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Abstract: Water quality problems are a persistent global issue since population growth has continually
stressed hydrological resources. Heavy metals released into the environment from plating plants,
mining, and alloy manufacturing pose a significant threat to the public health. A possible solution
for water purification from heavy metals is to capture them by using nanoparticles in micromixers.
In this method, conventionally heavy metal capture is achieved by effectively mixing two streams,
a particle solution and the contaminated water, under the action of external magnetic fields. In the
present study, we investigated the effective mixing of iron oxide nanoparticles and water without the
use of external magnetic fields. For this reason, the mixing of particles and the contaminated water
was studied for various inlet velocity ratios and inflow angles of the two streams using computational
fluid dynamics techniques. The Navier-Stokes equations were solved for the water flow, the discrete
motion of particles was evaluated by a Lagrangian method, while the flow of substances of the
contaminated water was studied by a scalar transport equation. Results showed that as the velocity
ratio between the inlet streams increased, the mixing of particles with the contaminated water was
increased. Therefore, nanoparticles were more uniformly distributed in the duct and efficiently
absorbed the substances of the contaminated water. On the other hand, the angle between two
streams was found to play an insignificant role in the mixing process. Consequently, the results from
this study could be used in the design of more compact and cost efficient micromixer devices.

Keywords: particles; water purification; heavy metals; computational fluid dynamics; discrete
element method

1. Introduction

Industrial, municipal, and agricultural growth has tremendous effects on ground and surface
water resources due to the resulting pollution [1–6]. Although the nature of pollution problems may
vary, they are typically due to inadequate sanitation, detergents, fertilizers, pesticides, chemicals,
potentially toxic metals, salinity caused by widespread and inefficient irrigation, and high sediment
loads resulting from upstream soil erosion [2,7,8].

Although there are sustainable solutions for the treatment of wastewater [9,10] nanotechnology
has been identified as one of the most promising technologies that could play an important role in
resolving many of the problems involving water purification and quality since nanoparticles covered
with appropriate chemical substances for heavy ion removal possess an increased surface to volume
ratio and thus constitute an efficient removal method [11–15].
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Among the nanosized materials, iron oxides such as magnetite (Fe3O4) and maghemite (γ-Fe3O4)
have been investigated intensively for environmental applications [16–19]. The facilitated separation
from water by magnetic force is the most attractive property of these magnetic nanoparticles. In addition
to convenient magnetic properties, iron oxide (e.g., Fe3O4) nanoparticles possess many advantages—for
instance, low toxicity, low price, and high surface to volume ratio (depending on the particle size),
which are associated with their ability regarding surface chemical modification and can show enhanced
capacity for metals uptake in water treatment procedures. Surface modification achieved by the
attachment of inorganic shells or/and organic molecules not only stabilizes the nanoparticles, eventually
preventing their oxidation, but also provides specific functionalities that can be selective for ion uptake.
For example, high selective hollow mesoporous aluminosilicate spheres with nanosized Fe3O4 cores
are suitable for adsorption of Hg2+ [20]. Iron oxide nanoparticles dispersed in chelating resins or coated
with adequate chelating agents have been used for the removal of a wide range of metal ions from
wastewater [21–23], overall displaying higher adsorption capacity than traditional materials such as
activated carbon [24–26]. Silica-coated Fe3O4 functionalized with c-mercaptopropyltrimethoxysilane
have been successfully applied for extraction of Cd2+, Cu2+, Hg2+, and Pb2+ in a wide pH range and
even in the presence of foreign ions acting as interferents such as Al3+, Fe3+, and Cl− [27]. Fe3O4 particles
encapsulated in thiol-containing polymers have also been reported, and their efficiency to remove Ag+,
Hg2+, and Pb2+ ions has been evaluated [28]. The combination of nanotechnology and microfluidics
may offer an effective water and wastewater treatment [29–31]. Furthermore, this combination can
provide new treatment capabilities that could allow economic utilization of unconventional water
sources to expand the water supply.

As it can be understood, efficient mixing of the magnetic nanoparticles with the polluted water is
a crucial issue. The vast majority of researchers conventionally employ an external magnetic field to
achieve efficient mixing inside micromixer devices [32–35], necessitating the usage of electromagnets
in the mixer device too (electromagnets are, of course, necessary at the exit part of the cleaning device
for separation of the nanoparticles from the clean water). Consequently, in the conventional approach,
a part of the micromixer device should be the electromagnet as well as the supporting systems of it.
This approach results in both an increase of the manufacturing cost as well as an increased device size.

It is known that changing the parameters of the hydrodynamic flow has a tremendous effect on
the mixing procedure, even in large areas [36]. In this study, we investigated an efficient alternative
to obtaining efficient mixing of the magnetic nanoparticles with the polluted water in a Y-shaped
micromixer; from each branch arrives a water stream contaminated by heavy metals and a particle
solution stream, which are inserted in a microfluidic duct. More specifically, we investigated the effect
of the angle of the Y-micromixer and the effect of different inlet velocity ratios. This approach had the
advantage of avoiding the use of electromagnets in the micromixer. A series of numerical simulations
was performed for the study of this inlet effect on the particle distribution in the duct and the mixing
between the two streams using computational fluid dynamics—an approach widely used for such
simulations [29,32–34].

The results from the present study were very promising. They showed that efficient mixing could
be produced without the use of electromagnets in the micromixer and thus could be of interest in the
design of more compact and effective micromixers, as there is no need for using external forces in the
mixing process. These devices could be used in areas with a lack of electricity as well as in ships for
cleaning the ballast water due to the small weight and the maintenance of such devices.

In Section 2, the numerical methodology for the water flow, the particles’ motions, the diffusion
of the substances of the contaminated water, and the simulation details are described. Results and
discussions for the most effective absorption areas of particles in the micromixer are presented in
Sections 3 and 4, respectively, with emphasis on the influence of different inlet angles and velocity
ratios. Finally, conclusions of the current study and suggestions for overcoming the difficulties in the
mixing process are summarized in Section 5.
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2. Materials and Methods

2.1. Geometry and Simulation Parameters

The slow water flow in the three-dimensional (3D) duct of the microfluid device shown in Figure 1
with a square cross-section was expected to be laminar and steady-state. The dimensions of the
micromixer geometry are presented in Table 1. The two streams—the contaminated water and the
particulate one—entered the micromixer from two different inlet ducts, mixed in the main duct, and left
the domain from the unique outlet. Three possible inlet angles θ (i.e., 30◦, 45◦, and 60◦) between the
inflow streams were studied. The sizes of the computational grids for each of the micromixer ducts
studied here are presented in Table 1 and were adequate for the low Reynolds number of the current
flow for which the maximum value was Re = U0∗de

ν ' 2 ∗ 10−2 based on the equivalent diameter de and
the mean velocity U0. Details of numerical models, forces, and moment terms used in the equations
are given in [37,38].
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Figure 1. Micromixer geometry of the Y-shaped square duct and water-particles inlet and outlet flow
directions. θ is the angle between the two inlet ducts [37].

Table 1. Computational grid for the investigated geometries.

Dimensions of the Micromixer Geometry Angle between Streams (θ) Computational Grid for Each Angle

Length (L): 5×10−4 m 30◦ 76,720
Height (H): 1×10−4 m 45◦ 74,600
Width (W): 1×10−4 m 60◦ 76,140

2.2. Numerical Model

The incompressible Navier–Stokes equations were solved in the Eulerian frame for the pressure
p and the velocity u of the continuous water phase together with a model for the discrete motion of
nanoparticles in a Lagrangian frame and a model for the convection–diffusion of the substances of the
contaminated water. The laminar governing equations of the fluid phase are given by [39]:

∇·u = 0 (1)

∂u
∂t

+ u·∇u = −∇p + ν∇2u (2)

where t is the time and ν is the kinematic viscosity of the water. The equations of each single particle
motion in the discrete frame are based on the Newton law and may read as follows:

mi
∂ui
∂x

= Fnc,i + Ftc,i + Fdrag + Fgrav (3)
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Ii
∂ωι
∂t

= Mdrag,i + Mcon,i (4)

where the index i stands for the ith-particle with diameter di , ui, andωi are transversal and rotational
velocities, respectively, and mi is its mass. The mass moment of inertia matrix is Ii, and the terms
∂ui
∂t and ∂ωi

∂t correspond to the linear and the angular accelerations, respectively. Fnc,i and Ftc,i are
the normal and the tangential contact forces, respectively. Fdrag,i stands for the hydrodynamic drag
force, Fgrav,i is the total force due to buoyancy, and Mdrag,i and Mcon,i are the drag and the contact
moments, respectively.

In order to estimate the motion of the substances from the contaminated water inside the
micromixer, a trace species was added, exhibiting a uniform concentration equal to unity at the inlet of
the contaminated water, zero at the particles inlet, and with zero gradient at the outlet of the main
duct and walls. The concentration value inside the micromixer device was monitored during the
flow calculations. For the calculation of the concentration of the substances from the contaminated
water, the following unsteady convection–diffusion equation was solved for the incompressible single
phase flow:

∂ϕ

∂t
+∇·(Uϕ) −∇2

(
Dϕϕ

)
= 0 (5)

where ϕ is the transported scalar (species concentration), U is the local fluid velocity, and Dϕ is the
diffusion coefficient that was kept equal to one for the present simulations.

The OpenFoam platform was used for the calculation of the flow field, the discrete equations of
particles motion, and the concentration of the substances inside the micromixer device. The simulation
process read as follows: initially, the fluid flow was found using the incompressible Navier-Stokes
equations and the pressure correction method. Upon finding the flow field (pressure and velocity),
the motion of particles was evaluated by the Lagrangian method. Finally, the steady- state velocity
flow field predicted by the corresponding flow simulation at the same Reynolds number was used as
the initial convecting field to solve the convection–diffusion equation. The discrete equations were
evolved in time by an Euler time marching method.

3. Results

For the evaluation of the contaminated water particle mixing inside the micromixer device, a series
of simulations was performed with different velocity ratios of the contaminated water (Vc) and the
particle solution (Vp) under three different inlet angles between the two streams. The summary of the
boundary conditions for the simulated cases is shown in Table 2.

Table 2. Boundary conditions.

Boundary Velocity(U) (m/s) Pressure(p)
(pa) Transport Scalar (ϕ)

Inlet of the contaminated water (Vc) 0.001, 0.002 zero gradient 1

Inlet of the particles solution (Vp) 0.0001, 0.0002, 0.0005,
0.001, 0.0015, 0.002 zero gradient 0

Outlet zero gradient 0 zero gradient
Walls 0 zero gradient zero gradient

The densities of the particles and the fluidic environments were 1087 kg/m3 and 1000 kg/m3,
respectively, while the diameters of the particles were considered to be 1 µm. The number of particles
per second that were inserted in the computational domain was 3000. The Young’s modulus of the
material was 109 N/m2, and the tangential stiffness was 10 Ns/m. The values of the Poisson ratio
and the coefficient of friction were the same and were equal to 0.5. The diffusion coefficient of the
substances of the contaminated water was equal to 2.02· 10−9 m2/s. The number of particles inserted
in the particles solution stream was 3000 per second.
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Results and statistics from the contaminated water particle solution mixing process were measured
at the whole length of the micromixer device. At the first section of the micromixer device, for length
x ≤ L

4 , the particles tended to fill the space in the main duct, while for lengths x ≥ L
4 , the particles

were moving only streamwise. The movement of particles was attributed only to the flow field, and no
external force was used.

The streamlines and the snapshots of the particles positions inside the micromixer device for
different velocity ratios between the particles solution and the contaminated water for the representative
case of Θ = 60 between the two inlets are depicted in Figure 2. When the ratio was equal to Vp/Vc = 0.5,
the particles were distributed only in the lower part of the device and for heights up to 40% of the
main duct, as is depicted in Figure 2b. Therefore, the largest part of the device without particles was
approximately 60%, resulting in inefficient mixing. As the ratio of Vp/Vc was increased, the particles
were widely and uniformly distributed inside the micromixer device. As Vp/Vc increased and reached
the value Vp/Vc = 10, the area not covered by nanoparticles decreased by 20%, as the particles filled 80%
of the height of the duct (see Figure 2d). When Vp/Vc = 20, the particles were uniformly distributed in
the micromixer (Figure 2f). However, there was a small area (lower than 10%) in the higher part of the
device without particles, while the particles covered 90% of the height of the main duct.

The concentration of the substances of the contaminated water resulted from the calculation of
the diffusion of the substances due to the mixing process with the particles solution. The variation
in the concentration of the contaminated water across the length and the height of the micromixer
device for different velocity ratios between the two streams for the representative case of θ = 45◦ is
presented in Figure 3. As is shown, the increase of the velocity ratio between the contaminated water
and the particle solution did not affect the length inside the micromixer. The concentration profile had
a uniform value across the micromixer device. In all cases, a steady concentration profile across the
height of the device was evaluated for x ≥ 0.77L, as is depicted in Figure 3.
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The velocity ratio between the two streams had a significant effect on the concentration value of
the substances of the contaminated water. The higher the velocity ratio between the two streams was,
the lower the concentration of the substances inside the micromixer device was, since more clean water
enters the domain, as is depicted in Figure 3. The uniform value in the concentration of the substances
of the contaminated water when the Vp/Vc = 0.5 was C = 0.548, as is depicted in Figure 3a. On the
other hand, when Vp/Vc = 20, the mean value was C = 0.137, as is depicted in Figure 3d. As the
value of Vp/Vc increased, the flow rate of the stream that carried the particles was getting higher.
Thus, the particles solution was diluted. In addition, the increase in the velocity ratio, p/Vc, between
the two streams led to a diluted mixture between the contaminated water and the particles solution.
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Thus, the content of contaminated water in the micromixer was minimized. Consequently, a lower
amount of particles was needed to absorb the substances from the contaminated water.

For the evaluation of the potential of the mixing process under different Vp/Vc ratios and inflow
angles between the two streams, the concentration of the substances of the contaminated water
was subtracted from the concentration of particles of the solution stream in each subdomain of the
micromixer. In this way, the mixing process concentration flux inside the micromixer was evaluated.
Concentration flux values above zero resulted in absorbance capacity due to increased particles
concentration. On the other hand, concentration flux values below zero resulted in a disability in the
absorbance of the substances of the contaminated water. The higher the value of the concentration
above 0, the higher the amount of substances that can be absorbed in this region resulting in increased
absorbance capacity. On the other hand the lower the values below 0 the larger the oversupply of
substances of the contaminated water resulting in absorbance inability and thus more particles are
needed for the absorbance of the substances.

The effectiveness of the mixing process in the absorbance of the substances from the contaminated
water in the micromixer device for different velocity ratios and for the representative case of Θ = 45 is
presented in Figure 4. The absorbance ability for various lengths and heights of the micromixer device
is depicted in Figure 4.
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Small velocity ratios led to high absorbance of particles only in the lower part of the micromixer
device, as is shown in Figure 4a, since the majority of particles were accumulated in the regions for
which y/H < 0.5. In this region, there was an oversupply of particles, and thus high absorbance
capacity was observed, as is depicted in Figure 4a. On the other hand, for y/H > 0.5, no particles
could be found, and this led to absorbance inability. The same profile of the absorbance was addressed
across the length of the micromixer device.



Water 2019, 11, 1135 8 of 13

As the velocity ratio increased, the profile of the absorbance of substances was modified (Figure 4b).
In this case, for Vp

Vc = 5, significant absorbance of substances was addressed across the length of the
device and for heights y/H ≤ 0.8. In 20% of the micromixer device, absorbance inability was observed
due to the lack of particles. This area was located in the upper part of the device and for heights
y/H > 0.8 (Figure 4b).

When Vp/Vc = 10, a completely new profile for the absorbance of substances was observed,
and the corresponding absorbance capacity across the length of the device is presented in Figure 4c.
In addition, in some areas of the device, for example, x = 0.61L and x = 0.92L, absorbance capacity
was observed for y/H ≤ 0.9 (Figure 4c). For x = 0.07L, the absorbance inability in the upper 40% of the
height of the micromixer device is presented in Figure 4c.

A similar absorbance profile was illustrated for the Vp/Vc = 20. For example, absorbance inability
was observed for x = 0.15L and y/H ≤ 0.2 of the micromixer device. In addition, for x=0.84L,
absorbance capacity was observed for y > 0.1 and y < 0.9. The absorbance capacity varied across
the micromixer device due to high velocity ratio. The velocity of the mixture was responsible for
these differences.

The increase of the Vp/Vc led to absorbance capacity across the length and the height of the
micromixer device compared to low values of Vp/Vc. However, the absorbance capacity particles
were spread on the micromixer device. For this reason, the concentration value was getting closer to
zero as the Vp/Vc increased (Figure 4).

For the calculation of the mean absorbance capacity and the inability of the substances, the height of
the duct H was divided into 10 equal layers. The average dimensionless concentration, C, that resulted
from the subtraction of the concentration of particles and the concentration of the substances of the
contaminated water across the length of the micromixer device is presented in Figure 5 for all the
angles between the streams of the contaminated water and the particles solution, as well as all the
velocity ratios between the two streams that were simulated in this study.

The velocity ratio between the two streams seemed to have a significant effect in the mixing
process of the particles with the substances of the contaminated water (Figure 5). In all simulated cases,
low velocity ratios led to the accumulation of particles in the lower part of the micromixer device,
where high absorbance capacity was presented since the concentration of particles was increased.
When Vp/Vc < 1, the absorbance capacity was very high from the lower part to the middle of the
micromixer device, y/H ≤ 0.5, as is depicted in Figure 5a–c. The absorbance capacity then began
falling, and absorbance inability was observed for y/H = 0.6 since no particles were located in the
higher parts of the device, i.e., y/H ≥ 0.6.

As the velocity ratio increased, absorbance capacity was observed in higher parts of the device, for
example, when Vp/Vc = 2 and Vp/Vc = 5, absorbance capacity was observed for y/H = 0.70 and 0.78 ,
respectively. As the velocity ratio increased further, Vp/Vc≥10, absorbance capacity was observed
for y/H = 0.8 of the micromixer device, as is depicted in Figure 5a–c. Absorbance inability in the
higher part of the micromixer device was observed due to the lack of particles.

Higher velocity ratios led to absorbance ability for y/H = 0.9 of the micromixer device. This caused
the absorbance ability to uniformly minimize inside the device. The minimization of the absorbance
rate was due to the spread of the particles in the whole device, since the flow rate of particles was kept
constant in the particles’ solution ducts.

No significant differences were observed as the angle between the two streams increased, as is
shown in Figure 5a–c.
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4. Discussion

In the present study, the mixing of iron nanoparticles coated with absorbance substances with
the contaminated water under different inlet velocity ratios and angles between the streams of the
contaminated water and the particle solution was investigated. No external magnetic fields were used
in this study.

It was found that the most significant parameter for efficiently mixing the particle solution and
the contaminated water was the velocity ratio between the two streams. Under small velocity ratios,
Vp/Vc < 1, the particles accumulated in the lower part of the micromixer device, and the efficiency
of the mixing process was reduced significantly. The increase of the velocity ratio between the two
streams improved the mixing efficiency, since the particles were distributed in larger parts inside the
micromixer device. When the velocity ratio was above Vp/Vc > 10, the particles were uniformly
distributed in the micromixer device and could absorb the substances of the contaminated water for
y/H ≤ 0.9. As the velocity ratio, Vp/Vc, between the two streams increased, the concentration of the
substances of the contaminated water decreased due to the increasing flow rate of the particle solution.
Therefore, a lower quantity of particles was needed to absorb the substances. The increasing velocity
ratio, Vp/Vc, led to uniform absorbance capacity in the micromixer device. Only the higher part of the
device presented absorbance inability, since no particles were located in this area of the micromixer.
The lack of particles in this domain of the device was due to the streamlines of the flow. The increasing
velocity ratio, Vp/Vc, led to uniform absorbance capacity in the micromixer device. Only the higher
part of the device presented absorbance inability, since no particles were located in this area of the
micromixer. The lack of particles in this domain of the device was due to the streamlines of the flow.

The results of the present study are very promising compared to other studies using external
magnetic fields for the mixing procedure [34,35]. In the case that no magnetic field was applied,
results were completely different, since no mixing between the two streams was observed [34,35].
The differences were caused by the shape of the simulated geometries (i.e., T shaped in [34], straight
duct in [35], and Y shaped in the present study). Additionally, in our study, the angle between the two
streams did not affect the mixing process—at least for the simulated angles that were used here. It is of
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interest to note that the results from our study for Vp/Vc > 10 were similar to that of [34], where an
external magnetic field was applied—except for a small area that was located in the upper part of the
micromixer device. It seems that the ratio Vp/Vc in the inlet played an important role in the mixing
efficiency and could replace, at this stage, the presence of external magnetic fields. The fact that a
comparable efficiency in the mixing process could be obtained without the use of external forces is
important, since the size, the design, and the cost of the micromixer devices could be minimized due to
the lack of magnetic coils.

5. Conclusions

In the present study, we investigated parameters affecting the efficiency of mixing the stream
of water contaminated with impurities with the stream of water containing nanoparticles for the
removal of impurities in a Y-shaped micromixer. Under different angles between the two streams,
the contaminated water and the particles solution could be effectively mixed without the use of external
forces. The velocity ratios between the two streams had a significant role in the mixing process. Under a
small velocity ratio between the two streams, no significant mixing was observed. As the velocity ratio
increased, the mixing efficiency was comparable to studies that used a magnetic field for the mixing
of particles with the contaminated water. The angle between the streams did not seem to affect the
mixing procedure, at least for the values studied here.

Higher velocities in the micromixer device lead to bigger devices because absorbance of the
substances of the contaminated water is a time consuming process. Therefore, the velocity of the
two streams must be very low. Although the flow rate inside the micromixer device must be very
small, these devices are very small as well. As there is no need for external forces for the mixing of
particles with the contaminated water, this micromixer can be used as a stand-alone device. In addition,
the size and the weight of the micromixer can be minimized due to the absence of the magnetic
coils. A combination of many such devices used simultaneously could result in significant flow rates
necessary to cover large needs for water consumption.
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