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ABSTRACT

Background: The micro-sieves filter out the suspended solid particles and microorganisms from the sam-
ple fluids such as water, blood samples, etc. Water is the most essential element among all the natural
resources. It gets polluted as it flows and comes in contact with the atmosphere or earth’s surface. The
reduction of suspended particles such as iron, manganese and chemical oxygen dissolved in the water
makes it potable Micro-sieves are microfiltration membranes with uniformly patterned pores of size in
the range of 0.1-50 pm.
Objectives: The main objective of the study was to analyze the three-stage microfiltration using COMSOL
4.3a with micro-sieves of pore size as low as 0.1 um in the third stage.
Methods: This study involves finite element analysis performed using the COMSOL Multiphysics® soft-
ware package. Modeling of a three-step microfiltration process utilizing micro-sieves with pore sizes
as small as 0.1 m has been demonstrated.
Results: Particles that are smaller than the pores of the membranes are retained on the surface of the
membrane. The filtration efficacy against dissolved solids, removal of turbidity and microorganisms is
determined by the size of the pores in the membranes. The changes in pressure and velocity are studied
at the output of each microfiltration membrane. The pressure has decreased by 2 mPa and the velocity
has increased by 0.13 pm/s after the third stage of filtration demonstrating the removal of microorgan-
isms.
Conclusion: The findings of the finite element analysis performed by the COMSOL multiphysics® program
has provided us with the option to develop these devices using microfluidic mixers and microsieves.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Water is the source of energy for all living creatures. The drink-
ing water should be clean, clear and free from impurities. Impuri-
ties get mixed with water as it moves through the atmosphere,
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ground. Also, the human activities increase the levels of impurities.
Chemicals from factories and human wastes, if allowed to enter the
water channels, create severe health problems. Excessive mud
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particles and other solids make water unsuitable for drinking. Also,
as water flows, it dissolves and carries with it the things it
comes across such as heavy metals, which may be caused by the
damaged pipes that carry water from its source to the consumer
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(WHO, 2011). In addition to man-made chemicals and minerals
(Peirce et al., 1998; Nguyen et al., 2019) microorganisms such as
cyanobacteria, Escherichia coli, green algae, pollute the water
and make it unsafe. These particles if excessive should be consid-
ered as contaminants. A contaminant in drinking water may make
it unpalatable or even unsafe. Many diseases like pneumonia, pon-
tiac fever and arthritis are caused due to these impure particles
present in water (Lee, 2010). Microfiltration using micro-sieves
helps to remove the above contaminants. The micro-sieves consist
of thin selective layer made of flexible membranes with well-
defined and uniform pores. This structure enables them to exhibit
permeability and selectivity that conventional membranes cannot
achieve. The size of the pores ranges in the orders of micrometer
(Warkiani et al.,, 2011). Mixing can be performed in microfluidic
channels using paramagnetic particles that combine to form linear
chains under an applied external magnetic field (Piontek and
Czyzewska, 2012). The so-created chains can be magnetically actu-
ated to manipulate microscopic fluid flow (Kalaiselvi et al., 2020).
The application of microfiltration in dairy industry is reported
(Fernandez Garcia et al., 2013) by Leticia et al. Mixing of analytes
in microfluidic Lab-on-Chip systems using electro kinetic process
is presented by (Oddy et al., 2001). The antibiotic resistance genes
(ARGs) are considered as serious environmental pollutants (Pooran
et al., 2005), environmental scientists and engineers are working to
curb the spread of ARGs in the environment (Sehar et al., 2013).
Biswal and Gast (2004) reported that microfiltration, a standard
procedure in sample preparation, is also useful in the quick detec-
tion of certain pathogens. Schwartz et al. (2003 ) examines the issue
of micro-sieve pores clogging up due to flow resistance. These
membranes are required in many micro systems used in biological
and chemical applications (Prasanth and Narayanan, 2020). The
thickness of the membranes of micro-sieves must be compatible
with the pore sizes. On the one hand, a thin membrane guarantees
a small flow resistance but on the other hand the mechanical
strength is reduced. The individual positioning of each single pore
in a polymer micro-sieve can be obtained by inkjet printing (Li
et al., 2013). Researchers report a wide variety of micro-sieve
designs for use in microfiltration membranes (Brans et al., 2006;
Jahn et al,, 2010; Vddndnen et al., 2016; Koh et al., 2008; Goedel
et al, 2018). Further, Wright et al. (2004) have reviewed the
field-based studies in developing countries where water is trans-
ported from a source outside the home and then stored within
the household). The review is restricted to microbiological mea-
sures of contamination and excludes chemical aspects of water
quality. Also, the microorganisms vary in their size and affect the
various organs of the body in different capacities.

Coming back to the evolution of micro-sieves, Van Rijn et al.
(1997) came up with a new idea that using techniques adopted
in semiconductor technology, thin membranes with perfectly uni-
form pores can be fabricated. With a silicon wafer as a support and
a silicon nitride layer as the sieving layer, he fabricated his first so-
called ‘micro-sieve’. The pores in the 1-um thick membrane had a
diameter of 5 pm and further decreased the pore size close to
1 pm. In this work, we have reported the simulation of three-
stage microfiltration using COMSOL 4.3a with micro-sieves of pore
size as low as 0.1 um in the third stage.

2. Materials and methods

To create a real-world like model for the simulation process, a
micromixer stage is included as the first stage for fluid- particle
mixing. The mixed particles are of different sizes in the order of
micron to realize the size of bacteria and algae. The output of
micromixer is carried over to the microfiltration stages using
micro-sieves. Fig. 1 showed the process flow of filtration using
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Fig. 1. Pictorial representation of process flow of micromixer and different stages of
filtration using microsieves.

micromixer and micro-sieves. As a first step, impurities are mixed
with pure water using micromixer. The output of micromixer is
given to the first stage of microsieves. The filtering is accomplished
in 3 stages using microsieves of sizes 50 um, 10 pm and 0.1 pm,
respectively, corresponding to the size of various microorganisms.
The final output is purified potable water which is free of
organoleptic water parameters.

3. Results

The simulation and analysis of the micromixer and microsieves
using COMSOL software help us to obtain the requirements for par-
ticle filtration using microsieves. The Model builder window of
COMSOL helps to build the model and inspect its contents and
structures in the model tree. The modelling procedure is controlled
through the model builder window, which includes the model tree
with all the functionality and operation for building, solving and
displaying the results. The study requires physics such as particle
tracing for fluid flow (fpt), rotating machinery particle flow (rmspf)
and laminar flow.

3.1. Module 1: Micromixer

Using the micromixer stage, particles of various sizes are mixed
with water. The microorganisms such as Salmonella enterica of size
0.7 pm, Cynobacteria of size 35 pm and Green algae of size 60 pm
are given as inputs to the micromixer through the different inlets
of micromixer. The polluted water is made to pass through the
microfiltration stages.

3.1.1. 2D modeling and study of mixer

The micromixer is a concentric cylindrical structure with three
inlets and one outlet each having a width and height of 1 pm and
0.5 pm respectively. The outer circle has a radius of 3 pm while the
inner circle has a radius of 1.3 pum. The pictorial representation is
shown in Fig. S1. A cruciform structured rotating spindle of diam-
eter and height 2 pm and 0.1 pum, respectively, is present at the
center of inner circle. This helps in uniform mixing of the microor-
ganisms of varying sizes with water. After building the geometry of



S. Suganthi, K.A. Alibrahim, S. Senthil Kumar et al. Journal of King Saud University — Science 35 (2023) 102497
Time=0.78 Surface: Velocity magnitude (m/s)

as| T T T T T T T T T T T ] A 0.0794
4r i 0.08
3.5 F -
3t i 0.07
25| .
2} -
0.06
15¢F 4
1k il
05 | i + 1 0.05
0r -
0.5 4 1 0.04
1k §
-1.5F - 4 0.03
2t 4
25t - 0.02
3t -
35 ¢ 7 0.01
4Lk -
-4'5 i 1 L 1 3 1 L ! L 1 L k ] 0
S -4 -3 -2 -1 0 1 2 3 4 S vo

) DR

)t=01ps (b)t=02ps

Fig. (a) Fig. (b)
Fig. 3. Particle mixingat various time duration: (a) 2D model; (b) 3D model.
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the mixer, meshing is implemented to obtain accurate results in
simulation.

Meshing helps to perform finite element analysis of the mode
through small units of simple shapes, called mesh elements. The
mesh generator discretizes the domains into triangular or quadri-
lateral mesh elements. If the boundary is curved, these elements
represent an approximation of the original geometry (Fig. S2).
The sides of the triangles and quadrilaterals are called mesh edges,
and their corners are mesh vertices. A mesh edge must not contain
mesh vertices in its interior. The boundaries defined in the geom-
etry are discretized (approximately) into mesh edges, referred to as
boundary elements (or edge elements), which must conform to the
mesh elements of the adjacent domains. The geometry vertices are
represented by vertex elements.

Fig. 2 shows the velocity output of the simulation carried out for
2D Mixer. A uniform velocity observed at the 3 inlets of micro-
mixer is 0.02 m/s but as at the outlet the surface velocity magni-
tude increases to 0.08 my/s. It defines that the finely mixed
output has a high velocity. The particles are given in different sizes
and color. Particles of size 0.7 pum, 35 pm and 60 pm and color red,
blue and green respectively are given as inputs at the 3 inlets. The
mixer mixes the particles and we obtain a mixed output at the out-
let of our mixer.

As observed in the velocity profile, the initial velocity of water
at the inlet1 is 0.08 m/s. But after mixing with pollutants through
the inlets 2 and 3, the velocity is reduced to 0.02 m/s at the outlet.
A detailed analysis of progress of mixing at increasing time inter-
vals is presented Fig. 3 (a). Mixing is initiated at 0.16 psec and is
completed at 2 pisec.

3.1.2. Geometry of 3D micromixer

In the 3D modeling of micromixer, radius and thickness of outer
cylinder have been chosen as 3000 pm and 2000 pim respectively
(Fig. 3b). For the inner cylinder, the radius and height are selected
as 1000 pm and 2000 pm respectively. The width and height of
rotating spindle are both equal tol pum. The radius and height of
the inlet ports and outlet ports are each 1000 pm. The particles
of different sizes and color are given as inputs at the 3 inlets. Red
coloured particles are of size 0.7 pum, while blue- and green-
coloured particles have sizes of 35 pum and 60 pm respectively.
The mixer mixes the particles and at the outlet we obtain the con-
taminated solution. At the end of 1 psec, we can observe the com-
plete migration of particles towards the fins of the rotating spindle.
This enables faster mixing of pollutants with water. The so-created
polluted water has to be purified using 3-stage filtering through
the microsieves of sizes in the decreasing order.

3.2. Module 2 - microsieves

The microsieves module consists of three stages of microfiltra-
tion corresponding to the sizes of the particles that were mixed in
the micromixer stage (Fig. S3).Initial analysis is carried out for sin-
gle stage of microfiltration only. A rectangular block of width and
height 650 pum is selected. The pores are of uniform diameter
and thickness of 50 pm. The spacing between the sieves is selected
as 250 pum. This structure shown in Fig. 7 helps in removing the
particles of size larger than 50 pum. The velocity of the water is low-
ered at the middle of the cylindrical pores of the microsieves.
Therefore, it is observed to be 0.004 m/s at inner diameter of the
50 um pores. After it reaches the bottom of the pores the velocity
is increased to 0.005 m/s (Fig. 4a). Further, the filtration can be
confirmed with the help of the pressure profile. The pressure
observed in outer region of diameter 50 um pores is equal to
0.8551 Pa (Fig. 4b). As the water reaches the middle of the pores,
pressure is lowered to 0.5416 Pa. Again, at the sieve’s outer bound-
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ary, it further decreases to 0.1386 Pa as water moves towards the
outlet of the sieve.

With the addition of the second stage, the 3D view of the micro-
sieves is represented in Fig. 4. The radius and height of the cylindri-
cal plate of the second stage is 750 um and 250 pm respectively.
The second stage of sieves is designed to have a radius of 10 pm
and height of 250 um (Fig. S4).The velocity of the water observed
in the regions surrounding the microsieves of pore sizes 50 pwm
and 10 pm decreases with time after the third stage of filtration.
The velocity outputs at various instants of time are provided in
Fig. 5a-d and Table 1.

3.3. Pressure output of two stage microsieves

Pressure is observed to be more around the pores and is mea-
sured to be 0.6323 Pa. Through the microsieves the pressure falls
to 0.2512 Pa in the middle of the pores and finally drops to
0.0087 Pa (Fig. 6; Table 2).

3.4. Geometry of particle tracing

Particles having sizes of more than 50 pm are filtered out of the
50 pum sieves (Fig. S5). In Fig. 7, the two particles in green and red
colors are of sizes 40 pm and 5 pm respectively. Hence, they are
passed through 50 pum sieves of the first stage. The 10 pm sieves

Table 1
Summary of Velocity Profile of 2-stage filter using Microsieves.

Time (psec) Velocity at the Outlet (nm/sec)
t=0.1 3.1845

t=0.5 20.938

t=0.8 47.715

t=1 69.882

Surface contour: Pressure (Pa)

A 0.6843

¥ 8.6623x1073

Fig. 6. Pressure output of two stage microsieves.

Table 2
Summary of Pressure Variation of 2-stage filter using Microsieves.

Point of Measurement Pressure at the Outlet (Pa)

Above the pores 0.6323
Middle of the pores 0.2512
Bottom of the pores 0.0087
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Figare (a)

Fig. 7. 3D view of the pores forming the three stages of microfiltration (a) and array of pores in the micro sieve plates forming the three stages of microfiltration (b).

in the second stage filter out the green-colored particles finely and
allow the red-colored particles to pass through them. The red-
colored particles are finally filtered out of the 0.1 pm sieves.
Overall, the simulation results have shown that the velocity and
pressure at the output of mixer are 0.08 m/s and 0.093 Pa respec-
tively. The particle sizes after the first and second stage of filtration
were 15 um and 7 pm respectively. In the third stage with 0.1 um
pore size, all the given particles are removed. The outlet pressure is
decreased to 0.078 Pa after microfiltration and velocity is increased
to 0.1386 m/s showing that the impurities have been removed.

4. Conclusion

It has been established that it is possible to simulate the micro-
filtration phases of the water purification process by employing
micro-sieving mechanism. The membrane’s pore size plays a vital
role on the efficiency of filtration process against dissolved solids,
as well as the removal of turbidity and microorganisms. Variations
in pressure and velocity at the output of each microfiltration mem-
brane are also studied to determine their efficacy in microbial
removal. Results suggest that the filtration process is most success-
ful when the velocity increases while the pressure decreases. The
findings of the finite element analysis performed by the COMSOL
multiphysics® program have provided us with the option to
develop these devices using microfluidic mixers and microsieves.
Microfiltration membranes have their application in dairy and food
processing industries for microbial and fat removal. Proper design-
ing and fabrication of the microsieves is critical to realize highly
efficient microfiltration.
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