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Abstract: Effective mixing between contaminated water and nanoparticles is of great importance
in various purification applications of microfluidics, especially when heavy metals are involved.
Electromagnetic and shear mixing is combined here to explore optimization mixing strategies. A
contaminated water stream is confined between two fresh-water streams loaded with
nanoparticles and their mixing is studied numerically. The magnetic mixing is superimposed here
with a time-modulated gradient external magnetic field. Results show that as velocity ratio
increases, mixing between the heavy metals and nanoparticles grows more efficient, mainly due to
increased shear, however, magnetic field action is catalytic to homogenise the mixture as water
streams move away from the inlets. The present findings may shorten the path to purifying water
and reduce its shortage.
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1. Introduction

Modern water flow simulations explore novel mechanisms occurring at the nanoscale for
water purification [1]. A significant category of water pollutants are heavy metals, i.e., those
elements with density exceeding 5 g/cm? [2]. Table 1 lists various metal ions of relevance in
environmental and health contexts [3]. The combined properties of heavy metals ie., non-
biodegradable, unmetabolized or decomposed and their ability of accumulation in environmental
systems [4] make them extremely dangerous for human health. In recent decades, progress has
been made in the field of nanotechnology and extended knowledge has been acquired for synthesis,
characterization and possible applications of nanoparticles [5]. The use of nanoparticles permits the
increase in available surface of contact in the reaction with heavy metals leading to a reduced
amount of biosorbent dose and retention time [6]. In case of biosorption, the heavy metal ions are
adsorbed on the surface or active site of biosorbents [7], hence a possible solution for removing
heavy metals from contaminated water is mixing with magnetic nanoparticles under chemical
reactions. This solution enhanced knowledge of the specific properties of magnetic nanoparticles
such as their large surface area. but also the considerable number of surface atoms, which leads to
an increased amount of active sites [8]. The main purpose of this numerical study was to achieve
the optimum mixing between streams of nanoparticles and contaminated water, where the heavy
metal captured by nanoparticles through catalytic reactions. These catalytic reactions are found to
depend on the size of nanoparticles and size distribution, but also on the nanoparticle environment
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such as pH and temperature [9]. Higher catalytic efficiency was observed for low-volume
nanoparticles rather than high-volume nanoparticles [10] and for monodisperse size distribution,
which is usually effective with surfactants as colloidal stabilizers; these surfactants also prevent
agglomeration of the nanoparticles [5]. Several studies investigated synthesis of the nanoparticles
and adsorption properties of FesOs magnetic nanoparticles for removal heavy metal ions, among
them Chang and Chen [11] which found that adsorption equilibrium time was 1 min for
monodisperse FesOs magnetic nanoparticles with a mean diameter size of 13.5 nm. Relevant
research, using magnetic graphene oxide (MGO), succeeds adsorption capacity of MGO for heavy
metal ions equal to 87.51% for adsorption equilibrium time within 30 min [12]. Another
encouraging observation from recent research is ion drifting in microchannel under external factors
such as electric field [13]. Moreover, interesting results can be found about factors of effective
mixing, driving and collecting magnetic nanoparticles. The collecting efficiency depends on the
Reynolds number, nanoparticle diameter and strength of the magnetic field [14,15]. The mixing
efficiency depends on the velocities” ratio but is not affected by incoming angles of flow streams
[16]. The most important parameter of driving magnetic nanoparticles was found to be the external
magnetic field magnitude [17].

Table 1. Heavy Metal toxicity [3].

Heavy Metal MCL (mg/L)

Arsenic (As) 0.05
Cadmium (Cd) 0.01
Chromium (Cr) 0.05

Copper (Cu) 0.25

Nickel (Ni) 0.20
Zinc (Zn) 0.80
Lead (Pb) 0.006

Mercury (Hg) 0.00003

In the present study, a heavy-metal-contaminated water stream and two freshwater streams
loaded with nanoparticles were inserted in a microfluidic duct with variable inlet velocity ratios.
Excepting slow shearing, the mixing of heavy metals with nanoparticles is due to the magnetic field
where its permanent and gradient components are temporarily variated. Numerical simulations are
performed for the study of inflow and magnetic frequency effect on the particle distribution in the
duct. The methodology for water flow and particles motion simulation is described in Section 2.
The results of the mixing performance are discussed in Section 3, giving emphasis to the influence
of inlet velocity ratios and magnetic frequency. Finally, the most important conclusions are
summarized in Section 4.

2. Materials and Methods

The slow water flow in the micromixer duct is expected to be laminar and steady-state. The
squared cross-section micromixer is of L =5 x 10 m length and equal height and has a width of W
= H = 10* m. The three water streams enter micromixer from different inlets, are mixed and leave
the domain from the common outlet, as shown in Figure 1. The incompressible Navier-Stokes
equations are solved in the Eulerian frame, for the pressure p and velocity u, together with a model
for the discrete motion of particles in a Lagrangian frame. Due to microfluidic duct size, nanoscale
effects such as wall interference on fluid properties and transport properties [18] are suppressed.
Governing equations of the fluid phase are given by [17]:

V-u=0 1)

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

Bui

m; E = Fmag,i + Fnc,i + Ftc,i + Fdrag,i + Fgrav,i (3)
Jw;
Ii a_tl = Mdrag,i + MCOn,i + Tmag,i (4)

where the index i stands for the it -particle with diameter di, ui, and wi are its transversal and
rotational velocities, respectively, and mi is its mass. The mass moment of inertia matrix is Ii and the
terms Oui/0t and dwi/Ot correspond to the linear and angular accelerations, respectively. Fmagi is the
magnetic force, while Fnei and Fiwi are the normal and tangential contact forces, respectively.
Faragi stands for the hydrodynamic drag force, Fgrav,i is the total force due to buoyancy. Tmagi is the
magnetic torque, while Mdragi and Meon,i are the drag and contact moments, respectively. An external
magnetic field consists of a time-dependent part: By = Bosin (2nft), where Bo is its magnitude, f its
frequency and by a magnetic gradient, Gy, which are aligned in the y direction and act together.
Because the magnetic field is mainly in the y-direction, Bx, B: can be neglected and the
corresponding magnetic actuation force is mostly along the y-direction [15].

Figure 1. Micromixer geometry and nanoparticles-heavy metals inlets and outlet flow directions.

The OpenFoam platform is used for the calculation of the flow field and the uncoupled
equations of particle motion [19,20]. The simulation process reads as follows: initially, the fluid flow
is found using the incompressible Navier-Stokes equations and the pressure correction method.
Upon finding the flow field, pressure and velocity, the motion of particles is evaluated by the
Lagrangian method. The equations are evolved in time by Euler’s time marching method. A
computational grid composed by 40,000 (hexaedra) cells is used here, which is adequate for the low
Reynolds number of the flow, whose maximum value is of the order Re = Uo*H/v = 2 x 1072, based
on the height of the duct and mean velocity U,. Details of the numerical models, force and moment
terms used on equations may be found in [17,21]. Paramagnetic nanoparticles that are affected by
the external magnetic field are used for mixing with heavy metals. It should be noticed that
particles can oscillate under the action of the magnetic force when an alternating uniform magnetic
field is applied [22].

3. Results

A series of simulations are performed with different velocity ratios of the contaminated water
(Vc) and the nanoparticle solution (Vp) streams for various frequencies of the permanent and
gradient magnetic field for optimum mixing. Simulation parameters as well as the boundary
conditions are tabulated in Table 2. The adsorption capacity is strongly related to metal ion
concentration [23]. In the relevant research field, the initial concentration ratio Cnanoparticles/Cheavy_metals
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varies. Relative results showed that fast (0.5 min) mixing is established for initial concentration ratio
up to 2.5 [24].

Table 2. Simulation parameters.

Simulation Parameters

Dimensions of the micromixer geometry Length (L): 5 x 10 m, Height (H): 1 x 10* m, Width (W): 1 x 10# m

Diameter of nanoparticles 40 nm
Diameter of heavy metals 0.4 nm
Nanoparticles per second 3000
Heavy metals per second 1500
Permanent magnetic field 10T
Gradient magnetic field 10 T/m
Frequency 0.1,1,5 (Hz)
Boundary conditions
Boundary Velocity (U) (m/s) Pressure (p) (pa)
Contaminated water-heavy metals (Vc) 0.00005, 0.00001, 0.000005, 0.0000025 zero gradient
Nanoparticles (Vp) 0.00005 zero gradient
Outlet zero gradient 0
Walls 0 zero gradient

Results and statistics from the water-particle mixing process are recorded at the half-exit part
of the duct for x 2 L/2, where shear mixing is mostly diminished and nanoparticles are mixed with
the heavy metals due to magnetic field. Flow streamlines for the inlet velocity ratios of Vp/Vc=1, 5,
10 and 20 under a frequency of 5 Hz are depicted in Figure 2 (left). In addition, particle snapshots in
the micromixer for the same velocity ratios for a magnetic field frequency of 5 Hz are presented in
Figure 2 (right). It is found that, as inlet velocity ratio increases, nanoparticles more easily approach
the central part of the duct, and thus they are more effectively mixed with the heavy metal particles.
For an inlet ratio of Vp/Vc = 1, nanoparticle and heavy metal streams are nearly parallel to each
other and no mixing at all is observed, as is depicted in Figure 2a. For the highest inlet velocity ratio
of Vp/Vc = 20, nanoparticles and heavy metal particles streams are more effectively mixed, as is
depicted in Figure 2d. Similar images were observed for the lower frequencies for the
corresponding velocity ratios. This phenomenon is due to the increased shearing observed locally at
the inlet, however, as can be seen, it also stops quite soon after the streams enter the duct. Thus,
particles cannot efficient transferred at the central part of the duct, and in order to optimize mixing,
we exploit the magnetic mixing using an appropriate external magnet field.

The concentration of nanoparticles and heavy metals in the last half of the duct are shown in
Figure 3a—d for velocity ratios, Vp/Vc = 1, 5, 10 and 20, respectively, under frequencies of the
magnetic field with values 5, 1 and 0.1 Hz. The height of the duct H is divided into 10 equal layers
and in these layers the concentration of nanoparticles and heavy metals is calculated.

In the case of Vp/Vc =1 (Figure 3a), no mixing is observed under frequencies of 1 and 5 Hz,
since all the nanoparticles are concentrated near the edges of the micromixer, while the heavy
metals are in the centre of the duct, as seen in Figure 2a. Using a frequency of 0.1 Hz, a better
distribution of nanoparticles is observed, however, we do not have effective mixing across the duct.
In the case of Vp/Vc =5 (Figure 3b), under frequency of 5 Hz, nanoparticles are more spread and
also exist in regions where heavy metals exist. As the frequency decreases (1 Hz), nanoparticles and
heavy metal particles are located at the same layers of the duct. A further decrease in the frequency
(0.1 Hz) results in a very small area where nanoparticles are not mixed with the heavy metal
particles. Increasing the ratio of stream velocities further (Vp/Vc = 10) (Figure 3c) results in a mixing
of the two streams, as seen in Figure 2c¢, for frequencies equal to 5 Hz. Similar results are observed
under frequencies of 1 and 0.1 Hz. As the velocity ratio between the streams of nanoparticles and
heavy metals is further increased (Vp/Vc = 20), a more effective mixing is observed (Figure 3d),
under a frequency of 5 Hz, as seen in Figure 2d. The nanoparticles are located nearly in all areas
across the height of the duct, and thus we can reasonably expect that they can absorb the heavy
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metals under frequencies of magnetic field with values 5, 1 and 0.1 Hz. In addition, an almost
parabolic profile of concentration is attained, due to the decrease in frequency and increase in

velocity ratio (as we can see in Figure 3a—d).

Figure 2. Streamlines (left) for length x < L/2 and snapshots of the nanoparticles (red color) and
heavy metals (black color) positions (right) for x > L/2 under Bo=10 T, G = 10 T/m, f = 5 Hz and (a)

Vp/Ve=1, (b) Vp/Vc=5, (c) Vp/Vc=10 (d) Vp/Vc=20.
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Figure 3. Concentration of nanoparticles and heavy metals near the duct exit for under Bo=10T, G =

10 T/m and various frequencies (f =5 Hz, f =1 Hz, f=0.1 Hz), (a) % =1, (b) % =5, (c) % =10, and
v

(d) 5o = 20.

4. Conclusions

The effect of frequency of the magnetic field under different velocity ratios between the
streams of nanoparticles and heavy metal ions for an effective mixing is studied in the present
work. It is found that for small velocity ratios, Vp/Vc, the mixing process efficiency is very low. As
the velocity ratio increases, the mixing efficiency is improved under the action of the magnetic field.
Under Vp/Vc =5, mixing is observed for all frequencies, while as the velocity ratio further increases
a more effective mixing between the heavy metal ions and the nanoparticles is achieved. Besides
this, as the frequency of the magnetic field decreases, it is observed that for even a small velocity
ratio a better distribution in the duct is attained. Further investigation of this particular geometry
seems encouraging, especially the initial concentration, which is major factor for the absorption
mechanism, but also parameters such as external magnetic field and contact time should be
thoroughly investigated.
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