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Abstract

In filtering applications, particulates build up on the filtering membrane, forming a cake
layer that directly affects permeability and increases pressure across the filter. In this
investigation, 10 pm microchannels were fabricated using photolithography to create filters
with porosities that vary between 9% and 23%. To estimate cake layer growth, a water—
glycerol solution containing a 1% volume fraction of 15 pm polystyrene particles was injected
by a syringe pump into filtration media at 300, 500 and 700 uL h~! flow rates for 300 s. A
differential pressure sensor was mounted across the inlet and outlet channels to measure
transmembrane pressure (TMP) over time. It was found that higher flow rates accelerate
particle deposition on the membrane surface, which contributes to a larger cake area and a
corresponding rise in TMP. These findings will give valuable insights into clogging dynamics
to optimize the filter’s efficiency and lifespan.

Keywords: microfiltration; cake formation; transmembrane pressure; cake porosity

1. Introduction

Microfluidic filtration is utilized in a variety of applications, including medical diagnos-
tics [1-3], water treatment [4-6], pollution mitigation [7,8], and high-throughput particle
separation [9-11]. Microfluidic devices designed for filtration typically use membranes
as a filtering mechanism due to their simplicity and ease of fabrication [12-14]. These
devices rely on hydrodynamic principles (e.g., fluid velocity, pressure drop, viscosity) to
process particle-laden samples [15,16] and are typically applied to particle sizes ranging
on the order of 0.1 to 10 ym [17]. During the microfiltration process, particles accumulate
at the filtering membrane pore entrance due to sieving, bridging, or aggregation [18,19].
The layer of particles deposited on the membrane as a result of this process is known as a
cake layer [20]. The cake layer contributes to membrane clogging and hydraulic resistance,
which are responsible for fouling [18,19,21].

Clogging dynamics represent an important phenomenon that is governed by a complex
interplay of particle transport, deposition, and compaction mechanisms evolving over time
and space. Particle-surface interactions can lead to different modes of fouling depending
on surface properties [22]. Hydrophilic surface interactions lead to the creation of dendritic
particle structures that offer lower resistance to the passage of fluid than hydrophobic struc-
tures, which arch across channel pores and lead to rapid fouling conditions. Filter geometry
and pore arrangement directly influence the local flow field and particle trajectories near the
filtration interface, affecting the location and rate of particle deposition. Previous studies
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have shown that membrane pore geometry and pore spacing can significantly alter the
initial fouling behavior and the organization of the first deposited particle layer [23]. Addi-
tionally, operating conditions such as flow rate and transmembrane pressure determine the
balance of hydrodynamic forces acting on suspended particles and consequently influence
particle capture, detachment, and cake growth [24,25]. As deposition progresses, the spa-
tial arrangement, porosity, and compactness of the cake layer govern its permeability and
specific hydraulic resistance; consequently, variations in cake microstructure can produce
substantially different hydraulic resistances and filtration behaviors [26].

In microfluidic systems, microchannel array structures and pillar formations may act as
a scale-up model for membrane pore structures, where particle deposition, layer formation,
inner particle rearrangement, and TMP development can be monitored directly [27-29].
The ability to precisely control pore geometry, spacing, and effective porosity, coupled
with high-speed imaging, allows researchers to isolate and quantify the effects of indi-
vidual parameters on fouling mechanisms. Moreover, microfluidic observations can be
directly coupled with computational fluid dynamics—discrete element method (CFD-DEM)
simulations to validate pore-scale force balances (permeation drag, lift, particle—particle
interactions) and refine mechanistic models [13,16,30]. These capabilities position microflu-
idic systems as an essential tool for investigating cake dynamics and clogging behavior in
microfiltration applications.

Despite these advances, there is a lack of systematic experimental datasets that con-
currently vary flow rate, filter porosity, and operating duration to produce quantitative
maps of the cake growth rate, TMP development, and cake porosity evolution [31]. Existing
studies provided valuable insight into membrane fouling [30,32,33]. However, the coupled
relationships among the filter geometry, flow conditions, particle deposition behavior, cake
layer growth, pressure dynamics, and cake microstructure remain insufficiently connected
in a systematic experimental framework. The early stages of filtration processes, distin-
guished by fluctuations in resistance and spatial heterogeneity, are not yet well understood
over a range of operating conditions [26,33]. Furthermore, while pore-scale models have
advanced considerably, systematic validation across a broad range of microfluidic geome-
tries and particle systems is still needed to link flow, porosity, and cake structure. Moreover,
TMP measurements would enable the rational selection of pore geometry and operating
conditions to maximize flux while minimizing cleaning frequency and avoiding irreversible
cake consolidation [34].

In the experiments presented here, membrane microfilters with porosities of 9%, 12%,
17%, and 23% were fabricated using the photolithography technique. One-micron-diameter
fluorescent tracer particles were used to conduct microscopic particle image velocimetry
(uPIV) analysis to understand flow patterns and velocity fields around the microchannels.
A model particle suspension consisting of 15 pm diameter polystyrene particles in a mixture
of water and glycerol was filtered with 9, 12, 17 and 23% porous microfilters at flow rates of
300, 500, and 700 uL h~! over a period of 300 s to observe cake layer growth. Throughout
this experiment, differential pressure sensors measured TMP. By systematically varying
both filter porosity and flow rate, this work quantifies how geometric and hydrodynamic
conditions jointly influence particle deposition rates, cake layer growth, pressure develop-
ment, and the internal compaction state of the cake layer. The findings provide underlying
insights into the trade-offs between rapid cake growth and particle packing density, offering
valuable guidance for the design and operation of membrane filtration systems to enhance
efficiency and extend operational life.
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2. Materials and Methods
2.1. Microfluidic Device Fabrication

The microchannel filtration device used in this work consisted of a main channel with
dimensions of a 2 mm width and 24 mm length. The filter section of the device features a
series of walls of 1.97 mm in length and width (w), which vary. These walls have a spacing
of 10 ym between each other. The wall widths (w) used in this work were 35 pm, 50 pm,
80 um, and 100 pm to create filters with effective porosities of 23%, 17%, 12%, and 9%,
respectively. The effective porosity was calculated as the ratio of the total open volume to
the total volume of the filtering section. Reservoirs were incorporated into either end of the
microchannel, each with a 4 mm diameter. Figure 1 shows a schematic representation of
one of the microfilters.
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Figure 1. A representative image showing one of the microfilter designs used in this work. The widths
of the walls in the center varied from 35 pm to 100 pm.

A mask was sourced from Fineline Imaging, Inc. (Colorado Springs, CO, USA) and
was used to fabricate the microfilters with photolithography [35]. In this process, a negative
photoresist (Kayaku Advanced Materials, Westborough, MA, USA, SU-8 2050) was spin-
coated onto a 100 mm diameter silicon wafer (University Wafer, Boston, MA, USA, catalog
#452) to achieve a depth of 50 ym. The wafer was prebaked at 65 °C and 95 °C for three
minutes and seven minutes, respectively, to remove bubbles and solvent before exposure to
a UV light source. After exposing the wafer to a UV light source through a photomask, the
wafer underwent a post-exposure baking treatment to stabilize the photoresist and reduce
stress. The unexposed photoresist was rinsed away using SU-8 developer. Finally, the wafer
was exposed to a final heating step at 150 °C for 10 min.

The wafer was placed in a 150 mm diameter Petri dish, and a silane (1H,1H,2H,2H-
perfluorooctyl-trichlorosilane) vapor was applied for 6 h to promote polydimethylsiloxane
(PDMS) demolding. PDMS was prepared by mixing Sylgard 184 (Dow, Midland, MI, USA,
GMID 01673921) with a curing agent in a ratio of 10:1 and placed into a vacuum chamber
to remove excess bubbles.

Once the bubbles were removed, PDMS was poured into the Petri dish and placed
into an oven for 6 h at 42 °C to enhance crosslinking. After curing PDMS, the microfilter
mold was cut out, and a biopsy punch was used to create holes in the reservoirs. A plasma
chamber (Harrick Plasma, Ithaca, NY, USA, model no. PDC-32G) was used to bond the
PDMS microchannel to 48 mm x 65 mm cover glass (Brain Research Laboratories, Waban,
MA, USA, catalog no. 4865-1D) at the highest setting for 45 s. The device was then heated
to 100 °C for 10 min. Finally, two 3/32” diameter silicone tubes (U.S. Plastic Corp., Lina,
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OH, USA, 57286) were inserted into the reservoir holes and sealed with PDMS, as shown in
Figure 2.

pressure sensor

outlet

cover glass
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channel

microchannel

S~

'.;:ake layer

B

"% % 0"

Figure 2. A schematic representation of the PDMS microchannel filter used in this experiment.

(Top) A differential pressure sensor connects to the inlet and outlet of the microfilter to record the

pressure drop in this system. (Middle) An overview of the microchannel filter showing its placement

in the center. (Bottom) The filter section blocks the passage of colloidal particles, leading to the
formation of a cake layer.

2.2. Sample Preparation

Two separate solutions were prepared for membrane filtration experiments. The
first solution contained fluorescent 1 um polystyrene particles (ThermoFisher Scientific,
Waltham, MA, USA catalog # F8852), which were selected for microscopic particle image
velocimetry (uPIV) experiments. This solution was prepared by mixing 500 uL of 1 ym
diameter fluorescent particle stock solution per milliliter of 80.8% DI water and 19.2%
glycerol (v/v). The Reynolds numbers (Re = pUD/y), representing the ratio of inertial to
viscous forces [36], were 0.196, 0.147, 0.104, and 0.077, inside the filter microchannels for 9,
12,17, and 23% porosities, respectively, and 0.103 within the main channel at the highest
flow rate (700 uL h™!), indicating creeping flow conditions throughout the device. The
corresponding Stokes number (St = ppdf,v /18udc), which represents the particle response
time with respect to the characteristic fluid time, was found to be 5.9 x 1077 in the main
channel and ranged from 3.8 x 10> to 1.5 x 107> inside the filter pores for the 9-23%
porosity filters, respectively, indicating that the 1 ym particles will accurately trace the
flow field [37]. The cake layer experiments employed 15 ym diameter polystyrene beads
(Abvigen, Skillman, NJ, USA, catalog # ABPS-1500), which were also dispersed in 80.8% DI
water and 19.2% glycerol (v/v) to achieve the neutral buoyancy of the particles [38].
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2.3. Experimental Methods

The fluid was introduced to the microfilters through a syringe pump (Chemyx, Stafford,
TX, USA, Model 740) at flow rates of 300, 500, and 700 uL h~, as shown in Figure 3. Before
each experiment, the filters were tested to ensure that the flow passed through unimpeded
and to remove any bubbles that might be present inside the microfilters. The observation
was captured by an Olympus IX70 inverted microscope coupled with a high-speed camera

(Photron, San Diego, CA, USA, Nova 56).
l pressure transducer

pressure gauge g
syringe pump = device

camera =

image capturing

=

Figure 3. Experimental configuration for data acquisition in microfilters.

To visualize the velocity field using uPIV, 1 ym fluorescent particles were introduced
as seed particles. The uPIV experiments were performed around a 10 ym pore (i.e., interior
filtering microchannel), and images were recorded at 2000 fps using a 40x microscope
objective lens. The captured images were analyzed and visualized using PIVLab-3.14 [39],
an open-source software available for MATLAB-2026a. Each pPIV analysis was performed
using ensemble correlation algorithms in PIVLab to extract local velocity information [40].
The in-plane spatial resolution of the vector map was calculated as 4.77 pm, while the
out-of-plane resolution is 7.3 pm [41-44].

To investigate cake formation, a 15 pm particle solution was employed. A differential
pressure sensor (Dwyer-Omega, Michigan City, IN, USA, PX26-005GV) was mounted across
the reservoirs to record TMP using Platinum software-1.2.0.7 from Dwyer Omega. The
introduction of the particles was paused momentarily as they approached the microchannel
filter to allow the pressure to stabilize. Once the pressure was stable, the pump was
restarted for 300 s. This approach allowed for the capture of particle deposition on the
filter surface and recording associated changes in pressure. Since particle deposition is a
stochastic process [45], we repeated each experiment in triplicate and averaged the resulting
differential pressure and cake layer growth data. Images were recorded at 50 frames per
second (fps) with a 4x objective lens to maximize the field of view. The images were
used to measure the area encompassed by particles deposited on the microfilter in each
image. The total area for each second interval was filtered and plotted to illustrate cake
layer development. The binarized images also permitted the identification of void spaces
within the cake layer as a metric to determine packing effectiveness at the flow conditions
examined in this investigation.
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2.4. Cake Layer Porosity Model

The total pressure drop through a microchannel filter with a depositing cake layer
is [46]
AP = AP, + AP, (1)

where AP, is the pressure drop through the microchannel, and AP, is the cake layer
pressure drop. The pressure drop through the microchannel can be calculated on the basis
of hydraulic resistance as [47]

AP, = (R, + Re+ R.)HQ (2)

where R, is the hydraulic resistance of the channel section, R; is the hydraulic resistance of
the filter section, and Q is the volumetric flow rate. The term R, appears twice to account
for channel sections upstream and downstream of the filter section. This term is assumed to
be symmetric in this device. Hydraulic resistance depends on fluid properties and channel
geometry, which may be expressed as [48]

12uL,

R =
° KHw,
12uL
R, = 2t
nh3wf

where y is fluid viscosity, & is channel height, L, is the length of the channel section, L;is
the length of the filter section, # is the number of channels that make up the filter section
of our microfilter device, w, is the width of the channel section, and wy is the width of the
filter section. The total length of our microchannel is expressed as L = 2L, + Ly.

In the absence of particles, there is no cake layer, and thus one expects the differential
pressure measurements to solely depend on channel geometry and fluid viscosity. Once
the particle deposition process begins, the differential pressure measurement tracks AP, as
a function of time. Cake layer pressure may be expressed by Darcy’s law [49]

L
ary= (54 )e )

where Q is the fluid flow rate, i is the dynamic viscosity of the medium (~1.9 mPa-s for

the water—glycerol mixture used in this work [50]), L is the effective cake layer length at
the time AP, is measured, A = hw, is the channel cross-sectional area (50 ym x 2000 ym),
and K, is time-varying cake layer permeability. In this work, we define the effective cake
layer length to be L, = A,;/w,, where A is the cake layer area measured by Image]. The
permeability of a cake layer composed of monodisperse spheres is given by the Kozeny—
Carman equation [51]

e,
180(1 — ¢)?
where d,, is the mean particle diameter, and ¢ is cake layer porosity. Substituting

(4)

cl

Equation (4) into Equation (3) yields

180uL, (1 —€)?
B o )

APq = [ Ad?, 3

Equation (5) can be rearranged to yield a polynomial

B2 N\[AAP,] 5
(m)[—mlg]g Tetzes1=0

The roots of this can be evaluated using a numerical software package (e.g., MATLAB-
2026a) to find cake layer porosity at any point in time using measurements of DP,;.
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3. Results and Discussion
3.1. Veelocity Field Analysis

The velocity flow field was determined in a 9% porosity filter using uPIV analysis, as
described in Section 2.3. Each pore section was fixed at a width of 10 ym and a height of
50 ym. Figure 4 shows the flow field upstream and downstream around a single 10 ym
membrane pore. Within the main channel, we anticipate that the average flow velocity is

Uy = Q/A [36]. The average flow velocity within the pore, based on mass conservation [52],

av:

is zfﬂvg/p = Q/Ag,, where ¢, is the filter porosity. The experimentally measured bulk velocities
(0.763 mm/s, 1.26 mm/s, and 1.77 mm/s for 300 uL h-1, 500 uL h~1, and 700 uL h-1,
respectively) showed excellent agreement with theoretical values (0.833 mm/s, 1.39 mm/s,
and 1.94 mm/s), with deviations of 9-10%. Similarly, the average velocities within the
pore (10.20, 16.16, and 22.80 mm/s) closely matched theoretical predictions (9.3, 15.5, and
21.7 mm/s), validating the mass conservation principle across the pore constriction [53,54].
This level of agreement is consistent with recent validation studies in hyperbolic contractions,
where experimental uPIV velocity fields matched CFD predictions within errors smaller
than 10% [55]. The slight discrepancies between experiment and theory can be attributed
to PIV measurement uncertainty, the finite spatial resolution of the PIV technique (~5 pm),
and three-dimensional flow effects in the actual geometry that are not captured in the 2D
measurement plane [41,56].
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Figure 4. yPIV velocity vector fields at the entrance and exit of the 10 ym channel at flow rates of
300 uL h~! (a,a;), 500 uL h! (b,b,), and 700 uL h~! (c,¢;). The lower panels show the entrance flow
field, while the upper panels show the exit flow field. The 20 ym bar indicates the spatial scale, and
the 200 um s~! arrow represents the velocity vector scale.
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At the pore entrance (Figure 4a—c), the flow field undergoes dramatic changes in
velocity, magnitude and direction. The velocity vectors showed significant convergence
as the fluid approached the 10 ym pore constriction, with the streamlines converging
toward the pore centerline [57]. This convergent flow pattern intensified at higher flow
rates, with vectors at 700 uL h~! (Figure 4c) showing more pronounced lateral velocity
components compared to 300 yL h™' (Figure 4a). This velocity acceleration generates
substantial hydrodynamic forces that influence not only initial particle deposition but
also the subsequent cake layer structure. In Section 3.3, the cake structure porosity is
discussed, where at lower flow rates (300 uL h™!), particles arrive with lower kinetic
energy and experience moderate hydrodynamic forces, allowing time for rearrangement
into denser packing configurations. However, at the highest flow rate (700 uL h™!), the
elevated particle flux and increased local shear/strain rates promote kinetically trapped
cake structures. When deposition occurs more rapidly than particles can rearrange and
consolidate, non-equilibrium configurations can be locked in, which leads to looser packing
and higher porosity [30,33]. This mechanism is consistent with our observations and
explains the counterintuitive finding that higher flow rates produce both higher TMP and
higher cake porosity.

Upon exiting the 10 ym pore constriction into the main channel, the flow rapidly
expanded and decelerated. The velocity vectors exhibited a diverging pattern as the high-
velocity jet emerging from the pore spread laterally to fill the larger cross-sectional area [58].
At all three flow rates, the downstream region (Figure 4a;—c; ) exhibited central high velocity
surrounded by regions of lower velocity. This jet structure was pronounced immediately
downstream of the pore exit and gradually dissipated as flow progressed downstream. The
velocity magnitude decreased as the flow redistributed across the channel width, eventually
recovering toward a uniform profile further downstream [59].

3.2. Cake Layer Area vs. Pressure Drop

For the cake layer experiments, 15 pm diameter polystyrene particles were dispersed
as described in the Materials and Methods. This particle dispersion was passed into the
microchannel for 300 s. The 10 pm pores in the filter section allowed the filtrate to pass
through while particles aggregated on the filter surface. Cake layer formation was captured
via optical video microscopy at a rate of 50 fps. Images from these experiments are shown in
Figure 5. Generally, the aggregation rate driving cake layer formation was found to increase
with flow rate. This is consistent with a mass flux of | ~ ¢u,,,, where ¢ is the particle volume
fraction [60].

Figure 6 shows the measured cake layer area as a function of time. After a period of 300,
the area measured in the experiments for the 300 uL h~! flow rate varied between 2.5 mm? for
9% porosity and 3.3 mm? for 23% porosity, with a mean deposition area of 3.01 £ 0.38 mm?
across all filter porosities. Increasing the flow rate to 500 uL h=! or 700 uL h~! increased the
mean deposition area to 5.11 + 0.87 mm? and 6.47 + 0.57 mm?, respectively. A regression
analysis shows that the p-values for flow rate and porosity were found to be 1.6 x 10~° and
0.34, respectively. This suggests that porosity has no statistically significant impact on cake
layer area (i.e., p-value must be less than 0.05 for statistical significance). Using the flow
rate as an independent variable, we find that

mm2-hr
Amkez(o.OO% L )Q

with a coefficient of determination of 0.84. As stated above, this is consistent with the mass

flux of | ~ ¢uy,, where u,, = Q/A. Hence, we expect a proportional relationship between

aovg
the growth of the cake layer and the flow rate.
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9% 12% 17% 23%

204pixels/
mm

—) Particle Flow

Figure 5. Particle deposition on the filtering membrane after 300 s. The black area represents the
cake, and the particle transportation is visible in the gray sections. Each column represents a distinct
porous filter, highlighting the effect of filter porosity at flow rates of (a) 300 uL h~!, (b) 500 pL h™!
and (c) 700 uL h=1.

a)81- -+ 300 uL h! b) 8-+ + 300 uL h™!
7= = 500 uL h™! 7= = 500 uL h™"
& 01——700 uL b  01——700 uL b
g 51 € 351
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§ 3 § 34 T e
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1 1/
- 1 —
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time(sec) time(sec)
c) 81 -+ 300 uLh d) 8- -+ 300 uL b
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S 3 seeetT o B3
[+~ 2_ - [+~ 2_
(1)_/. . (1)_.,',.
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time(sec) time(sec)

Figure 6. Cake layer growth over a 300 s filtration period at different flow rates for filters with
porosities of (a) 9%, (b) 12%, (c) 17%, and (d) 23%.

In addition, as particle concentration and filtration were kept constant in this study, the
total amount of suspension delivered to the filter increased directly with flow rate. Therefore,
over the 300 s filtration period, the total suspension volume was higher at 700 pL h~! than
at 300 uL h=!. Thus, the larger cake area observed at higher flow rates reflects both the
greater particle supply to the filter and the influence of the local hydrodynamic conditions
that we observed in pPIV analysis.
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The cake layer growth experiments also simultaneously monitored TMP. Initially, there
was only clean filter resistance, and eventually, when particles began to deposit on the
membrane surface, they created a blockage, adding further hydraulic resistance to the fluid
flow [52,61]. The pPIV measurements showed that the flow accelerated as it approached
the pore, with the highest local velocities occurring near the 10 pm constriction, while lower
velocities were observed farther from the filtration surface. This pore-scale acceleration
indicates stronger convective transport toward the membrane and causes rapid particle
deposition during the early stage of filtration. Therefore, the steep initial rise in TMP
we observed can be attributed to the dramatic hydraulic resistance due to rapid initial
particle deposition.

Since this investigation was interested in the resulting pressure due to cake formation,
we neglected clean membrane resistance by subtracting AP,,, which was measured by the
pressure sensor before the syringe pump was started. In Figure 7, AP, is shown, which
was associated with the cake area for specific flow rates and filters. It was found that at
300 uL h~1, the 9% porosity filter reached approximately 7.5 kPa (Figure 7a), while the 23%
filter reached about 8.0 kPa (Figure 7d) after 300 s. TMP consistently increased with higher
flow rate; for example, the final TMP at 500 uL h~! ranged from 16 kPa to 18 kPa, and at
700 uL h~! it ranged from 18.5 kPa to 19.5 kPa across all tested filters.

a) 257 - - 300 pL h! b) 257 - - 300 pL h™!
20_— — 500 uL h! 20_— — 500 uL h!
= ——700 uL h! = ——700 uL h!
& 15_ —"'-_.— & 15 - -
~ - - - — -
S 10 e S 10 "
= -7 R et
51 /7 -7 51 fo7 et
25 -
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time(sec) time(sec)
c) 25y~ - - 300 puL h! d) 257 - - 300 pL h™!
20_— — 500 uL h! 20_— — 500 uL h!
= ——700 uL h! = ——700 uL h! —=
£ 151 £ 151 -
S 10 -7 S 10 Jtes
= ,I’ C e = = ’/ _._-"..
S1 fo7 oeem" S1 [ .-

50 100 150 200 250 300
time(sec)

0 . : . : , , 0
0 50 100 150 200 250 300 0
time(sec)

Figure 7. TMP associated with cake area at different flow rates for filters with porosities of (a) 9%,
(b) 12%, (c) 17%, and (d) 23%.

The observed TMP evolution reflects the combined effects of cake layer growth, in-
ternal pore blocking, and cake consolidation. The biphasic pressure profile is observed,
where a rapid initial rise is followed by a gradual accumulation. This can be explained
by considering the sequential fouling mechanisms that dominate at different stages of the
filtration process [62,63]. During the initial phase (0-50 s), particles rapidly deposit on
and within the filter membrane. This stage involves simultaneous pore constriction, pore
blocking, and the formation of a nascent cake layer [64]. After the initial rapid phase, cake
filtration becomes the dominant mechanism. The decelerating pressure rise during this
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stage (50-300 s) reflects the transition from rapid cake growth to a regime where cake
thickness increases more slowly, and consolidation effects become important [65]. TMP was
found to be primarily governed by flow rate rather than filter porosities. For example, after
300 s, the mean TMP across all tested porosities (9-23%) increased from 7.92 + 0.74 kPa
at 300 uL h~! t0 19.04 £ 0.26 kPa at 700 pL/h. This flow-rate-dependent TMP increase can
be attributed to enhanced particle deposition and bigger cake layer formation at higher
flow rates, as discussed earlier. The resulting cake layer contributes additional hydraulic
resistance that adds in series with the intrinsic membrane resistance, directly increasing
TMP [66]. Multiple linear regression analysis using TMP at 300 s as the dependent variable
confirmed that cake area is a statistically significant predictor of TMP (p = 0.017), whereas a
filter porosity of 9-23% does not exhibit a statistically significant effect (p > 0.05 in all cases).

3.3. Cake Porosity

Cake porosity was calculated using Equation (5) over a 300 s filtration period for
different flow rates (300, 500, and 700 pL h~!) and filter porosities (9%, 12%, 17%, and
23%). At the lowest flow rate (300 pL h™!), the steady-state porosity in the bulk cake
region (beyond 1 mm) stabilized at approximately 0.41-0.44 across all filter types, and the
transition zone, where porosity decreased from surface values to bulk values, extended
approximately 0.5-1.3 mm into the cake.

As the flow rate increased to 500 uL h~!, bulk cake porosity increased to approximately
0.43-0.46, with the transition zone becoming slightly more extended (0.8-2.1 mm). The
most dramatic changes occurred at the highest flow rate (700 uL h=!), where bulk porosity
values reached 0.48-0.50, and the transition zone extended to approximately 2.3-2.9 mm, as
depicted in Figure 8.

1.09: 1.07 -
) ool 300 uL h! byl - - -300uL b
oglll —==500uLh" ogl:| = = S00uLh
> "l ——700 uL h! = 1] ——700 uL bt
'g 0.77: 'g 0.7 .
§ 0.61: 50.67:
0.5{* 0.5{
041" 0.4
0.3 . . . .03 : : : .
0 1 2 3 4 0 1 2 3 4
cake layer length (mm) cake layer length (mm)
1.0, 1.0
0)09_1 -~ - -300 uL h™! d)09-': -~ --300 uL h™!
0gh| = = S00uLh 0'8_Z| - — 500 pL h!
= "l ——700 uL h! = | ——700 uL h!
'z 0.741 Z 0.74. |
§ 0.6, § 061 \
0.5 0.5] " Y N ——
0.41 0.41
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Figure 8. Cake layer porosity over a 300 s period for different filter porosities: the (a) 9%, (b) 12%,
(¢) 17% and (d) 23% porosity filters.

The systematic increase in bulk cake porosity with flow rate (0.41-0.44 at 300 yL h~!
versus 0.48-0.50 at 700 uL h!) reveals that the higher driving force produces less compact
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structures. At low flow rates (300 L h=!), particles arrive at the cake surface slowly, provid-
ing a longer interval between successive particle deposition events. For the relatively large
15 pum polystyrene particles used in this study, Brownian translational motion is expected
to be weak compared with convective and hydrodynamic transport. Therefore, particle
restructuring is more appropriately associated with hydrodynamically and mechanically
induced motion, including rolling, sliding, rotation, and local rearrangement along the
developing cake surface [67,68]. These processes may allow deposited particles at lower
flow rates to relocate toward more mechanically stable and compact configurations before
their motion is constrained by subsequently arriving particles.

At high flow rates (700 uL h™1), the rapid particle flux creates a non-equilibrium
deposition regime where particles are deposited before achieving optimal packing. The
higher particle arrival rate reduces the time available for local rearrangement between
successive deposition events, which may kinetically constrain the developing cake structure
and result in less efficient packing and a higher void fraction. The extended transition zone
(2.3-2.9 mm at 700 L h~!) suggests that consolidation processes are kinetically limited
and cannot keep pace with the rapid cake growth rate.

To confirm the difference in the cake layer structure at different flow rates, we inves-
tigated three images from three different flow rates of 12% porous filters. A 1 mm? cake
area was randomly chosen and investigated using Image] software-1.54p. The void space
visualization (Figure 9) provides evidence for this mechanism. At 300 uL h~!, the absence
of visible voids indicates that particles have achieved dense space-filling arrangements.
At 700 uL h™!, the abundant discrete voids represent kinetically trapped non-equilibrium
configurations that persist because particle mobility is insufficient to eliminate them once
they are buried within the growing cake [69,70].

Figure 9. Identified void spaces represented by white spots in a 1 mm? cake that formed after 300 s at
flow rates of (a) 300, (b) 500, and (c) 700 pL h~1.

4. Conclusions

In this investigation, we fabricated microfilters with porosities that varied from 9% to
23% using photolithography. Microscopic particle image velocimetry (uPIV) experiments
were conducted with 1 ym fluorescent seed particles, and the cake layer investigation
was carried out with 15 ym polystyrene particles. Experiments were run at three flow
rates (300 L h~!, 500 uL h~!, and 700 pL h~1), and transmembrane pressure (TMP) was
continuously monitored using a differential pressure sensor.
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In the uPIV analysis, the measured bulk and pore velocities showed excellent agreement
with theoretical predictions, and the flow field exhibited strong convergence behavior as
fluid approached the 10 pm constriction. In all cases, the streamlines focused on the pore
centerline, which intensified at higher flow rates. This velocity acceleration generates
substantial hydrodynamic forces that influence particle deposition and cake layer structure.
The pPIV results therefore help explain the observed increase in particle deposition, cake
growth, and TMP as the flow rate increased. The cake layer experiments showed that
cake layer growth was proportional to flow rate, growing from ~3 mm? at low flow rates
(300 L h™!) to ~7 mm? at the highest flow rates (700 pL h™!). The increased cake area at
higher flow rates led to increased hydraulic resistance, raising TMP from 8 kPa to almost
19 kPa.

The TMP profile exhibited biphasic behavior with a sharp initial rise (0-50 s) due to
pore blocking and nascent cake formation, followed by a gradual accumulation (50-300 s)
from steady cake layer growth. The steady-state porosity of the cake layer ranged from
0.41 to 0.44 at 300 uL h~1, 0.43 to 0.46 at 500 pL h~!, and 0.48 to 0.50 at 700 pL h~!. This
implies that at lower flow rates, the particles have enough time to pack into the most space-
efficient structures, while at higher flow rates, the high rate of particles being transported
to the membrane results in non-equilibrium structures, where the particles are deposited
before they have had the chance to pack into the optimal structures. The image analysis
of 1 mm? cake areas further confirmed this, showing almost no visible voids at 300 uL h~!
(dense packing), while abundant discrete voids were observed at 700 uL h~, representing
kinetically trapped configurations.

The quantitative and physical findings in this investigation will assist in developing
rational designs of filtration processes, in making informed selections of operating condi-
tions, and in developing predictive engineering models that will accurately represent the
interaction of hydrodynamic behavior, particle deposition, and structural development.
Moreover, the mechanistic framework developed in this study will assist in optimizing
filtration systems for maximum efficiency and reduced fouling.
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