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This study investigated the effects of Brownian force on the transport and retention of nanoparticles within the
pores of water filtration membranes using COMSOL Multiphysics®. Simulation results suggest that, at Péclet
numbers below 10, the Brownian force may increase the frequency of nanoparticle collisions with pore walls to
substantially increase log reduction rates (LRVs). Indeed, the LRVs increased linearly with attachment coefficient
values; even at a low attachment coefficient of 0.001, high LRVs over 1.5 were observed under some geometries
owing to the high frequency of nanoparticle-wall collisions. The calculated LRVs were inversely correlated with
the Péclet numbers, whereas the slope of the inverse correlation was dependent on the membrane pore size.
Complex structures, such as pore constriction, tortuosity, and non-uniform pore size, increased the LRV, whereas
the overall porosity was not a determinant removal factor within the pores. In the configuration with parallel
large and small pores, the Brownian force increased the number of nanoparticles entering the membrane through
small pores relative to the numbers estimated based on water flow rates. These results indicate that the Brownian
force may be an important particle removal factor within membrane pores under certain conditions; this should
be considered when designing and operating membrane filters.

1. Introduction

The emergence of de facto and direct potable water reuse of
municipal wastewater requires high removal rates of nanoparticles and
pathogenic microorganisms, including viruses, to ensure drinking water
safety (Gerba et al., 2017; Sano et al., 2016). Although low-pressure
porous membrane processes such as microfiltration (MF) and ultrafil-
tration (UF) are commonly used as pretreatments for reverse osmosis
(RO) membrane filtration, the virus log reduction rates (LRVs) they
provide vary extensively (ElHadidy et al., 2013; Huang et al., 2012).
Previous studies have reported that the main factors influencing virus
removal rates are membrane nominal pore sizes (Huang et al., 2012; Yin
et al., 2015), pore size distribution (Giglia et al., 2015), water quality
and matrix composition (Lee et al., 2017), and the interaction between
viruses and membrane materials (Chaudhry et al., 2015; Yasui et al.,
2024). While these studies revealed the influence of individual aggre-
gate parameters on virus removal by porous membranes, studies on the
influence of the driving forces of particle motion within membrane pores
on virus removal rates are limited despite the significant influence of

* Corresponding author.

membrane microstructure on the removal rates of viruses (Calo et al.,
2015).

The hindered transport theory was proposed to describe particle
transport within cylindrical membrane pores as a function of convection
and diffusion terms, including steric and hydrodynamic hindrance fac-
tors (Brenner and Gaydos, 1977; Deen, 1987). However, because the
effects of these factors are typically averaged over the entire cross-
section of a pore, this theory only applies to cylindrical pores
(Dechadilok and Deen, 2006). Moreover, studies on virus transport
through membrane filters based on hindered transport theory have
largely neglected the diffusion term, assuming low pore-to-particle size
ratios and high filtration velocities (ElHadidy et al., 2013; Zeman and
Zydney, 1996). Consequently, the hindered transport theory cannot be
applied to estimate virus and nanoparticle removal by membranes
characterized by small and complex pore structures or at low ratios of
convection against Brownian transport of particles, which is expressed
as the Péclet number.

The transport of colloidal particles through porous media has been
described by depth filtration models incorporating particle advection,
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hydrodynamic diffusion, and deposition, typically employing a one-
dimensional advection—diffusion partial differential equation (Tufenkji
and Elimelech, 2004). Colloid filtration theory (CFT) is most commonly
used to describe the deposition rates of colloidal particles in porous
media as the sum of contributions from three individual retention
mechanisms: Brownian diffusion, interception, and sedimentation (Yao
et al., 1971). The deposition rate of colloids onto porous media by
diffusion and interception are governed by the total interaction energy
between colloids and media surfaces (Tufenkji and Elimelech, 2004).
The CFT has been successfully applied to describe the transport of par-
ticles greater than 1 ym in granular filtration and soil media, which have
larger pores than membrane filters, in many cases by more than ten-fold
(Boccardo et al., 2019; Yao et al., 1971). In addition, CFT considers the
filter bed as an assemblage of unit collectors and is based on the concept
of single-collector removal efficiency, which is hardly applicable to the
typical morphology of filtration membranes (Nelson and Ginn, 2011).
Membrane filters are commonly used to remove particles smaller than
those targeted by granular filters (Molnar et al., 2016; Tufenkji and
Elimelech, 2005a). These smaller particles with higher diffusivity may
deposit onto pore surfaces even under unfavorable interaction condi-
tions, when the Brownian kinetic energy exceeds the repulsion energy
barrier between particles and surfaces (Hashimoto-Gotoh et al., 2015).

Owing to Brownian forces, small pore sizes, and complex pore
structures, it remains difficult to predict the removal rates of nano-
particles, including viruses, using membrane filtration processes (Giglia
et al., 2015; Hashimoto-Gotoh et al., 2015). Although the complex mi-
crostructures of porous membranes influence liquid flow and particle
transport (Mondal et al., 2019), previous studies on particle transport in
a complex microstructure were conducted based on Darcy’s law at the
macroscopic scale because of the limitations of experimental techniques
at the microscale (Bowen and Welfoot, 2002; Iliev et al., 2017). There-
fore, computational simulations of membrane filtration processes are
often used to investigate particle transport within membrane pores at a
fraction of the experimental cost (Dalwadi et al., 2015). Computational
simulations have been employed to elucidate the influence of the
membrane morphology, including porosity (Sanaei and Cummings,
2017), pore interconnectivity (Gu et al., 2020), and tortuosity (Griffiths
et al., 2020). These studies simulated the influence of membrane pore
microstructures on the flow dynamics and colloidal particle motion.
However, the Brownian force was not integrated into these simulation
models, although it may influence the colloidal particle motion
(Hashimoto-Gotoh et al., 2015). Other studies on particle transport in
membrane pores have employed simulation models built and run under
limited conditions without integrating the Brownian forces (Mino et al.,
2018; Mondal et al., 2019). Recent experimental and simulation studies
on virus or nanoparticle removal via membrane filtration have proposed
the diffusional deposition of nanoparticles onto the pore wall (Lee et al.,
2020) or remobilization of viruses captured by size exclusion mecha-
nisms (Gustafsson et al., 2018) as the effects of Brownian force. How-
ever, the detailed mechanisms behind these proposed effects associated
with Brownian force have not yet been addressed.

Recent advances in three-dimensional (3D) visualization and
reconstruction techniques have enabled the simulation of liquid flow
and particle transport in porous membrane microstructures (Ley et al.,
2018; Sundaramoorthi et al., 2016). However, these approaches have
the limitations of high computational cost in simulating the entire
membrane structure and are associated with frequent errors in creating
3D models (Tan et al., 2023). Moreover, although 3D simulations can
reconstruct the complex microstructures of porous membranes, simu-
lations of the actual membrane behavior make it difficult to compare
and isolate the various factors influencing the transport and retention of
nanoparticles within membrane pores. Thus, simplified models repre-
senting different parameters and characteristics of membrane pores
would be useful in highlighting the effects of individual and combined
parameters.

Therefore, this study aims to evaluate the effects of Brownian force
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relative to drag force and structural characteristics of membrane pores
on the transport and retention of nanoparticles within membrane pores,
using two-dimensional simulation models built in COMSOL Multi-
physics®. The simulation models incorporated drag and Brownian
forces to evaluate their influence. The effects of pore diameter, length,
tortuosity, and shape on particle retention are discussed based on the
simulation results obtained under a wide range of Péclet numbers. The
comprehensive set of geometries and simulation conditions allow the
assessment of the relative importance of the Brownian force in particle
retention inside a membrane and the identification of the membrane
features that would augment or reduce retention by this mechanism.

2. Materials and methods
2.1. Numerical simulation

Particle transport within membrane pores was simulated using
COMSOL Multiphysics® v 6.1 with the Particle Tracing Module. COM-
SOL Multiphysics® applies the finite-element-method to simulations of
fluid flow by solving Navier-Stokes equations (Eq. (1)). The particle-
tracing module simulates the trajectory of the particles using the
Lagrangian approach by solving ordinary differential equations using
Newton’s law of motion (Eq. (2)). The Stokes drag and Brownian forces
were incorporated independently or combined into the simulation
models as forces acting on particles within the membrane pores. The
Navier-Stokes equations are as follows:

Momentum equation: pVu = —Vp + pV2u

Continuum equation:

Vu=0 (@)
where p is the density of the fluid [kgm3], u is the velocity vector
[ms~1], p is the pressure [kg m~'s2], and y is the fluid dynamic viscosity
kg m~'s71].
The Newton’s equation of motion implemented in the simulations is
as follows:

dv,
mpd—tp =Fpy+Fp (2)

where mj, is the particle mass, v, is the particle velocity vector, and Fp/
and Fp are the drag force with wall corrections based on the Stokes drag
law and Brownian force, respectively, as defined by Egs. (3) and (4)):

—m,M(u—vy) 3

where p), is the particle density, d; is the particle diameter [m], M is the
wall correction factor defined by Eq. S1 in Appendix.

. [12mAd,uksT
3
2= (1 _ 4 )
dpore

where kg is the Boltzmann constant, T is the absolute temperature [K], At
is the magnitude of the time step [s], dpor. is the pore diameter [m], Ais a
correction factor of particle-to-pore diameter, ¢ is a normally distributed
random number with a mean of zero and unit standard deviation. The
random direction of the Brownian force was accounted for by evaluating
both the x and y components of Fy at each time step using independent
values of { in the two directions. In this simulation, the relative toler-
ance, which determines the simulation time step At, was carefully
selected to ensure that the influence of At on the particle behavior in the
Brownian force simulation was negligible.
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2.2. Simulation of water flow and particle transport in membrane pores

This study simulated the water flow and particle transport in two-
dimensional pore model geometries as described in 2.3. All the simu-
lation models assumed laminar flow with no-slip boundary conditions
on the pore wall. Time stepping for the numerical integration of the
Langevin equation was set at 10~*s, which was two orders of magnitude
smaller than the simulation time of 1072 s and sufficiently small to
achieve the convergence of simulation results. At least triplicate simu-
lations were run for each condition to examine convergence of LRV
values.

Unless otherwise specified, the trans-membrane pressure was set at
20 kPa between the feed and filtrate sides of membrane pores, with a
pore length of 175 pm, chosen based on the typical thickness of a
microfiltration PVDF membrane (Fig. S1). Assuming the properties of
small viruses, spherical particles with a diameter of 0.02 ym and a
density of 1,020 [kg/m>] were released at the pore inlet at t = 0 with the
initial velocity and distribution based on the flow velocity field. A drag
force based on the Stokes drag law (Eq. (3)) and/or Brownian force (Eq.
(4)) was imposed on the particles traveling through the pores. The Péclet
number specifies the relative importance of convection over diffusion,
and is defined in Eq. (5):

_ 6y,

2y
pe— Xl _ Y 5
¢ T kT D )

Table 1
Pore structures and geometries investigated in simulations.
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where 7, is the viscosity of the fluid, y is a reciprocal of the shear rate, r;,
is the radius of a particle, and D is a diffusion coefficient defined by Eq.
S2.

In the simulations, the density of the particles was assumed to be
approximately equal to that of water. This property and the results of
preliminary simulations, imply the gravitational force acting on the
particles was negligible compared to the drag force and was conse-
quently omitted from the simulation. The Particle Tracing module as-
sumes particles as point masses, which is acceptable when the volume
fraction of particles is less than 1 % (0.076 % or less in this study). A
collision with pore walls occurs when the center of a particle reaches
wall geometries. Upon collision, a particle may either attach to the wall
following the probability given by the attachment coefficient; otherwise,
it is reflected from the wall with incident and reflected angles equal to
the surface normal (Eq. S3).

2.3. Pore structures and geometries

Simulation models were built with different membrane pore struc-
tures representing and simplifying the complexity of actual membranes,
including straight pores with different diameters and lengths, con-
stricted pores with non-uniform pore diameters, and tortuous pores.
These models were built to evaluate the effects of Brownian forces and
pore structures on particle transport and retention within the pores
(Table 1). A finite-element unstructured triangular mesh consisting of 45
000 to 550 000 elements was employed, tailored to the size and shape of

Type Pore geometry Parameters
1. Straight pores OO ___. L = pore length
-~ dpore = pore diameter
inlet dpore outlet
A 4 ——
2. Gates in pores gate gate gate dy = gate diameter
#1 H#2 #n I, = distance between gates
+ y + dg/dpore = diameter ratio
inlet 1 3 | I‘T’l | / et
outie’
doore| #95 | lo|| .
b AN [N I I N N
e al
I L g
3. Non-uniform pore diameter repetition #1, repetition #ZI repetition #n d, = ﬁxéd pore diameter
I 1 1 dp = variable pore diameter
2 /1, = pore length ratio
lak
inlet Ida d, outlet
b 4

4. Pore tortuosity

0 = bending angle
Leenter = centerline path length

N outlet

5. Parallel pores of different diameters

””””” - Lcenter —
L »
| 300 nm capillary #1
1300 nm capillary #2
outlet

1300 nm capillary #n

large capillary

anti-chamber




T. Hashimoto et al.

pore geometries. Finer and coarser mesh settings were explored to
identify the optimal mesh conditions for each pore geometry that would
lead to the convergence of simulation results within shorter computa-
tional times.

2.3.1. Straight pores

The pore length was 175 um, while the pore diameters varied in the
0.2-1.6 um (Table 1, Pore geometry 1). For the simulation models with
pore diameters of 0.4 and 0.8 pm, the pore length was varied from 17.5
to 175 pm. To fix the average velocity within the pore regardless of the
pore length, the pressure difference between the inlet and the outlet of
the pores shorter than 175 pm was set to 20 kPa multiplied by the pore
length in pm divided by 175 pm.

2.3.2. Gates in pores

To investigate the influence of pore constriction on particle transport
at fixed porosity, gates were installed in straight pores with a pore length
of 25 um (Table 1, Pore geometry 2). The trans-membrane pressure was
set at 2.87 kPa to obtain the same average velocity relative to a trans-
membrane pressure of 20 kPa in a pore with a length of 175 ym. The gate
openings were set to one-third of the pore diameter, whereas the number
of gates in the pores varied from 1 to 16. As the thickness of the gate was
set to the negligible value of 0.0025 pm, the pore porosity with and
without gates was almost equivalent.

2.3.3. Non-uniform pore diameters

Pore models with non-uniform pore diameters were built to simplify
the effects of complex pore geometries on water flow and particle
retention (Table 1, Pore geometry 3). The pore models were built by
combining a diameter equal to 0.3 or 0.6 um (d,) and portions of vari-
able pore diameters in the 0.15-4.8 um (dp) range. Unless otherwise
stated, the non-uniform pore diameters were repeated 10 times in a total
pore length of 25 um. The simulations were conducted at a trans-mem-
brane pressure of 2.87 kPa.

2.3.4. Pore tortuosity

Porous membranes exhibit complex structures that are not straight
but tortuous (Ghanbarian et al., 2013). This study utilized tortuosity, ,
defined as an elongation factor of the average flow path in a pore
(Ghanbarian et al., 2013; Matyka et al., 2008):

o Leenter
r= Lo )

where Lener is the centerline path length of a pore and L is the straight
distance between the inlet and outlet of a pore, which can be assumed to
be the membrane thickness.

The tortuosity of pores is often overlooked in many idealized
experimental systems and simulation models such as cylindrical pores
(Griffiths et al., 2020). However, tortuosity is a key factor influencing
porous membranes’ permeability and particle retention (Graczyk and
Matyka, 2020). A typical hypothesis is that the high tortuosity of
membrane pores increases the likelihood of particle entrapment, mainly
because of the extended path length (Griffiths et al., 2020). However,
tortuosity changes a pore’s path length and flow direction. Therefore, to
evaluate the effects of changes in the flow direction, for each geometry,
the bending angle between two connecting straight pores was set to a
value between 0° (straight pore) and 90° (maximum tortuosity); see
Table 1, Pore geometry 4. The centerline path length was 25 pym
regardless of the bending angle, and the trans-membrane pressure was
fixed at 2.87 kPa.

2.3.5. Parallel pores of different diameters

Porous membranes contain unevenly distributed pores of diverse
sizes and shapes (Mondal et al., 2019). The effect of pore size distribu-
tion on the entrance statistics of nanoparticles at the membrane-feed
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interface and their subsequent retention within the pores was investi-
gated in this study using geometries consisting of multiple pores char-
acterized by different diameters with varying ratios (Table 1, Pore
geometry 5). In these simulations, particles were not released at the inlet
of the pores but in a narrow anti-chamber external to the membrane,
thus allowing the model to drive particle trajectories into the pores. The
particle retention rates obtained from simulations with such geometries
were compared with the respective nominal retention rates, Ryominals
calculated based on the same geometry but by deploying the retention
rates determined for individual pores constituting the geometry (Eq.

(7)):

(q1 XM X Ry) + (g2 X 1z X Ry)

7
(M1 X g1 +1z X q2) )

Rrominal =

where n; and n, are the numbers of small pores of diameter 1 and large
pores of diameter 2 in parallel, R; and Ry are the retention rates asso-
ciated with single pores with diameters of 1 and 2, respectively, and ¢;
and q. are the respective flow rates. The flow rate was calculated as
follows:

q=Axvy (8)

where v is the average velocity in the pore computed by COMSOL
Multiphysics® v 6.1 and A is the cross-section area of the pore (cylin-
drical structure assumption).

2.4. Attachment coefficient

The retention rates are influenced by interactions between colloidal
particles and internal pore surfaces (Trzaskus et al., 2015; Tufenkji and
Elimelech, 2004), as well as by hydrodynamic force (Lee et al., 2020).
Electrostatic, van der Waals and hydrophobic interactions between two
surfaces are featured in classical DLVO (Jacob N. Israelachvili, 2011)
and extended DLVO approaches (Brant and Childress, 2002). This study
combined the overall interaction forces and the hydrodynamic force into
an attachment coefficient, the probability of particle retention on the
pore surfaces upon collision. The impact of the attachment coefficient on
the retention rate of particles in the membrane pores was preliminarily
examined through specific simulations using straight pore models with a
diameter of 0.6 um. Subsequently, its value varied from 103t010 tin
the simulations, representing relatively unfavorable and favorable
attachment conditions. The value of the attachment coefficient was
selected specifically for each geometry to obtain a range of LRVs that
confidently highlighted the relative effects of the investigated
parameters.

2.5. Particle retention

The retention rates of the particles in the simulation models are
presented as log reduction values (LRV) (Eq. (9):

LRV = —logy, <1\1\I;_ut> = —logy, (%) ©)

where Ny, is the number of particles released into the pores at the
beginning of the simulation, N, is the number of particles passing
through the outlet of a pore, and N, the number of particles attached to
the deposited walls is retained within the pore. All simulations were
conducted for at least twice the hydraulic retention time (HRT) of each
pore structure to allow > 99.8 % of the particles to deposit to pore walls

or reach the filtrate end of the membrane. Therefore, (%) > 0.998

at the end of all the simulations.
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3. Results
3.1. Effect of Brownian force

The LRVs of the preliminary pore-flow simulations were compared
with and without the Brownian force using straight pore models with
different pore diameters (Fig. 1a). Under the investigated conditions, the
LRVs of the simulations with Brownian force were significantly higher
than the LRVs without Brownian force; namely, they were approxi-
mately equal to 1.6 in a pore with a diameter of 1.6 pm and > 3.0 with a
pore diameter of 0.4 um, compared to the LRVs of approximately 0 in the
absence of Brownian force. Note that the nominal upper limit of the LRV
was 3 logs in these and other simulations discussed below because the
number of particles released at the inlet was set at 1000 for each indi-
vidual simulation. Particle traces showed that the Brownian force

3.5
upper limit

3.0——-J-—l—i————____

w/ Brownian force
w/o Brownian force

25 ;
> [ I | i
o 2.0
— i
1.5 [ |
1.0 4
0.5
W BNV AN ANV ANV AN AN ANAR
00 0.2 04 06 08 10 12 14 16 1.8
Pore diameter (um)
4.0 H w/ Brdwnian force
J w/o vBrownivan foryce
35 i
3.0 1 _i_ SPESH S
2.5 ; L L
> - | 3iiif
X 2.0 - : AR
— s IR
1.5 ! ‘ N |
1.0 4
057 B
0.0 JANRVAWAVAVAYAN

107 10° 10'
Péclet number (-)

Fig. 1. Log reduction value (LRV) with and without Brownian force imple-
mented in the flow model (a) for different pore diameters and (b) for corre-
sponding Péclet numbers. The geometry consisted of straight pores with a
length of 175 um and pore diameters of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, or 1.6
pm. Attachment coefficient = 10!, Triplicate simulations (n = 3) for each pore
size were run: each data point represents the average LRV and one standard
deviation. At the beginning of the simulation, 1000 particles were released at
the inlet. Data above the upper limit (light-shade square) include at least one
run with zero particles reaching the outlet, i.e., all particles deposited on the
pore walls.
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caused the random motion of particles, departure from streamlines
parallel to the flow directions, and collision against pore walls. In
laminar flow at a constant transmembrane pressure, known as Hagen-
Poiseuille flow, the flow rate decreases with pore diameter; therefore,
the Brownian force may become considerable over the drag force in
small pores, as shown by the same LRV results plotted as a function of
the Péclet number in Fig. 1b.

The pore sizes of the simulation models in this study, i.e., 0.2-1.6 um,
were larger than the nominal pore sizes of MF and UF membranes, e.g.,
0.1 ym and 0.01 um, respectively. The nominal pore size is usually
defined as the diameter of particles characterized by a 90 % removal
rate; this implies that pore sizes are distributed, and a membrane in-
cludes pores characterized by a relatively large diameter range (Zeman
and Zydney, 1996). The pore-size range employed in the simulation
models represents the actual pore sizes characterizing a typical com-
mercial MF membrane, as observed by scanning electron microscopy
(Fig. S1). Although the results summarized in Fig. 1 were obtained for a
specific pore structure and value of the attachment coefficient and may
not necessarily extend to all geometries, they imply that there exist
relevant conditions for which the LRV associated with internal deposi-
tion and driven by the Brownian force is not negligible. Therefore, the
following sections investigate the relative effects of the pore structure
and geometry on the mechanism of nanoparticle retention.

3.2. Influence of the attachment coefficient

The results presented in Fig. 2 (semi-log) indicate that the LRV
associated with internal deposition increased monotonically with the
attachment coefficient. In this simulation, Péclet number (Pe) was 1.4,
suggesting that diffusive transport played a non-negligible role
compared to convective transport driven by drag force. The trend was
almost linear at a low attachment coefficient (< 10’2) and became
sublinear as the LRV approached the upper limit and very few particles
reached the outlet. These results indicate that employing an appropriate
attachment coefficient is important for estimating LRVs in actual
membrane pores. However, it is to be noted that even at an attachment
coefficient of 1073, which represents a relatively unfavorable attach-
ment condition, a substantial fraction of particles was retained in the

Y [ PN N RP— %l - —EH-
25 - L

2.0 —

1.5 - d -

LRV

1.0 —

0.5 — —

00 T Illlllll T llllllll
10" 107 10* 10" 10°

T IIIIIIII T IIIIIIII

Attachment Coefficient

Fig. 2. Log reduction values (LRVs) for different attachment coefficients (n =
3). Simulation conditions: pore length = 175 um; pore diameter = 0.6 pm;
particle diameter = 0.02 um; Pe = 1.4. Error bars represent one standard de-
viation. The maximum nominal LRV was 3 (dashed line), as 1000 particles were
released at the inlet at the beginning of the simulation. Data at the upper limit
(light-shade square) includes at least one run with zero particles reaching the
outlet, i.e., all particles deposited on the pore walls.



T. Hashimoto et al.

pores under the investigated conditions because of the high frequency of
particle-wall collisions owing to Brownian force. Even at low values of
the attachment coefficient, LRVs obtained from simulation models
including Brownian force were greater than those (LRVs: 0.11-0.13)
observed without Brownian force; see Fig. 1. Note that all the results
presented in this manuscript and obtained at a fixed value of the
attachment coefficient may be scaled to estimate the LRV with different
prevailing attachment coefficients using the trend summarized in Fig. 2.

3.3. Effect of pore length

The results presented in Fig. 3 show that LRVs increased with pore
length. In these simulations, the Péclet number (Pe) was 0.6 for a pore
diameter of 0.4 pm and 2.5 for 0.8 pm, indicating that the influence of
diffusion relative to the drag force was not negligible. Even imple-
menting geometries with short pore lengths of 17.5 or 35 pm, LRVs were
larger than 1.5 under the investigated conditions; this result suggests
that the retention of particles occurred largely in the vicinity of the pore
entrance, which was corroborated by a snapshot of the geometries
following the simulations (data not shown). Interestingly, particle
deposition to the pore walls close to the inlet was more prominent for the
small pores (0.4 pm) than the large pores (0.8 pm). The simulation re-
sults suggest that when the pore length was extended, the LRV reached a
plateau, which implies that for a given pore diameter, there might be an
optimum pore length that would allow the maximization of the LRV and
minimization of the membrane thickness. Moreover, with the larger
pore diameter (0.8 pm), the pore length had a greater influence on LRV
than with the smaller pore diameter (0.4 pm), for which a relatively high
LRV was achieved even with a short length (Griffiths et al., 2020). The
simulation results discussed in this work do not claim to represent ab-
solute values of the LRV observed in real-world applications, but may be
instead utilized to provide practical insights. In particular, in the case of
Fig. 3, the data suggests that an optimum combination of pore diameter
and membrane thickness may exist to achieve the target LRV with the
highest flux for a given membrane material, when Brownian forces are
not negligible.

40— H 04pum
1 L& 08pm
3.5

. upper limit
3.0 +— i

= my
@

1.5

e

LRV

1.0

0.5

00| T T 1 T 1T T T T 17 T 1 71
0 20 40 60 80 100 120 140 160 180

Length (um)

Fig. 3. Log reduction values (LRVs) for different lengths of straight pores (n =
3). Simulation conditions: straight pore; pore diameters = 0.4 or 0.8 um; par-
ticle diameter = 0.02 pym; attachment coefficient = 10% pore lengths: 17.5, 35,
70, or 175 pym; Pe = 0.6 (0.4 pum) or 2.5 (0.6 um). Error bars represent one
standard deviation. The maximum nominal LRV was 3 (dashed line), as 1000
particles were released at the inlet at the beginning of the simulation. The
maximum computable LRV was 3 (dashed line) as 1000 particles were released
at the inlet.
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3.4. Effect of pore constriction

The results plotted in Fig. 4a show the effects of pore constrictions
simulated as gates on the LRV. The attachment coefficient in these
simulations was set at 5 x 1072, The LRV increased, and the flow ve-
locity decreased with an increasing number of gates. The presence of
gates influenced the LRVs in two ways: 1) it decreased the average flow
velocity (as well as the Péclet number) and increased the HRT, and 2) it
increased the probability of particle retention in the pore sections
separated by the gates, where trajectories bent to pass through the
narrow openings. It is interesting to note that installing a large number
of gates in the large pore (pore diameter = 0.6 pm, gate number = 8 or
16) achieved both higher LRVs and higher fluxes than a geometry
involving a small number of gates installed in a small pore (pore
diameter = 0.3 pm, gate number = 2).

When analyzing the calculated LRV as a function of the Péclet
number, the values of the former were linearly correlated with Pe for
each of the pore diameters. Still, the slopes of the regression lines were
different. The Péclet numbers varied in a small range for the 0.3-pm
pores, approximately between 0.15 and 0.35, compared to the larger
pores (0.6 pm, Pe range 0.4-1.2) (Fig. 4b). Additionally, the same LRVs
were observed for different Pe numbers with the two pore sizes, for
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Fig. 4. Log reduction values (LRVs, closed symbols, left-hand axis) and average
flow velocities (open symbols, right-hand axis) (a) for different numbers of
gates and (b) for corresponding Péclet numbers (LRV only). Pore geometry:
straight pores; pore length = 25 pm; pore diameter = 0.3 or 0.6 um; particle
diameter = 0.02 um; attachment coefficient = 5 x 103, Number of gates: 0, 1,
2, 4, 8, or 16. Average flow velocities were obtained by mediating across pore
cross-sections.
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example, LRV was approximately 0.45 at Pe ~ 0.35 and Pe ~ 1.1 for the
smaller and larger pores, respectively. In contrast, at a similar Péclet
number equal to approximately 0.35-0.4, LRV ~ 0.4 and LRV ~ 1.2 for
the smaller and larger pores, respectively. These results may imply the
following: although the Péclet number is an important parameter in
delineating particle transport and attachment to membrane pore sur-
faces under the influence of both drag and Brownian forces, other factors
such as pore diameter, surface area, and pore structure may also influ-
ence particle retention in the pores. In the geometry involving gates, the
surface area was changed by approximately 13 % between the pores in
the presence and absence of the gates (data not shown). Therefore, the
constricted structure created by the gates had a dominant influence on
the LRVs. The gates hindered particle transport between the pore seg-
ments separated by the gates and increased the retention time of the
particles in each section. As a result, larger pore (0.6 pm), which
incorporated gates, exhibited a higher LRV compared to smaller pore
(0.3 pm), which had no or fewer gates.

Another interesting result relates to the porosity. Because the
porosity of a membrane influences the water permeability and selec-
tivity (Mehta and Zydney, 2005), porosity is considered one of the
determining factors for the particle removal rates of porous membranes
(Molnar et al., 2015). However, although pores with different numbers
of gates had practically the same porosity, the related LRV varied
significantly (Fig. 4a). These results suggest that pore structure, espe-
cially pore constriction, is a more important factor than overall porosity
in influencing particle retention within the internal part of the
membrane.

3.5. Effect of non-uniform pore diameter

The effects of pore constriction and morphology were also investi-
gated using pore geometries involving non-uniform pore diameters
(Table 1, Pore geometry 3). The pore models consisted of pores with two
different diameters, i.e., d, and dp: while d, was fixed at either 0.3 pm or
0.6 pm, dp was varied between 0.15 and 4 pm. The attachment coeffi-
cient was set at 5 x 102 for these simulations. In these simulations, Pe
for d; = 0.3 pm ranged from roughly 0.3 to 0.5 in the fixed region and
from less than 0.1 to 0.3 in the variable region. For d; = 0.6 um, Pe
ranged from approximately 1.4 to 2.7 in the fixed region and 0.5 to 1.4
in the variable region. Under both fixed region diameter conditions, the
influence of diffusion relative to the drag force was not negligible. When
dq was 0.3 um (Fig. 5a), LRV decreased from dp = 0.3 pm, i.e., a straight
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and uniform pore, to dp = 0.5 pm, but then increased when dj, increased
beyond this value. With d; = 0.6 um (Fig. 5a), the LRVs decreased when
the alternate pore diameter increased from 0.15 um to 0.6 pm (the latter
referring to a straight and uniform pore), but then increased with the
increasing value of dp. That is, the same trend was observed for the two
fixed pore sizes, d,.

Although it is reasonable to assume that LRV would increase moving
from a uniform pore to a non-uniform pore when dj, < d,, namely, when
portions of smaller size were introduced (similar to the introduction of
gates), unexpectedly, LRV also increased when dp > d,, despite the
greater porosity of this configuration compared to that characterizing a
uniform pore of diameter d,. Note that the LRV calculated in non-
uniform configuration with very large d, values (1.6 pm or larger)
were substantially greater than those associated with uniform pores of
diameter d,, and certainly more than those associated with uniform
pores of diameter dp. Horizontal lines in Fig. 5a represent the LRV
calculated for uniform pores with sizes of 0.3, 0.6, and 1.2 um under the
same conditions. This enhanced particle removal could be due to the
increased particle retention in each pore segment provided by the
complex morphology, including the constricted structures, regardless of
the absolute values of the diameters of the pore portions (Chang et al.,
2013). Note that LRV with d; = 0.3 pm initially decreased when dj
exceeded dg, as the accelerated flow velocity amplified the influence of
drag force more significantly than in uniform pores. However, LRV
increased again once dp, surpassed 0.6 pm, since further flow velocity
growth became marginal. These results indicate that non-uniform pores
with large variations in pore diameter (enlarging and/or reducing) may
provide higher flux and greater LRVs than uniform pores with small
diameters.

Because the configuration including non-uniform pores was charac-
terized by a larger overall surface area compared with uniform pores, it
is important to consider this effect on the LRV. Fig. 5b shows the LRVs
presented in Fig. 5a, normalized by the inner surface areas of the
respective pores. As dp, increased, the pore surface area also increased.
The normalized LRV decreased monotonically as a function of dp,
implying that the surface area plays an important role. However, the
LRVs were always higher for non-uniform pores than for uniform pores
with diameter dj, (Fig. 5a), corroborating the role played by the con-
strictions rather than the more trivial effect ascribed to the surface area.
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Fig. 5. Log removal values (LRVs) calculated with non-uniform pore diameters. (a) LRVs against d,. (b) Normalized LRVs by the total inner surface area of pores
against dp. The horizontal bands are the ranges of LRVs or normalized LRVs for straight pores with uniform diameters of 0.3 pm (blue), 0.6 pm (pink), or 1.2 pm
(green) (n = 3). Simulation conditions: pore length = 25 um; attachment coefficient = 5 x 10°%; the number of repetitions in the model geometry = 25; I/1, length

ratio = 1.



T. Hashimoto et al.
3.6. Effect of tortuosity

The results presented in Fig. 6 indicate that with an increase in the
bending angle of the pore structure, LRVs increased noticeably. Apart
from the bending angles, all the other simulation conditions, including
the average length of the flow path, surface area, and pressure difference
between the inlet and outlet, were identical. In these simulations, Péclet
numbers were less than 0.4, indicating that the influence of diffusion
relative to the drag force was not negligible. Note that at bending of 90°,
the LRV decreased to the same level as 45°, which was probably due to
the error associated with the fewer initial number of particles (1000
particles) in this simulation. In fact, LRVs haven’t decreased and gotten
its plateau in simulations with initial particle numbers of 5000 and
10,000 (data not shown). These results suggest that altering the flow
direction by pore bending influences particle transport and deposition
onto the pore walls (Griffiths et al., 2020; Sorci et al., 2020), implying
that tortuosity may increase particle retention within the membrane
pores.

3.7. Effect of pore size distribution

In geometries involving a parallel sequence that included one large
pore and several small 0.3 um pores available for particle entrance, LRVs
were always in between those calculated for a single pore of small 0.3
um diameter (or for a sequence of parallel pores, all of the same 0.3 pm
diameter) and those calculated for a single pore of large diameter (or for
a sequence of parallel pores all of the same large diameter), namely, 1.2
um in Fig. 7a. More importantly, the LRV increased considerably with
the number of small pores in the sequence (Fig. 7a), which indicates that
the number of particles entering the small pores increased with the
number of small pores. Note that the position of the large pores in the
sequence, e.g., at the end or the middle of the sequence, did not affect the
results in terms of the LRV. Although the observed enhancement in the
LRV seems to be easily explained by the conventional water flow model
in pores, the calculated increment in the LRV was higher than that
estimated based on the nominal rate of fluid flow into the pores and the
particle retention rates associated with individual pores. These results
are rationalized by the larger number of particles entering the small
pores than those estimated by the laminar flow model, owing to the
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Fig. 6. Log reduction rate (LRV, closed square, left-hand axis) and average flow
velocities (open diamond, right-hand axis) for different bending angles char-
acterizing the pore geometry. Center pore length (length of the flow path) = 25
um; pore diameter = 0.3 um; attachment coefficient = 10°2. Bending angles: 0°,
15°, 20°, 25°, 30°, 45°, 60°, 75°, 90° (n = 3 for each). Average flow velocities
were obtained by mediating across pore cross-sections.
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Brownian force that moves particles away from the main flow trajectory
at the feed-membrane interface (Kim and Zydney, 2004), as corrobo-
rated by the data presented in Fig. S6 in the Supporting Information.

Similar results were obtained when the diameter of the large pore
was changed in geometries comprising four small (0.3 pm) pores in
parallel with one large pore. Specifically, calculated LRV were above
those associated with pores characterized by the large diameter but
smaller than those associated with the 0.3 um pores. In addition, LRV
decreased with the diameter of the large pores (Fig. 7b) because of the
higher portion of fluid flow entering the increasingly large pores,
wherein the particle retention rate was lower. These results again sug-
gest that in the presence of small pores, LRVs were substantially higher
than those predicted by laminar flow models (which underestimated the
LRV; see Fig. S6). However, from a different standpoint, the presence of
only one large pore among the many small pores considerably reduced
the LRV with respect to the retention associated with a perfect sequence
of small pores; this result implies that individual defects, i.e., individual
large pores, may result in a drop in the LRV provided by a membrane
characterized by nominally small pore sizes. In other words, a defect-
free membrane with medium-sized pores may be more advantageous
regarding particle retention than a membrane with small pores and that
comprises individual defects.

4. Discussion

The results presented in this study suggest that the Brownian force
has a potential influence on nanoparticle transport in membrane pores
under a practical range of conditions and is likely to increase the LRVs of
nanoparticles by increasing the frequency of their collision with internal
pore surfaces. Although the effect of the Brownian force was assumed to
be negligible in previous studies (Mino et al., 2018; Mondal et al., 2019)
that focused on particle separation in processes with Péclet numbers
higher than 10! (Nelson and Ginn, 2011), this work implies that trans-
port via the Brownian force may become more important than transport
driven by the drag force at Péclet numbers smaller than 10!, which is
relevant for nanoparticle transport through MF or UF membranes in
several instances (Liu et al., 2020; Yamamoto et al., 2014). Indeed,
under strongly unfavorable attachment conditions, diffusive mecha-
nisms would not result in a larger particle retention, since an enhanced
collision rate due to Brownian forces would not translate into a signifi-
cantly larger deposition rate. However, designing a membrane or a
separation system to exploit Brownian forces may provide advantages in
all other cases. In fact, the simulation results in this study agree with
previous experimental study (Lee et al., 2020), which proposed diffusive
deposition mechanism for the retention of inorganic nanoparticles in
membrane filtration under conditions of low particle-to-pore diameter
ratios (PPDs).

Viruses are nanoparticles of concern because virus infections can be
caused by ingesting a small number of viruses (Kirby et al., 2014). In this
sense, an enhancement of the total LRV by a value as low as 1, for
example, from 5 to 6, owing to additional retention mechanisms
occurring inside the membrane, may prove vital. Although under-
standing the behavior and retention of viruses in membrane pores is
important for controlling the infection risks of drinking water, previous
studies on virus transport within membrane pores are limited owing to
the constraints of research tools (Bowen and Welfoot, 2002; Iliev et al.,
2015). Virus removal rates measured in full-scale or pilot membrane
filtration plants vary extensively, complicating the accurate evaluation
of virus removal by membranes (Yasui et al., 2023). The simulation
method presented in this study enabled the integration of drag and
Brownian forces in diverse geometries to examine some of the basic
mechanisms of nanoparticle transport, including viruses and retention
in membrane pores. This approach is characterized by flexibility, which
cannot be readily achieved in experimental studies.

Taking advantage of such simulations, this study suggests that
complex pore structures, such as pore constriction and tortuosity, may
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Fig. 7. Log reduction values (LRVs) of (a) geometries consisting of a variable number of small pores (0.3 um) and one large pore (1.2 pm) and (b) geometries
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time = 0 within a 0.5 um long anti-chamber preceding the sequence of pores; attachment coefficient = 102,

affect nanoparticle transport and retention rates in membrane pores at
Péclet numbers below 10', where the Brownian force becomes impor-
tant. These structural factors have not been considered in association
with the Brownian force in conventional cylindrical pore models that
employ the hindered transport theory (Deen, 1987; ElHadidy et al.,
2013). Specifically, the pore constriction, modeled as gates, increased
the LRVs in correlation with the number of gates (Fig. 4a). Notably,
although the LRV for the larger pore was generally lower than that for
the smaller pore under uniform pore structure (Fig. 1a), the introduction
of constricted structures in larger pore resulted in higher LRVs compared
to smaller pores with straight geometries or fewer gates (Fig. 4b).
Similarly, the LRVs for pores characterized by non-uniform diameters,
comprising enlargements and constrictions, generally increased
compared to straight pores of uniform diameter (Fig. 5). This phenom-
enon is attributed to a combination of factors, including the larger sur-
face area of non-uniform pores, bent particle trajectories, and the
complexity of the fluid velocity behavior within the pores (Fig. S3). As
indicated in the previous simulation study (Su et al., 2019), the flow
velocity in the wider segments of the pore was smaller than that in the
narrower segments, which locally reduced the Péclet number and the
probability of particles moving from the large to the small segments,
resulting in an overall increase in LRVs (Fig. 5). However, although the
tortuosity of the membrane pores did not affect the average flow velocity
in a pore section, LRVs increased with higher tortuosity owing to the
increase in the frequency of particle collisions onto the pore surface.

This study has certain limitations. First, future experimental studies
shall reinforce the results of this study. Although controlling the Brow-
nian force in the experiments is challenging, controlling the drag force
by changing the filtration flux is possible. Thus, one might evaluate the
comparative influence of the Brownian and drag forces on particle
transport in membrane pores. Second, although 2D simulations of sim-
ple pore structures were employed to avoid simulation errors in complex
3D simulations and save CPU time, examining the differences and sim-
ilarities between 2D and 3D membrane pore models is important
because 3D models represent actual membrane pores. Although con-
structing 3D membrane pore models is challenging (Sundaramoorthi
etal., 2016; Tan et al., 2023), studies deploying 3D models should verify
the effects of Brownian forces on particle transport and removal within
membrane pores.

Furthermore, it must be noted that, in this study, particles were
treated as point masses without volume. This approach can be justified

because the particles were highly diluted in the simulations, with typical
concentrations lower than 10'® particles per mL. Because of this
assumption of dilute solution, our simulation applies to the initial stage
of filtration. Therefore, further simulation of particle deposition within
pores occurring at later stages of the filtration process would help
delineate any pore blocking processes. Finally, we varied the attachment
coefficient between 103 and 107! to highlight the effects of pore
structures on retention, consistent with previously estimated values
where 10723 represents mildly unfavorable conditions and 107! repre-
sents near favorable conditions for nanoparticle attachment to porous
media surfaces (Hahn and O’Melia, 2004; Tufenkji and Elimelech,
2005b). Those studies suggested that the interaction energy profile be-
tween nanoparticles and surfaces governs the attachment and detach-
ment of nanoparticles from surfaces (Hahn and O’Melia, 2004; Tufenkji
and Elimelech, 2005b). Moreover, recent studies have advanced theo-
retical frameworks regarding the extended DLVO theory and factors
influencing attachment coefficients, including solution ionic strength,
hydrodynamic shear, Brownian diffusion, and particle sizes (Lee et al.,
2019; Wang et al., 2016). It is noteworthy that when the interaction
energy between the particle and the membrane surface is relatively
weak—such as when the particle is retained within the secondary energy
minimum—hydrodynamic forces may induce particle detachment and
subsequent release from the membrane surface (Lee et al., 2017).
Therefore, in future studies, it is recommended to use actual attachment
coefficients obtained from theoretical and experimental studies to esti-
mate truthful LRVs. Additionally, experimental validation using virus
particles with varying sizes and surface characteristics, combined with
filtration membranes possessing different nominal pore sizes, membrane
structures, and materials, will help elucidate the influence of Brownian
forces on viral particle retention and clarify the underlying retention
mechanisms.

Finally, note that this study does not provide factual, absolute LRVs
related to particle or virus deposition within real membrane pores.
However, this study revealed relative effects of Brownian force and pore
structures on particle retention that may have been overlooked previ-
ously. Also, simulation results highlighted the factors influencing
retention performance owing to the Brownian force under various
operational conditions. These factors include the relationship between
the attachment coefficient and LRV (Fig. 2), the effect of pore length on
LRV (Fig. 3), and the linear relationship between the Péclet number and
LRV (Fig. 4b). These results may be used to estimate LRVs in given
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membrane pore structures and/or to design membrane pore structures
with high LRVs without sacrificing membrane permeance and produc-
tivity. In particular, according to the results presented in this paper, a
better porous membrane may be designed with the following charac-
teristics to simultaneously augment flux and nanoparticle LRV; namely,
the keys for designing high flux and particle retention membranes are:
(i) high tortuosity, (ii) non-uniform internal pore diameters with the
presence of constrictions and enlargements, and (iii) uniform surface
pore size with the absence of defects.

5. Conclusions

The results shown in this study indicate that the Brownian force may
be important for particle transport in membrane pores with Péclet
numbers smaller than 10'. Although the previous studies assumed that
the overall porosity is a determinant factor of particle retention inside
membrane pores, this study does not corroborate this assumption,
indicating that the complexity of pore structures is more consequential
for internal particle retention. The constriction and tortuosity of the
membrane pores and the non-uniform pore structure significantly
affected the LRVs of the nanoparticles under the influence of the
Brownian force in the simulated 2D geometries. In a parallel pore
structure with large and small pore diameters, the Brownian force in-
creases the number of particles entering the membrane through small
pores in relation to the number estimated based on the laminar flow
rates. This indicates the importance of small pores and, in contrast, the
detrimental impact of individual defects in filtration membranes. The
relationship between the attachment coefficient and LRV, and the effect
of pore structure on LRV, may be useful for designing membrane pore
structures with high LRVs without sacrificing membrane permeance.

Although this study is based solely on simulations and provides
relative effects rather than absolute LRVs, experimental studies in the
future will further reinforce the simulation results presented herein. In
addition, the 2D pore models used in this study should be extended to 3D
models representing actual pore structures. Nevertheless, our study
identified the Brownian force as an important mechanism of transport
and retention of nanoparticles within membrane pores, which may
provide a non-negligible LRV of nanoparticles in pores under diverse
conditions. The methods presented in this paper can be applied to
membrane pores in future studies.
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