5.3: GUI of the electric control system including a description of all settings.

Settings Water pump This value sets the initial state of the water pump when opening
the operation mode. (ON/OFF)

Feed pump This value sets the initial state of the feed pump when opening
the operation mode.(0-100%)

Level regulation Initial state of Level regulation when opening operation mode
(ON/OFF). Level regulation performs diafiltration and keeps the
liquid level constant over time by controls the water pump.

Include volume Considers the additional amount of water in the tubing during
level regulation mode.

| Set volume Sets the additional amount of water in the tubing.
\ Max pressure Sets the maximum pressure value.

| Diameter Manual adjustment of beaker diameter.

\ Height Manual adjustment of the beaker height.

Measure Height Automatic beaker height measurement that is used for volume
calculation. It measures height of empty beaker (empty beaker

necessary)
Operation mode \ Water pump State of the water pump (ON/OFF)
o \ Feed Pump Power of the feed pump (0-100%)
L \ Level regulation Level regulation = diafiltration (ON/OFF)

| xx.xx mL Level indicator (liquid volume in solution beaker)

| x.x bar Feed side pressure

\ XIXXIXX S Filtration time since start. Reset by going to main menu.

> Start/pause indicator of the process (push small button to start

and pause)

Table 5.4: Exemplary operation instruction for microgel purification via diafiltration.

Preparation Empty waste tank.

Refill water tank to minimum of 4 L with DI-Water.

Install membrane module between feed and retentate.
Connect permeate connection /-stopcock to shell side.
Connect the cap to the other shell side connection.

Fill microgel solution in solution beaker and cover with lid.
Submerge feed, retentate and water tubing in beaker.

Dilution Water pump ON Start the device.
Only necessary for Feed Pump 0% Dilute sample by pumping water in the solution beaker.
small sample volumes | Level Regulation OFF Run device until you reach a liquid level of 200-400 mL.
Diafiltration Water pump ON/OFF | Open the permeate stopcock.
Purification of Sample | Feed Pump 50% Adjust the back-pressure during operation to p=0.8-1 bar.
Level Regulation ON Solvent is exchanged with fresh DI-water.
Operate until min. 3 liters of Dl-water is exchanged.
Concentration Water pump OFF Remain permeate stopcock open.
Feed Pump 50% Operate device until required concentration is achieved.
Level Regulation OFF
Flushing Water pump OFF Close permeate stopcock.
End of purification Feed Pump 100% Filter cake removal by cross-flow flushing.
Level Regulation OFF Flush tubing with air by taking feed tube out of solution.
Cleaning Water pump OFF Exchange membrane module with short-cut connector.
Feed Pump 100% Exchange sample with 400ml of 10g/L Edisonide solution.
Level Regulation OFF Run device until solution tank is emptied.

Repeat cleaning procedure with DI-water.
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face as afilter cake. Higher permeation rates increase filter cake thick-
ness. As the membrane area of the membrane modules is compara-
bly large (0.2 m? for the 2H module or 0.6 m? for the 6H module), it
can be a significant microgels loss in the filter cake, certainly for small
sample volumes. This flushing step removes the filter cake from the
membrane by suppressing permeation by closing the permeate stop-
cock and removing the cake by tangential cross-flow flushing. This
method was proven in a previous study [Like2020]. Flushing times of
5 minutes with a maximum feed flow rate are recommended.

+ Finally, the microgel solution is removed from the system by pulling
the feed tubing out of the sample beaker, so that the pump empties
the tubing by pumping air. The sample beaker is then exchanged with
a beaker of cleaning agent (10 g/I Edisonite solution), which is subse-
quently flushed through all components to clean the internal surfaces.
Therefore, the short-cut connector is replacing the membrane module
so that the membrane might be reused for the same sample. This
procedure is repeated with water to remove the cleaning agent. The
system is finally stored in dry state.

An additional 7 minute long operation instruction video can be accessed
via the online repository.

Mechanical hazards are distinguished between electrical and mechani-
cal hazards. The system is operated with a commercial power supply with
a maximum voltage of 24V, so that all voltages are lower than 24V and
no electrical hazard occurs. Potential mechanical hazards result from the
pressurized parts between the feed pump and the back-pressure valve, in-
cluding the tubing, the IQS connections, and the membrane module. As
pressurized volume is only liquid volume, an explosion is non-problematic,
but splashing solutions might occur at leakages. Therefore, appropriate
personal protective equipment, including goggles and lab coats, should be
worn during operation. Device damages are secured by a software regu-
lated maximum pressure error. This error automatically stops pumps and
throws an alert if the feed pressure exceeds 2 bar. Finally, the risk of a fluid
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spill is prevented by another software error: The system is automatically
stopped when the water level in the sample beaker does not rise during the
water pump operation. This behavior indicates either an empty water tank
or a leakage somewhere in the system, where fluid might be spilled.

5.7 Purification of microgels using TFF

Microgels require an extensive purification step after synthesis to remove
undesired side products and residuals. These contaminants are leftovers
of monomers, surfactants that are desired for the reaction but undesired
for the application, and linear pre-polymers that occur as side products. All
of these molecules are significantly smaller than the desired microgels and
can be removed using ultrafiltration.

This study evaluates the performance of the TFF-purification system by
detecting leftovers of monomers and surfactant after purification. The mi-
crogel solution is analyzed using NMR and the purity of the permeate is an-
alyzed by conductivity measurements at different time steps of the filtration.
Additionally, the process-ability to remove linear polymer side products, that
are not integrated in microgels, are evaluated using bubble pressure ten-
siometry. Finally, the diafiliration process is compared with an ultracen-
trifugation process. These results give a rough estimate on how long the
diafiltration needs to be performed and additionally display the strengths
and the limitations of microgel purification using diafiltration.

5.7.1 Experimentals

p-VCL microgels were synthesized using a continuous tube-reactor as
described by Wolff et al. [Wolf2018]. In short, 14.76 g distillated and re-
crystallization VCL (98 % Sigma Aldrich) was mixed in 1 L aqueous solu-
tion with 0.402 g Cross-linker N,N'-methylenebis(acrylamide) (BIS) (99 %,
Sigma-Aldrich) and 0.222 g surfactant hexadecyltrimethylammonium bro-
mide (CTAB) (> 97 %, Merck). 0.883 g Initiator 2,2-azobis- (2-methyl
propionamidine)- dihydrochloride (AMPA) (97 %, Sigma-Aldrich) was dis-
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solved in an second 50 ml aqueous solution. The two solutions were fed
continuously into the tubular reactor using a syringe pump (Harvard PHD
ULTRA) for the 50 ml solution and a gear pump (Ismatec MCP-Z2) for the
1000 ml solution. The two solutions were mixed in a static mixer before en-
tering the reactor. The reactor was heated to 70°C, and the reaction time
is set to 300 seconds by controlling the pumps’ flowrates. The synthesis
brew is directly used for the filtration process without previous purification.

Filtration of p-VCL microgels is performed using 200 ml of the synthe-
sis brew as sample volume. The filtration device is equipped with a Baxter
Polyflux 6H dialyzer membrane module with a membrane area of 0.6 m?
and operated with a feed pump rate of 100 % at a feed pressure of 0.4 bar
resulting in an average permeate flow rate of 175 mL/min. The filtration pro-
cess was performed for 1 h, resulting in a total permeate volume of 10.5 L.
During the filtration process, eight samples were taken from the sample
beaker at different times to get a temporal resolution of the concentration
of linear pre-polymers in the sample.

The p-VCL samples were analyzed using NMR. All samples were mea-
sured on a Bruker Avance Il 400 spectrometer operating at 1H frequency
of 400.17 MHz. One ml of each sample taken during the filtration is mixed
with 20 vol % of deuterim oxide (D,0) (99.9 %, Sigma-Aldrich).

p-NIPAM microgels were synthesized using a batch synthesis described
by Senff et al. [Senf1999]. NIPAM monomer (205 mM, 9.27 g) and the
surfactant Sodium dodecyl sulfate (SDS) (1.56 mM, 0.175 g) was mixed in
380 ml aqueous solution. This solution was heated to 70°C and kept in
inert gas-environment by bubbeling with nitrogen for 30 min. The initiator
Potassium persulfate (KPS) (0.65mM, 70.3 mg) was dissolved in 20 ml and
bubbled with nitrogen for 30 min as well. Then the reaction was initiated by
adding the KPS-solution to the reactor and was kept running at 70 °C for
6 h. After cooling down the synthesis brew to room temperature, half of it
(200 ml) were directly purified using ultracentrifugation and the remaining
200 ml were purified by dia-filtration with the filtration system described
here.
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Filtration of p-NIPAM microgels was performed using a Polyflux 2H
dialyzer membrane module with a membrane area of 0.2 m2. Due to the
smaller membrane area, the permeate flow rate was significantly lower than
for the p-VCL purification at approximately 50 ml/min. The filtration process
was performed for 90 min and permeate samples were taken for conduc-
tivity and bubble pressure tensiometry measurements every 15 min.

The p-NIPAM permeate were analyzed measuring the permeate conduc-
tivity and bubble pressure tensiometry.

5.7.2 Results and discussion
NMR Analysis

The two microgels samples, p-VCL and p-NIPAM were analyzed using two
different methods, that need to be considered complementary. The p-VCL
sample was analyzed measuring the 1TH NMR of the microgel sample at
different filtration times, which shows the overall analysis of the sample
composition (Figure [5.8g). The microgels in the sample show broad peaks
due to the slow molecular motion that leads to dipolar broadening. The
narrow peaks can be assigned to small molecules (linear chains, other or-
ganic residues) that should be removed during filtration. After 15 minutes
of filtration and an exchanged permeate volume of 2.6 liters, the narrow
peaks disappeared, confirming that a purification occurred. The permeate
volume linearly depends on the membrane area in the respective module,
so that the Baxter 2H membrane module with 0.2 m? of membrane area
will take triple time for the same outcome.

Conductivity and bubble pressure tensiometry

The NMR analysis of the p-VCL microgels proves the process functional-
ity, but lacks in an analysis of different contaminants’ removal efficiencies.
Therefore, this study performed another analysis using p-NIPAM microgels
measuring the conductivity of the permeate during filtration to prove sepa-
ration efficiency of remaining reactants. Additionally, bubble pressure ten-
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Figure 5.8: Verification of the microgel purification using NMR of the p-VCL mi-
crogel sample at different filtration times using a 6H membrane module with a
membrane area of 0.6 m? (a). Conductivity measurements of the permeate and
supernatant of the p-NIPAM sample purified by filtration using a 2H membrane
module with a membrane area of 0.2 m? (black) and ultracentrifugation (grey), re-
spectively. Additionally, the most right data-point shows the permeate sample after
90 min of filtration with an additional centrifugation cycle.

siometry is performed for analyzing the removal efficiency of surface active
substances. In bubble pressure tensiometry, the surface tension v (mN/m)
of a bubble is measured at different surface ages = (ms). 7 represents the
reaction time of the surface active molecule and decreased ~ than pure wa-
ter reveals the existence of the surface active substances. Linear polymers
show a high affinity for contacting the gas-liquid interface of a bubble and in-
fluence the bubble pressure significantly. Accordingly, bubble pressure ten-
siometry can be used as a tool for analyzing the existence of high-molecular
polymers, such as linear pre-polymers, in the permeate or the supernatant.
Both data is compared with the supernatant of a ultra-centrifugation after
4-7 cycles.

The conductivity measurements (Figure [5.8b) reveal that the conduc-
tivity remains in a steady state after 45-60 min of filtration. The ultra-
centrifugation reaches the same results within 6 cycles. One additional
centrifugation cycle of the 90 min filtrated microgel sample (grey square)
proves, that the filtration process equals the ultra-centrifugation process in
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terms of conductivity of the sample. It can be concluded that 60 min of fil-
tration using a 0.2 m? membrane module shows comparable results related
to remaining reactants in the microgel sample.

The bubble pressure tensiometry serves as a tool for analyzing the re-
moval efficiency of linear pre-polymers. The measurements of the ultra-
centrifugation process reveal that each cycle of centrifugation removes
some shares of polymer up to the 7" cycle (Figure [5.9b). The perme-
ate of the filtration process (Figure [5.9g) shows a similar behavior for the
15 min to 45 min sample, revealing that a share of linear pre-polymer is
being removed. However, the subsequent centrifugation shows an addi-
tional removal of surface active substances in the supernatant, which can
be associated to a insufficient removal of larger polymers in the filtration
process. The applied membrane has a MWCO of 30 kDa, so that large-
molecular polymers (> 30 kDa) will be retained by the membrane. For
removing larger pre-polymers, a membrane with larger MWCO must be
chosen. Accordingly, removal of contaminants by filtration shows the same
boundary conditions as a purification performed by dialysis.

Microgel loss

During the process, microgels accumulate inside the module on the mem-
brane surface as monolayer and filter cake. The post purification cross-
flow flushing step removes a share of these microgels. However, polymer
adhering in the inner pore structure and as monolayer on the membrane
surface will hardly be affected by the proposed cross flow cleaning method.
Removal would require a much stronger cleaning method, such as back-
flushing and chemical cleaning, which is not suggested in this setup due
to complexity of the required instrumentation. Accordingly, a membrane
surface-area dependent microgel loss is obtained inside the membrane
module during the diafiltration-process . This microgel-loss is evaluated
by performing another experiment filtrating a purified 200 ml pVCL solution
with a concentration of 2.7 g/L. After 20 min of diafiltration using a Baxter
6H module, a concentration of 1.6 g/L was measured. Thus, the process
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Figure 5.9: Bubble pressure tensiometry of the permeate and supernantant of a
p-NIPAM microgel purification performed by filtration and ultracentrifugation, re-
spectively. (a) shows the permeate at different filtration times (black) and addition-
ally the supernatant of the centrifugated sample after 90 min of filtration (grey).
(b) shows bubble pressure tensiometry measurements using ultra-centrifugation
as purification method after 4-7 cycles.

lost approximately a total mass of 0.22 g microgels on a membrane area of
0.6 m2. This loss mainly affects small sample volumes with small concen-
trations because it correlates to the membrane area and not to the sample
concentration and sample volume. The membrane module should be se-
lected appropriately for the filtration task.

5.8 Summary

The ultrafiltration device presented here opens the technology of tangential-
flow diafiltration to polymer science research labs by reducing investment
and operational costs. The technology outstands the existing state of the
art purification technologies like dialysis or ultracentrifugation in terms of
costs, time, and manual effort.

Purificaion of microgels by TFF shows promising results related to the
removal of reactants and small molecular polymers. Depending on the

107




Chapter 5. An automated lab scale filtration system for microgel purification

membrane module 15-60 min of filtration suffice for purifying a 200 ml batch
of microgels. Our example using a 30 kDa MWCO membrane revealed an
insufficient removal of large molecular p-NIPAM polymers. For a removal of
components larger than 30 kDa a membrane with larger MWCO should be
chosen. The upper limit pore size is defined by the microgel retention.
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6 Conclusion and Perspectives

This thesis analyzes the filtration of colloidal microgels and soft micro-
particles, focusing on particle scale phenomena occurring during filter cake
formation in MF and UF processes. Such filtration processes have been
analyzed on a micro-scale using microfluidic devices and on a lab-scale
applying flat sheet and hollow fiber membrane modules.

Cake compaction A microfluidic dead-end model system to analyze the
formation and compaction of soft particle filter cakes was developed and
applied for visualizing single particle movements in a filter cake and their
influence on the overall cake morphology. During a constant pressure
cake built up, the cake compacts by particles filling up voids towards the
membrane surface. After a certain number of rearrangements, this pro-
cess calms down for the layers close to the membrane, indicating a com-
plete void filling. Compression of the filter cake enables additional fill-up
events by deforming and squeezing particles into existing smaller voids.
The packing density strongly depends on the previous permeation and
compression history, nicely mimicking biofilm compressibility in UF appli-

cations [Jafa2019].

Particle shape affecting hydraulic resistance The follow-up study in-
creases complexity towards approximating filtration processes by introduc-
ing a microfluidic any-shape particle fabrication process. The vertical flow
lithography suits as a high throughput method for fabricating microscopic
particles in any 3D shape. Evolving from there, in-channel particle fabri-
cation into a confined microfluidic chamber with a resting fluid enables the
precise fabrication of a defined number of particles. The particle’s shape
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and stiffness strongly influence the filter cake’s hydraulic resistance and
morphology by modifying the contact points between the particles and their
ability to deform and fill up voids in the cake. The study represents an un-
precedented description of microscopic in-flow particle assembly and the
assembly’s hydraulic resistance highlighting the importance of considering
the particle’s shape during filtration.

In-flow assembled bio-hybrid tissues Looking at filter cakes from a
different point of view, they also represent densely packed and perme-
ated assemblies of particles and colloids. The creation and permeation of
such assemblies are important in chromatography columns, packed beds
in chemical and biochemical reactors, and scaffolds for tissue engineering.
This thesis presents the in-flow assembly process of rigid and soft micro-
particles. The morphology of the final assembly depends strongly on its
formation process, which results from solvent depending particle-particle
interactions. Particles’ interactions and their tendency to assemble were
extensively studied for nano-particle within the last 30 years [Nied2017].
All the progress in nano-particle assembly ranging from molecular syn-
thesis to controlled 1D, 2D and 3D arrangement, emerges in assemblies
with tremendous precision by considering all material properties, including
composition, crystal structure, surface chemistry and morphology. How-

ever, nano-particle self-assemblies are restricted to a few tens of microm-
eters. [Nied2017]; [Anto2008] Accomplishing technical applications re-
quires larger micron-scale building blocks by transferring molecular synthe-
sis routes and nano-particle properties to 3D micro-particle fabrication and
functionalization. The micro-particle shape determines the particle-contact
points and thereby activates the interaction of particles depending on their
properties, including charge, softness, and solvent wettability [Zhan2012];
[Wang2018].

The microfluidic methods for particle fabrication and filtration presented
in this thesis potentially enable layer-by-layer in-flow particle self-assembly,
creating a 3D structure similar to the various applications in layer-by-layer
assemblies of nano-particles and macromolecules [Rich2016]. The roadmap
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Figure 6.1: Visionary layer-by-layer in-flow 3D assembly of microscopic any-shape
particles

towards a controlled macroscopic 3D-assembly using, e.g., the any-shape
particles from Chapter 3] includes precise tuning and analysis of the parti-
cles’ shape, their solvent contact angle, their softness, the particle-particle
adhesion, and the forces applied during the in-flow assembly process. Fi-
nally, a controlled porous scaffold might serve as self-assembled bio-hybrid
tissue with adjustable porosity (Figure [6.1).

Colloidal cake layer morphology This thesis combines optical visual-
ization methods for describing dynamic movements of the particles and
the filter cake with traditional measurements of the flux and the trans-
membrane pressure. Thereby, it narrows the gap between microscopic
particle interaction and filter cake properties. However, it is still challenging
to translate single particle events to macroscopic, process scale filtration
models.

The presented unique combination of CLSM in a flat sheet membrane
cell allows the in-situ 3D visualization of filter cakes during a filtration pro-
cess. Visualizing the cake mobility and its dynamic movements during
cross-flow filtration unravels longitudinal patterns on the cake bulk bound-
ary resulting from instabilities at the boundary layer with viscosity gradients.
These instabilities accelerate the colloid transport to the bulk and reduce
cake removal times. This reproducible phenomenon is expected to oc-
cur on any viscous boundary layer impacting filter cakes, where particles
are not fixed in the gel layer structure but can flow on the surface of the
cake. Future studies could investigate the influence on industrial applica-
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tions, e.g., in tangential-flow dairy and protein filtration.

Additionally, the CLSM cake visualization method allows a particle scale
analysis of the cake density during a filtration process. In future work, the
acquisition of depth density gradients on real filter cakes using this method
would translate the morphology to a more mechanistic description of fil-
ter cakes. The system raises the question of how the fluid is transported
through a packed bed of soft particles and colloids. Soft particle deforma-
tion [Bouh2017]; [Link2019], gel layer permeation [Jafa2019], as well as
the transport phenomena in gels, such as in soft chromatography columns
needs to be considered. This translation will substantially result
in a rather mechanistic description of the cake layer permeation compared
to Karman Cozeny based models with experimental filtrate specific cake

resistance values [Fole2006].

Purification of microgels using UF Microgels are microscopic water-
swollen crosslinked colloidal networks that can be engineered to respond
to external stimuli, such as temperature or pH [Karg2019]. Microgels show
promising applications as drug carriers in clinical attempts [Kitt2021], though
they are still primarily applied in academic research. The downstream pro-
cess in lab-scale is either performed by batch dialysis or by ultracentrifuga-
tion. Both methods are hardly upscale-able and not suited for larger-scale
fabrication. This thesis suggests a semi-continuous and easily upscalable
tangential flow diafiltration process for purification. Commercial, low-cost
hemodialysis hollow fiber membrane modules are applied to purify micro-
gels. The technology allows a fast and reliable separation of low-molecular
residuals. At the same time, large molecular polymer strains remain in
the microgel solution due to the separation properties of the chosen mem-
brane. Accordingly, the membrane module needs to be selected for the re-
spective microgel and its precise purification target. Pushing the microgel-
research towards future applications will increase the sizes of the synthesis
batches and carve out the advantages of the diafiltration process. There-
fore, at present, various projects in the Collaborative Research Center (SFB
985) and at the chair of chemical process engineering at RWTH Aachen
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University started applying the here developed diafiltration technology for
the purification of microgels. The microscopic cake layer phenomena stud-
ied in the prior chapters of this thesis, including the cake compaction and
the 3D patterns on the cake surface, occur on a day’s basis during the
tangential-flow purification of microgels in these ongoing projects.
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