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Abstract

This study examines the accumulation of yeast cells at the membrane surface and the morphology of the formed
cake through microscale monitoring and analysis of the microfiltration process. An original dead-end microfiltration
device with a model membrane was designed and coupled with an optical imaging system to provide direct observation
from the side, allowing in-situ real time study of the filtration operation (Valencia et al. 2020 [1]). Here, the deposition
of yeast cells, monodispersed and polydispersed particles, in the same size range that yeast cells, was analyzed. Image
processing was used to perform a quantitative characterization of cake morphological properties in terms of height,
porosity, permeability, Kozeny coefficient and specific resistance. The cakes formed by monodispersed spherical and
non-spherical rigid particles exhibit a similar incompressible behavior with higher porosity than yeast cakes, with mean
porosity values of 0.38 for the rigid particles and 0.15 for the yeast at the end of the filtration run, respectively. The cake
obtained by the microfiltration of a model suspension of polydispersed particles close to yeast size and shape is more
compact (porosity of 0.29) and less permeable. However, polydispersity does not fully explain yeast cake properties, in
particular its compressibility. Indeed, the yeast cake has a high compressibility index n = 1.1, which is reflected in a
significant volume expansion of the yeast cake after transmembrane pressure was removed.

Keywords: Microfiltration; Yeast; Model particle; Compressible cake
Abbreviations:

C: particle concentration above the membrane
CGM: cake growth monitoring module

ho: measured average cake height

Kc: cake permeability

Kk: Kozeny coefficient

m: deposited mass per membrane surface unit

n: compressibility index

NS: non-spherical, peanut shape particle suspension
PCM: particle concentration module

PVM: particle velocimetry module

Rc: cake hydraulic resistance

Rm: membrane hydraulic resistance

Rr: total hydraulic resistance



S: spherical particle suspension

SD: polydisperse particle suspension

Sp: specific surface

U: average velocity at which particle approach membrane
ac: cake specific resistance

B: specific resistance coefficient

AP: pressure difference

€: porosity

p: density

u: dynamic viscosity

1  Introduction

Particle transport and separation processes take place in many industrial sectors. Among them, membrane filtration
is widely used in biotechnology and the pharmaceutical industry [2], the drinking water and waste water treatment sectors
[3], [4] and the food and beverage industry [5]. It is natural then to seek for new ways to optimize the filtration
performance. Membrane fouling is one of the main features hindering the filtration performance through mechanisms
including sieving, bridging and particle aggregation [6], which always results in the permeate flux decline and a lower
efficiency of the process.

In order to overcome such filtration drawbacks, many approaches have been studied like surface modification [7],
[8], different membrane configurations [9], [10], the optimization of filtration operational conditions [11], [12]. While
there is important research on antifouling features of some membrane surfaces, there is also a significant body of work
on different ways to recondition the membrane performance to its initial state through cleaning methods as backwash
[13], [14]. Previous research contributes to attenuate fouling, however, clogging and cake formation are still present. It is
therefore still relevant to better understand the transport properties related to these phenomena.

While fouling has been studied at a macroscopic level, it has been approached at a smaller scale (particles, cells and
pore scale) less exhaustively. Numerous studies have provided guidance toward better understanding of the process and
made it possible to optimize, yet there are still many unsettled issues, particularly with regards to separation of bioparticles
such as microorganisms. Research aiming to predict filtration process decay resulted in different theoretical and empirical
fouling models for model particles [15]-[17], proteins [18], [19], and microorganisms [20]-[22]. When sieving is the
main fouling mechanism, the later performance of the process is mostly related to the cake build-up on the filter unit. This
behavior is approached by the classical filtration theory for which the hydraulic resistance of the deposit is calculated
using the Carman-Kozeny relation. This could be a pertinent approach for non-compressible cakes of monodispersed
particles, but experimental results differ from the predicted values for cakes that exhibit a compressible behavior. Many
parameters usually assumed as constants in the Carman-Kozeny formula vary as the cake undergoes compression. The
porosity of the cake progressively decreases, with significant impact on the cake resistance; the tortuosity value describing
the cake capillaries and the pore shape may also change. This behavior depends on the mechanical properties of the
filtered matter forming the cake, thus influencing the cake resistance and the loss of efficiency of the filtration process.

A better understanding of the filtration mechanisms at the microscale, especially for microorganisms, is key to fulfill
the lack of information regarding filtration cake structure, morphology and porosity distribution. It is towards a more
accurate description of the cake formation mechanisms and the resulting cake properties that different in-sifu and non-
invasive techniques that probe at the foulants level (particles, microorganisms) have been developed. Non-invasive
techniques are mainly classified as optical and non-optical [23]. Optical probes include light scattering principles and are
usually coupled to image post-processing analysis. Laser based techniques like triangulometry [24] and refractometry
[25], [26] were used to measure in real-time the cake layer height and concentration gradients respectively, with a
resolution about 2 — 5 pm. This resolution remains coarse relative to the size of typical micro-pollutants. Le Clech et al.
[27] compared three tools for the study of the fouling phenomenon. From the scanning electron microscopy (SEM and
ESEM) and the confocal laser scanning microscopy (CLSM), only the direct observation (DO) allowed in-situ, real-time
and non-invasive data acquisition; however, it offered the lowest resolution (~10 um). According to several reviews
comparing the applicability of different techniques for studying the fouling phenomenon [28], [29], DO reach an enhanced



resolution of ~1 pm [30], [31]. Particularly, the suitability of CLSM for performing in-sifu and non-invasive data
acquisition was highlighted as the data acquisition rate of this tool remains insufficient for a real-time analysis [32], [33].

Despite its acquisition rate CLSM have been proposed to observe solutes smaller than the resolution in optical
microscopy using laser excitation and sample fluorescent labelling. Recent work introduced by the CLSM use
fluorescence to obtain 3D information as a stack of multiple planes at different depths, or focal planes, of the studied
sample. The work by Ben Hassan [34], [35] used the CLSM for direct observation to acquire 3D images of the filtration
cake. The work elucidated the first stage of particle deposition on the membrane and the later arrangement of the first
layers of particles. The difficulties related to this technique are associated with the laser excitation. Laser penetration is
of limited depth (~ 40 um for yeast cakes), which limits the thickness of the deposit that one can inspect. Despite its
resolution in the lateral (x and y) directions (<1um), in the vertical (z) the scanned samples can be distorted.

Usually direct observation techniques (DO) combine an optical microscope with a camera. The DO set-up is coupled
to a specially machined microsystem device. In the study of transport and separation, DO was initially used to observe
particle deposition on the membrane surface [36], [37]. The DO technique allows the direct observation of cake formation
at the membrane surface by the side. It differs from classical DOTM technique which allows the direct observation
through the membrane, i.e., in the direction perpendicular to the membrane surface. The main drawbacks remain the
limited optical depth and the focal plane of the observation. Recent work by Laar et al. [16] used DO from the side to
study clogging phenomenon in dead-end filtration. They studied the flow through different pore geometries and filter
configurations using particle image velocimetry (PIV); then they related the flow to particle aggregation inside the pores,
which is the main cause of pore constriction. Further work in crossflow microfiltration shed light on the pore
communication, relating the probability of a pore being clogged once their neighbors have been already obstructed [38].

In the work described in this paper, the previously validated dead end microfiltration system [1] was used to study
the accumulation of yeast cells on a model membrane. This microsystem was used to analyze the behavior of living cell
suspensions near the membrane during the initial stage of cake formation and the transition to fully developed cakes. A
series of experiment using direct observation by the side (DO) have been performed for the filtration of four different
suspensions: a suspension of cultivated yeast (Saccharomyces cerevisiae) and three suspensions of model particles with
different size and shape distributions. Monodispersed suspensions of spherical and non-spherical particles as well as
polydispersed particles were used to model features of the yeast cell suspensions and to better understand the effect of the
morphology and size distribution on cake properties. The dead-end operating condition was chosen as it is suitable for
analyzing the first layers of cake and the first stage of cake formation. Even though crossflow operation condition is
widely used in the industry to reduce fouling phenomena, particles still accumulate at the membrane surface in a fashion
similar to the dead-end case as the flow direction in the vicinity of the membrane in the normal direction, i.e. perpendicular
to the filtration surface [35]. In the present study, cake formation is studied in its initial forming stage, which corresponds
the zone where the velocity profile is perpendicular to the membrane in crossflow filtration as it is for dead-end
configuration [39]. In addition, the dead-end operating condition is particularly simple for performing the mass balance,
which could be a source of inaccuracy in previous studies using crossflow operation mode [29].

2 Materials and methods

2.1  Experimental set-up and protocol
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Figure 1. Scheme of the experimental set-up. 1) Syringe pump. 2) Syringe. 3) Reservoir. 4) Manometer. 5) Cell
support. 6) Optical bench. 7) Acquisition computer. b) Scheme of the cell support and connectivity to the syringe pump,
reservoir and manometer.

The original direct observation (DO) experimental set-up was previously developed for studying the dead-end
filtration of model particles and is used here to analyze the cake growth for the filtration of yeast cell suspensions. The
system is fully detailed in a previous paper [1]. The microfiltration unit is made in silicon, and it consists of a straight
rectangular channel with a filter in the middle, the inlet and the outlet. Photolithography technique was used for the
microfabrication of the filtration unit in partnership with Toulouse LAAS-CNRS laboratory. The filter membrane is
composed of multiple parallel slots regularly arranged in different configurations. The filtration units are referred by the
slot width C (2 and 4 um), and the slot distance (3 and 16 um) Pe, with this notation indicating periodicity. The cell
geometry information is summarized in Table 1. The channel is 11.5 mm long, with a cross-section of 1 mm in width and
30 um in depth.

Table 1. Microfiltration cell geometries

Membrane  Sjot width, Periodicity, Slot distance

reference C (um) Pe (um) dp (um)
C2Pe5 2 5 3
C4Pe20 4 20 16

A microscope objective attached to a camera (Basler acA 1920-155um) is used for real-time imaging and data
acquisition (Figure 1a). A syringe pump (Harvard Apparatus 33) provides a flowrate in the range of 1 to 20 ul/min. A
manometer (Digital pressure gauge Type E2 - Sika) is used to measure the pressure in the system. Using the syringe pump
the system is filled meticulously to avoid the presence of air bubbles, and then a constant flow of 10 pl/min is established;
for the current experiments, the flow is characterized by Stokes regime (Reynold’s number < 1). After the stationary flow
condition is reached, the suspension is injected. Filtration starts and real-time imaging and data acquisition is launched
when the first cells/particles appear in the observation domain. The experiments are conducted at a constant flowrate of
10ul/min and the pressure variations are recorded.

The estimate of the retention of suspended particles/cells must be accurate to perform a mass balance. The yeast
suspension experiments were exclusively performed using the C2Pe5 filters units, which were the only ones with a pore
size of 2 um that guarantees the sieving of all the cells. This allows a better estimate of cell deposition. However, as these
filtration units are more complex to manufacture, they are only used for the filtration of yeast. The previous paper [1]
explored the effect of the different filter geometries on the cake structure for monodispersed spherical particles (8.4 pm
diameter); it was shown that the filtration using C4Pe20 resulted in the cakes with the highest compaction, slightly closer
to that of yeast cakes in the present study. Therefore, the experiments with the other model suspensions (peanut shape
and polydispersed latex particles) were also run using the C4Pe20 to compare with yeast experiments. In addition, the
filter geometry (size and pitch of the slits/pores) only influences the first blocking layers. Therefore, it is assumed that
this effect can be neglected in determining the properties of thicker cake layers [1]. Hence, the results of the filtration of
non-spherical and polydispersed particles on C4Pe20 filters and yeast cells on C2Pe5 filters can be reasonably compared.



2.2

Model suspensions
Four different suspensions were used: A cultivated yeast suspension of 50 h aged, corresponding to the stationary

phase of yeast growth and three suspensions of model particles: spherical, non-spherical particles with peanut shape, and
a size/shape polydispersed suspension (Figure 2). Particles and cells are suspended in a water — glycerin mixture for
density matching between the continuous and solid phase.

c)
Figure 2. a) Yeast cells. b) Spherical particles. ¢) Non-spherical particles with peanut shape.

The yeast suspension at a given concentration was prepared from a fresh culture harvested at the stationary
state of growth (corresponding to 50 h incubated at 30 °C and stirred at 120 rpm). The yeast Saccharomyces
cerevisiae (Figure 2a) strain was cultivated in yeast peptone dextrose medium (YPD: 10 g/L of yeast
extract, 10 g/L of dextrose and 10 g/L of bacto peptone). The correlation between the cell dry mass per unit
volume and the optical density (measured at different ages of the yeast cultivation at wavelength of 600
nm) permits to relate the concentration (C,) of cells to an easily measured parameter, the optical density
(OD). The obtained correlation was C;,=0.220D. When the cultivation reaches an age of 50 h, the sample
was taken and then centrifuged. The supernatant was removed to re-suspend the cells in the density
matching (1.024 g/cm®) water — glycerin mixture (91% water, 9% glycerin). Yeast cells exhibit a size
distribution ranging from 2 to 10 um [40] when they are cultured.

The spherical particle suspension (Figure 2b) used for the experiments consisted of latex beads (Micro
Particles GmbH PS-R-8.4) of mean diameter of 8.4 um with a standard deviation of 0.09 um, and density
of 1.055 g/cm?® suspended in water — glycerin mixture (79%W, 21%G). Spherical particles also used in
simulations, as their shape is easier to model, but also resembles the shape of individual yeast cells.

Latex non-spherical particles (Figure 2c) with “peanut” shape (Magsphere PNTO05UM) were suspended
in a water — glycerin mixture (79%W, 21%G). The peanut particle longest dimension is @ = 7.4 pm and is
obtained by merging two spherical particles each of a diameter 5.1 pm. The particle density is 1.055 g/cm3.
This particle mimics the budding yeast shape.

2.6 peanut 4.7 particles
particles d=5um

e
98

1 particle
d=84pm

233
’:@@@

74pm

Figure 3. Poly dispersed particles suspension equally apportioned in volume with different number concentration:

for 1 spherical particle of 8.4 um diameter there are 2.6 peanut shape particles and 4.7 spherical particles with a Sum

diameter.

The polydispersed particle suspension consisted of a discrete distribution of three types of model particles
equally apportioned in volume (different number concentration as indicated in Figure 3). Two spherical
particles with diameters of 5.0 and 8.4 um (Micro Particles GmbH) and non-spherical particles with peanut
shape (Magsphere PNTO05UM) were suspended in the water — glycerin mixture (79%W, 21%G). This
suspension was used to model the suspension of yeast cells in terms of shape (budding and individual cells)
and size distribution.



Table 2 summarizes the main information of the four suspensions:

Table 2. Characteristics of the different suspensions

Code Description Characteristics Specific surface, S, x10° (1/m)
Yeast Saccharomyces Cerevisiae Cultivated 50 h aged 1.13
S Spherical d=8.4pum 1.10
NS Non-spherical “peanut” a=74um;d=5.1 um 0.71
SD Polydisperse S8um-NS-Ssum (1:1:1 Vol.) 0.98

2.3 Image processing

A specialized Python code is used to quantify the morphology and the transport properties of the cakes from the
acquired sequence of images. The code is based on three modules, the particle velocimetry module (PVM), the particle
concentration module (PCM) and the cake growth monitoring module (CGM). These three modules allow extracting the
average velocity U at which particles approach the membrane, the concentration above the filtering surface C, the
measured average cake height £, and the deposited mass per membrane surface m. For more details on the code algorithm
refer to the previous article [1].

2.3.1  Data analysis
The integration of the concentration C(¢) (% V/V) and the average velocity U(f) correspond to the observed cake
height 4, of matter deposited at time ¢, when taking into account the porosity €:

fucdt
1—¢€

=h,
Eq. 1

This approach is accurate since the whole channel depth remains within the optical thickness and scope of the
observation set up. Hence, the information lost in depth when calculating the concentration and the cake height is
negligible. The Eq. 1 allows to estimate the porosity from the information extracted using image processing.

The Darcy equation and the Carman-Kozeny formula are used to study the behavior of the Kozeny coefficient Kx
throughout the filtration as a function of the pressure and the estimated porosity. The filtration velocity is assumed to be
equal to the average particle velocity as there is no slip velocity in Stokes regime for density-matched particles, i.e.,
neutrally buoyant particles:

AP

U= =
hoKS2(1 —€)?
ﬂ(Rm+0kp( 6))

23
Eq.2

with 4P (Pa) the pressure difference, y (Pa-s) the dynamic viscosity of the fluid, R, (1/m) the membrane hydraulic
resistance and S, (1/m) the specific surface of the particles. The term in parentheses of Eq. 3 corresponds to the total
hydraulic resistance. Here it is assumed that the commonly used resistance-in-series model can be applied as
follows: Ry = R, + R,.

The different components of the total resistance R; = R, + R, (1/m) are calculated from the experimental data.
Using the Darcy equation, the membrane hydraulic resistance R,, = AP,/(nU,) can be calculated from the initial
operating conditions for the clean membrane. Then, as the cake forms the cake hydraulic resistance is calculated as R, —
R,,. Then the permeability of the cake K. = h, /R, (m?) is used as the macroscale variable to evaluate the filtration
performance throughout the experiment.

In order to analyze the compressibility of the cakes formed by different particle suspensions the hydraulic
resistance is expressed in terms of the deposited mass per membrane surface unit m (kg/m?) and the cake specific
resistance a. (m/kg):



R, =a-m
Eq. 3

Where the mass per membrane surface unit m = CUp/S is calculated using the concentration C from the PCM, the
average velocity U from the PVM, the particle/yeast cell density p and the membrane surface.

The compressibility has an effect on the specific resistance, which is analyzed using a power law as a function of
the pressure:

a. = BAR"
Eq. 4
where f is the specific resistance coefficient and 7 is the compressibility index.

In the previous paper [1], the microsystem performance for the filtration of monodispersed rigid spherical particles
was studied. The results obtained were validated with numerical simulations using COMSOL Multiphysics software.
Indeed, the spherical shape of the particles made it possible to easily model the fluid flow in a simplified geometry that
consisted of a representative unit element of the filter on which particles were regularly deposited.

3 Results and discussion

The set-up and the analysis guidelines previously described were used in all the filtration experiments of the different
suspensions. The model suspension of spherical particles was used to set the experimental device and validate the analysis
of the data [1]. The present paper is dedicated to the study of the filtration of yeast suspensions. To this end, the filtration
of non-spherical and polydispersed solid particle suspensions was also addressed to explore two yeast features: the
budding shape and the size distribution. The accumulation of cells/particles at the filter surface due to sieving was
analyzed from the initial stage, when pore blocking takes place, to the transition stage when the cake progressively
controls the dynamics of the filtration.

3.1  Filtration of a cultivated yeast suspension

Since the full retention of yeast cells was achieved using C2Pe5 filter units, it is thus possible to accurately assess
the mass of yeast cell deposited and to perform the subsequent estimation of porosity, permeability, Kozeny coefficient
and specific resistance of the cake. The results obtained for four identical experiments are presented in the form of the
mean value with standard deviation to evaluate the reproducibility.

3.1.1  Cake growth

The cake average height as a function of the deposited mass per unit filter surface is plotted in Figure 4. The
experiments were reproducible within a small standard deviation. A steep slope characterizes the initial blocking stage of
the cake formation. The rate of cake growth is higher at the beginning of the experiment due to the heterogeneity of
surface. However, this spatial heterogeneity is rapidly compensated by the consequent non-uniform permeability. Indeed,
as the first particles deposited are not homogeneously distributed over the membrane surface at the beginning of the
filtration, some regions of the membrane remain open to the flow, i.e., regions with higher permeability; hence the next
particles are subsequently driven towards these regions to progressively cover them, thereby flattening the cake surface.
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Figure 4. Yeast cakes average height as a function of the deposited mass per unit filter surface m.

3.1.2  Porosity permeability and Kozeny coefficient

The estimated porosity € and the macroscopic properties calculated using the raw data as the cake permeability K,
Kozeny coefficient Kx and cake specific resistance a. were used henceforth to characterize and to compare the filtration
of the different suspensions. Figure 5 shows the porosity evolution from 0.43 when the first few layers (3 — 4) layers of
yeast cake are formed to 0.15 at the end of the filtration run, with pressure ranging from O to 13000 Pa under constant
flow of 10 ul/min. Different authors report porosity values for different microorganisms ranging from 0.40 to 0.10. Fane
et al. [41] found porosity values for cakes of E. coli cells varying from 0.18 to 0.10 for a pressure difference of ~30000
Pa. Nakanishi et al. [42] estimated the porosity for suspensions of different strains of microorganism. Particularly for
yeast, they found values from 0.30 to 0.20 for pressures ranging from 13000 to 78000 Pa. For the last study, it is important
to note that the estimate of the porosity was done for a much thicker cake layer (5.15 kg/m?) than that of the present study.
Ben Hassan et al. [43] used confocal laser scanning microscopy (CLSM) to characterize the deposit of fluorescent dyed
yeast in dead-end filtration. Using two different microsieves units with 0.8 and 2.0 um pore size, they found cake
porosities of 0.12 and 0.10, respectively. These porosity estimates were obtained when the microsieve was fully covered
(~ 30 um thickness) and they are in fair agreement with the results of Beaufort et al. [32] who found, also using CLSM,
porosities varying from 0.09 to 0.13 for yeast cakes of ~30 um thickness using 0.2 um membranes. All these values of
porosity given by other authors are in reasonable agreement with the values of porosity obtained in the present study.
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It can be noticed that the final porosity of yeast cakes is lower compared to the lowest porosity values calculated
using theoretical packing models of spherical monodispersed and polydispersed particles. For monodispersed particles
the densest regular packing for face-centered cubic and hexagonal closed-pack is equal to 0.26 [44], while for
polydispersed particles the porosity value is about 0.29 [45], [46]. This significant difference between the experimental
and theoretical values could be reasonably explained by the fact that the theoretical models consider only spherical
particles and do not take into account the complexity addressed by living microorganisms that could exhibit a large
heterogeneity in terms of shape and mechanical properties. This is the case of yeast culture in batch mode, where cells
exhibit different physiological state related to their age. The influence of these characteristics on the morphology of yeast
cakes is highlighted in the next sections through comparisons with two model suspensions: non-spherical monodispersed
particles and a mixture of spherical and non-spherical polydispersed particles.
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Figure 6. Evolution of the cake permeability during the filtration of the suspension of yeast cells as a function of
the deposited mass per unit surface. K¢ corresponds to the permeability for a formed deposit (m > 20 g/m?) while K¢’
the filter blocking layers.



Regarding the transport property of the cake in terms of the permeability, as could be expected, cake permeability
decreases as a function of the mass deposited (Figure 6) in agreement with the decrease of the cake porosity. The
permeability and porosity are calculated for a deposited mass higher than 20 g/m?, this corresponds to a cake height of 24
um and approximately to 4 layers of yeast cells (assuming a mean cell diameter of 6 um [40]). For a deposited mass lower
than 20 g/m?, the filtration is in the pore blocking stage and the deposit is not well constituted. Accordingly, the
permeability is higher at the beginning of the filtration as the cake is more porous and the resistance to fluid flow is then
lower. While the filtration continues, yeast cells continue to deposit on the cake and the pressure difference across the
cake rises, thus promoting a reorganization of the cake structure. Smaller or slightly deformed yeast cells can fill the
spaces between the bigger cells and some of the voids inside the cake can also collapse. Thereby, the porosity decreases,
and the fluid flows through smaller pathways inside the cake causing a higher hydraulic resistance and a lower
permeability.

Kozeny coefficeint, Kg

0,10 0,15 0,20 0,25 0,30 0,35
Porosity, €

Figure 7. Kozeny coefficient as a function of the porosity for yeast cakes.

For the Carman-Kozeny formula, the non-spherical shape of the yeast cells and their size distribution (ranging from
2 to 10 pm [40] when they are cultured) influence the value of Kx, which depends on the tortuosity of the porous medium
and on the pore shape. When there is an evolution of the deposit properties, Kx could differ from what is usually adopted
in the literature when the Carman-Kozeny formula is used to model the permeability of a porous medium. It is then useful
to estimate Kx from the cakes obtained for the filtration of yeast in the current experiments. As seen before, the porosity
is related to the flow channels inside the porous medium (tortuosity and pore shape). Kk is plotted as a function of the
porosity (Figure 7) to clearly illustrate this effect. The Kozeny coefficient exhibits an increasing behavior ranging from
~1.7 to 4.4; also, for porosity values lower than 0.20, it appears that Kx reaches a minimum value of ~1.7. In the work by
Beaufort [32], Kx was also calculated for yeast cakes; these authors obtained Kk varying from 1 to 10 for porosity values
in the range of 0.10 to 0.25. This is roughly in the same range as the present results. The exponential increasing behavior
of the Kozeny coefficient could suggest that yeast cell reorganization in the cake is not the single phenomenon responsible
for the variation as it was for the rigid spherical particles in the previous study [1]. Not only the polydispersity of the yeast
cells but also the cell local deformation and/or compressibility should play a significant role on cake compaction. This
will be shown below.
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Figure 8. Yeast cake specific resistance as a function pressure drop across the cake.

An approach commonly used to study the compressibility of a cake is to analyze the specific resistance of the cake
as a function of the pressure drop across the cake. As can be seen in Figure 8 the specific resistance is not constant. A
power law was used to model the variations of the specific resistance with pressure drop and reflects the compressibility
feature of the yeast cake. For the current experiments, a compressibility index (Eq. 4) n = 1.10 was determined by a
regression analysis with a correlation r> = 0.98. In previous studies yeast cakes exhibited a compressible behavior with n
ranging from 0.25 to 0.9 [21], [40], [47]. This rather wide variation of n could be explained by the mechanical properties
of the yeast cells in the suspensions, which could change depending on the cell growth stage considered and viability.
Recall that for n > 0 the cake is considered as compressible and highly compressible cakes have n > 1 [48]. The specific
resistance values obtained in the current experiments were also in a consistent range compared with those previously
reported in literature, where a = 10! — 10'2 m/kg [21], [40], [42], [47].

Figure 9. Yeast cake at the end of the filtration test. The red surface corresponds to the cake at the final pressure,
while the green surface corresponds to the cake expansion when the final pressure is removed.

Finally, the compressibility of the cake was also observed when releasing the pressure of the system at the end of
the experiment, after cake was already formed. Yeast cake relaxation was clearly confirmed by the significant volume
expansion as depicted in Figure 9. The relaxed cake porosity rises to 0.26. When considering the deformation 4%, of the
cake average height £, and the stress in the normal direction of the cake o = AP, related to the relaxation, it is possible
to estimate an “apparent Young’s modulus” of 30 KPa for the yeast cake. Previous work on the mechanical properties of
yest cells [49] estimated the Young’s modulus of the cell wall around ~107 MPa for individual cells at the stationary
phase of growth; this value is several order of magnitude higher than the one of the cake. Also, in the work of Delarue
[50], packed yeast cells exhibited wall and shape deformation when exposed to 0.5 MPa compression. More work should
be addressed to better understand the nature of yeast cake compressibility and the living cells properties and behavior that
explain it.

3.2 Comparison of yeast cells and model particles filtration
According to the previous results for the filtration of spherical particle suspensions [1], the following analysis for
model particles (non-spherical and polydispersed particle suspensions) is performed using C4Pe20 units, for which the
cakes were proved to be more compact and thus closer to yeast cake characteristics. The different variables related to the
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filtration cakes for the four suspensions studied, i.e., the porosity, the permeability, the Kozeny coefficient and the specific
resistance, are shown in Figure 10. First, it can be observed that cakes of spherical and non-spherical monodispersed
particles exhibit similar characteristics (Figure 10). The shapes of the two model monodispersed particles could explain
this matching behavior. Indeed, the peanut shape could be described as the merging of two spherical particles. This
merging geometry resembles a spherocylindrical shape and particularly, spherocylindrical shapes of low aspect ratio @ =
a/d € [0, 2] (geometric parameters a and d for peanut particles in Table 2, a = 0 corresponds to spheres). This may lead
to a similar organization in the cake and consequently a similar porosity, which is clearly observed in Figure 10b. For the
current peanut particles o ~ 1.5, the cake porosity of 0.38 at the end of the filtration run is in agreement with results of
Williams and Philipse [51], for which porosities of 0.34 and 0.38 were found for a = 1 and 2, respectively. Other authors
also found similar results for spherocylindrical shapes as a function of a [52]-[54]. Accordingly, both suspensions
exhibited a nearly matching cake growth for similar porosity variations (Figure 10a).

Despite the similar behavior in terms of cake growth and porosity for monodispersed suspensions (Spherical “S”
and peanut shape “NS”), the shape difference has an effect on Kx. The Kozeny coefficient varies in a lower range for
peanut particles than for spherical particles and was consistently lower than the common value of 5 as shown in Figure
10c. This can be explained by the difference in the specific surface (Table 2), with which Ky exhibits an inverse relation.
The Kozeny coefficient appears to vary linearly with the porosity in the whole range of the experiment for the peanut
particle cakes. However, for the spherical particle cakes Kx decreases linearly when the porosity varies from 0.5 to 0.4.
For a porosity value lower than 0.4, Kk seems to stabilize around 7. The porosity remains higher than 0.36, which could
suggest that the cake formed with spherical particles reaches a stable particle arrangement.

The similar characteristics of cakes made of monodispersed model particles suggests the importance of analyzing
the filtration cakes of polydispersed particles. To this end, model suspensions with both particles of different shapes and
sizes were filtered using the microfiltration units. In the current experiments, both the size and shape dispersion were
chosen to be close to those of cultivated yeast cells (Saccharomyces cerevisiae). For 50 h aged cells, a previously reported
size distribution [40] showed an important fraction of individual cells which size ranges from 4 to 8 um. They are correctly
modelled by the polydispersed model suspension. In addition, the budding cells are comparable to the non-spherical
“peanut” shape. By this means, the polydisperse suspension can be considered as a simplified but realistic model of the
yeast cell suspension.
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Figure 10. Comparison of the cake formed by different suspensions. a) Cake growth throughout the filtration. b)
Evolution of the mean porosity of the cakes. c) Kozeny coefficient as a function of the porosity. d) Permeability of the
cake

It can be seen in Figure 10a that the height of the yeast cakes is the lowest for the studied range of deposited mass,
i.e., the yeast cake is the most compact for a same deposited mass. The cake height of the polydispersed particle cake is
intermediate between the monodispersed particles and the yeast cells. The porosity values for the cakes obtained for the
filtration of the different suspensions also confirms that the yeast cake is the most compact. It can still be noticed that the
porosity and permeability analysis starts at 20 g/m?, after the first membrane blocking phase (2 — 3 layers for
monodispersed particles and 3 — 4 for yeast and the polydispersed particles) is finished as previously explained. It is
remarkable that the porosity curves start from different values for the different suspensions and this difference becomes
larger as the cakes continue forming during the filtration (Table 3); this highlights the role of more complex mechanisms
involved in cake compaction.

Table 3. Summary of the porosity evolution for the four suspensions.

Suspension  Initial porosity g Porosity reduction

(at 20 g/m?) (at 70g/m?)
S 0.49 25%
Yeast 0.43 62%
NS 0.49 25%
SD 0.46 37%

Table 3 shows a consistent reduction of the porosity for the different suspensions. In the case of monodispersed particles
the porosity decreasing is related with the initial influence of membrane structure on the first particle layer and the
transition to a more random arrangement as it is explained with more detail in a previous article [1]. A similar phenomenon
occurs for polydispersed model particles, the initial influence of the membrane geometry decreases rapidly to a random

13



arrangement. These results illustrate more clearly the role of polydispersity on the filtration performance. The
polydispersity of the suspension is associated with a lower cake porosity. Indeed, the smaller particles can fill the voids
around the bigger particles, which reduces the void fraction of the cake. This phenomenon has been previously observed
experimentally and modeled theoretically. Ben Hassan [33] observed this phenomenon and this particle arrangement for
a bi-dispersed suspension (4.8 and 1 pm latex beads). A porosity of 0.40 was found for the bi-dispersed particle cake,
whereas for monodispersed particles the porosity was 0.45 and 0.42, for 4.8 and 1 um particles, respectively. Similar
results in term of particle arrangement have also been described by Thies-Weesie and Philipse [55]. Other authors
concluded that particle packing depends on the particle size ratio and the mixing percentage of the particles of different
sizes [45], [46], [55], [56]. The permeability evolution in the current experiment is also consistent with the previous
analysis of the porosity (Figure 10d) as a lower permeability was found for yeast and polydispersed particle cakes. In the
current study we cannot quantitatively assess the effect of pressure on particle/cells rearrangement in the cake, however
the raising pressure can be another parameter triggering this rearrangement that contributes to porosity reduction.

The Kozeny coefficient increases exponentially with the porosity for yeast and polydispersed particles cakes in
contrast with the linear increase exhibited by monodispersed particles. Ozgumus et al. [57] found previously this linear
relationship simulating the flow through a porous media formed by rod-like particles (similar to peanuts in shape). Kk
values within the range of about 3 to 12 were reported for porosities between 0.2 to 0.4. The different tendency could be
explained by the different re-organization mechanism in the cake when there is a particle size distribution.
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Figure 11. Comparison of the cake specific resistance as a function of the pressure drop across the cake

However, even though the suspension polydispersity can partly explain the high compaction of the yeast cake; there
remains a significant gap between the results obtained for the cake of yeast cells and polydispersed particles, as
highlighted in Figure 10. This is also confirmed in Figure 11, which depicts the variations of the specific resistance of the
cake as a function of the pressure drop across the cake. On one hand, all the cakes formed by solid particles exhibit an
incompressible behavior as the compressibility index n = 0. This means that the specific resistance scatters around the
mean value and so it is constant and independent of the pressure. On the other hand, a compressibility index n = 1.1 was
found for the yeast cake, which corresponds to a highly compressible behavior and is in reasonable agreement with what
has been reported in the literature. In addition, only yeast cake exhibited a volume expansion after releasing the pressure
at the end of the experiment, as shown in Figure 9. The analysis of this expansion indicates a porosity increase after
relaxation from € ~ 0.15 to 0.26 (Figure 10b). It is interesting that this final value is close to the one estimated for the
polydispersed particle suspension at the end of the filtration run (¢ ~ 0.29). This supports the behavior depicted by the
specific resistance and confirms that the lower permeability of the yeast cake can be explained by the combined effect of
the polydispersity of the cells and the compressibility of the cake possibly owing in part to slight deformability leading
to reversible compaction.
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4  Conclusion

The experimental protocol described here is a suitable approach to study the formation and the properties of the filtration
cakes obtained for various suspensions. The experimental set-up and the analysis protocol were validated for the filtration
of monodispersed spherical particles suspensions in a previous article [1]. In order to investigate the effect of multi-scale
characteristics of complex suspensions, filtration of cultivated yeast (Saccharomyces cerevisiae) suspensions were
performed. The cakes of monodispersed non-deformable particles exhibited a similar incompressible behavior with
relatively high permeability. This result is in good agreement with the cake porosity, which varied in the range 0.50 —
0.36. This corresponds to characteristic packing models from loosest regular packing to random close packing,
respectively. The different particle shapes examined in the current experiment did not change the overall hydrodynamics
of the filtration, this could be explained by the relative similar shape of spherical an peanut shape particles, which can be
assimilated to two merged spheres; only the Kozeny coefficient was affected, as it is strongly dependent on the porous
medium geometry related to the particle geometry.

The polydispersity of the particles proved to be one of the major features playing a role on the filtration properties of
yeast cakes. However, it was not responsible for the compressibility of the yeast cake with the pressure increase. Yeast
cake exhibited the lowest porosity around 0.15 and the cake of polydispersed particles exhibited and intermediate porosity
of 0.29 between monodispersed and yeast cakes. This intermediate behavior was also observed for the cake permeability.
The low permeability of the yeast cakes was due to the combined effect of the polydispersity of the yeast cells and the
compressibility of the cake. In addition, after pressure relaxation (AP = 0), only the yeast cake expanded. This supports
the hypothesis of yeast cake compressibility. The estimated yeast cake porosity after relaxation is around 0.26, which is
closer to the one of the polydispersed particles.

It remains to explain the nature of this compressibility as previous studies reported low yeast cell deformation for the
range of pressures in these experiments. Indeed, this low deformability corresponds to higher Young’s modulus than the
value of 30 kPa estimated based on the yeast cake relaxation experiment. Further experiments could investigate the effect
of yeast cell mechanical properties by filtering yeast at different ages and physiological states.
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