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ABSTRACT
We present a combined experimental and numerical investigation into the magnetophoresis behavior of weakly magnetic nanoparticle sus-
pensions in the vicinity of a wire under a non-uniform magnetic field and negligible inertia. The experiments were conducted within a
closed rectangular cuvette, with a wire positioned between the poles of an electromagnet. Two types of nanoparticles—paramagnetic man-
ganese oxide and diamagnetic bismuth oxide—were studied across a broad range of concentrations (10–100 mg/l), magnetic field strengths
(0.25–1 T), and wire diameters (0.8–3.17 mm). Our experimental findings reveal that, upon the application of a magnetic field, paramagnetic
nanoparticles experience a strong, attractive force toward the wire’s periphery. This force generates vortices and secondary flows around
the wire, depleting particles from the bulk of the cuvette and concentrating them near the wire surface. The magnetophoresis dynamics of
paramagnetic nanoparticles are shown to scale with their initial concentration, wire diameter, and the strength of the external magnetic field.
In contrast, diamagnetic nanoparticles exhibit markedly different behavior, with their magnetophoresis dynamics showing minimal depen-
dence on initial concentration and magnetic field strength while being inversely proportional to the wire diameter. Multiphysics numerical
simulations complement the experimental observations, revealing the formation of field-induced particle clusters in weakly paramagnetic
nanoparticles, which enhance magnetophoresis. In addition, the critical magnetic field threshold for the onset of cluster formation is found
to be lower than those predicted by theoretical models for clustering in uniform magnetic fields. Under specific conditions, including high
magnetic field strengths and elevated nanoparticle concentrations, diamagnetic nanoparticles appear to undergo field-induced clustering,
suggesting a previously unreported aspect of their magnetophoretic behavior.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0269000

I. INTRODUCTION

Transport and separation processes are fundamental to a wide
range of applications, from water purification1 and resource recov-
ery2 to environmental protection,3 biotechnology,4 and medical
diagnostics,5 among others. At present, many effective and well-
established separation approaches exist, including mechanical, ther-
mal, chemical, electrical, and/or magnetic, each with its own lim-
itations based on the physical properties involved in its working
principle.6–9 Among various separation techniques, magnetic sep-
aration (or magnetophoresis) offers several advantages, including

being energetically efficient, environmentally benign, and having
high selectivity with minimal wear and tear.10–13 Magnetophoresis
relies on the principles of magnetism to selectively separate mate-
rials based on their magnetic properties. Under the influence of an
applied magnetic field, a particle with no net charge experiences a
magnetic force that is directly proportional to the magnetic suscep-
tibility of the particle and the magnetic field gradients.14–17 Mag-
netic materials are categorized into paramagnetic and diamagnetic
types based on their magnetic susceptibility (χ), with paramagnetic
materials exhibiting positive susceptibility (χ > 0) and diamagnetic
materials showing negative susceptibility (χ < 0).9
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Early research by several groups underscored the importance of
magnetic field gradients in separating magnetic and non-magnetic
materials, laying the groundwork for High-Gradient Magnetic Sep-
aration (HGMS).9,18–21 High-gradient magnetic separators (HGMS)
enhance the magnetic field gradient by incorporating a mesh of
randomly oriented ferromagnetic wires or parallel plates.22,23 This
mesh serves as the magnetic matrix, generating highly localized
and intense magnetic fields when placed inside a uniform mag-
netic field. HGMS has been used to capture strongly magnetic
(superparamagnetic) micro- and nano-sized particles based on their
magnetic susceptibility.24,25 Studies on high-gradient magnetic sep-
aration have shown that the separation efficiency of micro- and
nano-particles in such systems depends on a coupling between the
forces involved (e.g., inertia, viscous, magnetic, diffusion, and/or
surface forces) and the mesh type and size.13,26 More recently,
Benhal et al.27 investigated the separation of transition metal ions
using an HGMS design. Their findings demonstrated that paramag-
netic metal ions can be effectively separated from diamagnetic ions
within an HGMS system.27 Despite advances in high-gradient mag-
netic separation (HGMS) for micro- and nano-particles with strong
magnetic properties, several challenges remain that hinder a system-
atic understanding of the transport processes involved. A significant
issue is the heterogeneity of the ferromagnetic matrix, which consists
of randomly oriented wires. This randomness can lead to spatio-
temporal variations in magnetic capture efficiency, complicating
accurate modeling of the transport and fluid flow under an exter-
nal magnetic field. In addition, mesh-based systems often encounter
clogging issues when processing fine particles, leading to reduced
efficiency and operational challenges.9,26,28

To address the complexities of HGMS and gain a deeper under-
standing of the underlying mechanisms involved in this process, sev-
eral studies have focused on the hydrodynamic interactions between
magnetic microparticles and a single wire, specifically examining the
flow of particles past a magnetized wire.29–35 This approach sim-
plifies the system by isolating the behavior of magnetic particles
in proximity to a single ferromagnetic element. On the theoretical
side, the first theoretical study was conducted by Watson in the early
1970s.36 Therein, he derived an expression for the particle trajectory
around a single wire under the assumption of steady-state inviscid
flow (where inertia is significant). Other theoretical studies exam-
ined the impact of microparticle accumulation on a single wire in
high-gradient magnetic fields and showed that as the magnetic field
strength increases, the capture zone expands but eventually stabi-
lizes with time.37,38 Experimental studies demonstrated that when
the magnetic field is applied to the single ferromagnetic wire, micro-
particle collection efficiency improves significantly, leading to more
particle buildup on the wire surface.39 Similarly, Friedlaender and
Takayasu 40 showed that the magnetic field gradient creates a local-
ized force of attraction around the wire, capturing the particles.
Takayasu et al.41 studied the behavior of highly magnetized micro-
particles under a high magnetic field gradient. They found that
particle transport is influenced by both the magnetic properties and
particle size. Smaller particles show less separation, and compact
particle buildup occurs only when the fluid velocity is similar to the
magnetic particle velocity. Wankat et al.32 investigated the partial
removal of paramagnetic micro-particles by reducing the magnetic
field after initial buildup. The results revealed that particle buildup
on the wire was saturated when the magnetic field was strong.

The above-mentioned studies on single wire-suspended par-
ticle magnetic interactions have primarily focused on a flow
of strongly magnetic (superparamagnetic) or micrometer-sized
O(10 − 100 μm) particles past a wire. In these studies, multiple
forces—such as inertia, hydrodynamics (or bulk flow), and mag-
netic force—can concurrently influence particle transport. To the
best of our knowledge, magnetophoresis of weakly paramagnetic
and/or diamagnetic nano-particles around a magnetized wire has
not been investigated experimentally or through numerical sim-
ulations. In the absence of inertia and hydrodynamic forces (no
bulk flow), magnetic forces might be insufficient to overcome dif-
fusive forces for weakly magnetic nano-particles, which could result
in a behavior markedly different from that of larger or strongly
magnetic particles.14,42 The primary aim of this study is to systemat-
ically investigate the magnetophoresis of weakly paramagnetic and
diamagnetic nanoparticles in high-gradient magnetic fields, focus-
ing exclusively on the competition between magnetic forces and
diffusivity. To achieve this, both experiments and numerical simu-
lations are conducted in a closed cuvette containing a nano-particle
suspension and a ferromagnetic wire over a broad range of para-
meters, including wire size, particle concentration, and external
magnetic field strength. The spatio-temporal evolution of particle
concentration is measured and compared with detailed multiphysics
numerical simulations developed in this study. This direct compari-
son between experiments and simulations provides valuable insights
into the underlying physics of magnetophoresis for weakly magnetic
nanoparticle suspensions in non-uniform magnetic fields.

II. EXPERIMENTS
A. Materials

Paramagnetic manganese oxide particles with an average
radius, Rp = 50 nm, and magnetic susceptibility, χ = 14 100 × 10−6

cm3/mol,43 and diamagnetic bismuth oxide particles with an aver-
age radius, Rp = 40 nm, and magnetic susceptibility of χ = −83 × 10−6

cm3/mol43 are considered. The particle density of the manganese
oxide is ρ = 5.03 g/cm3, while that of bismuth oxide is ρ = 8.93 g/cm3.
These nanoparticles were obtained from Sigma-Aldrich and used
as received. Polyethylene Glycol (M = 6000 g/mol) is also obtained
from Sigma Aldrich and used as received. The nanoparticle suspen-
sions are prepared using deionized water. Due to its mechanical
properties and corrosion resistance ability, stainless steel wire (430
grade, provided by McMaster-Carr) is used for the experiments. The
radius of the wire varied from 0.8 to 3.17 mm within a standard size
cuvette made up of polystyrene (12.5 × 12.5 × 45 mm3).

B. Solution preparation
To improve particle stability and prevent aggregation in solu-

tion, we functionalize the surface of nanoparticles with polyethylene
glycol (PEG), a widely established method.44 First, PEG is added at a
concentration ten times that of the nanoparticles. The solution was
allowed to sit for an hour, ensuring a complete dissolution of PEG in
deionized water. Afterward, the solution was uniformly mixed using
a vortex mixer. To further minimize the risk of particle aggregation,
the solution was sonicated for 30 min in a bath sonicator, help-
ing to break up any potential aggregates and maintain nanoparticle
dispersion.
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FIG. 1. (a) The top view of the exper-
imental setup consisting of the cam-
era, light source, magnet, and temper-
ature controller. In addition, included
in this part is a closer view of the
cuvette between the two flat poles. (b) A
schematic depicting the two-dimensional
representation of the electromagnet and
the computational domain within the two
poles, with dimensions similar to those of
the experimental setup.

C. Magnetophoresis setup
The experimental setup for the magnetophoresis experiments

comprises several key components. Figure 1(a) shows the setup,
where a 1 T electromagnet, with poles ∼10 cm in diameter, generates
the magnetic field. The ferromagnetic wire is positioned centrally
within the cuvette, perpendicular to the applied magnetic field. The
wire is oriented with its long axis perpendicular to the applied mag-
netic field, ensuring that the field interacts symmetrically around
its cylindrical surface, generating a radial field gradient. A camera
is mounted to capture high-resolution images of the nano-particle
dispersion around the wire and within the fluid domain.

D. Concentration evaluation
To assess the spatio-temporal evolution of nano-particle con-

centration throughout the cuvette, we first measure the average
light absorbance of the solution within the cuvette at various
initial concentrations ranging from 10 to 100 mg/l. The light
absorbance remains uniform during image acquisition. As shown in
Fig. S1 of the supplementary material, the normalized absorbance

intensity within the cuvette increases linearly with initial concen-
tration, indicating that the Beer–Lambert law45,46 is valid (see the
supplementary material for further discussion on the calibration
curves). This graph serves as a calibration curve that is used to eval-
uate the spatio-temporal evolution of particle concentration within
the cuvette under the imposed external magnetic field. This calibra-
tion curve was obtained from solutions immediately after mixing.
Consequently, potential changes in the calibration over the course
of the experiment (typically 2 h) were not accounted for.

III. MULTIPHYSICS SIMULATIONS
The multiphysics problem considered here requires the solu-

tion of three key dependent variables: the static magnetic field,
momentum, and mass balance, which are discussed in detail below.
The multiphysics simulations are performed in two dimensions
(2D), representing a cross-section of the cuvette and electromagnet,
because 3D simulations of the full apparatus are computationally
cost-prohibitive. As shown in Fig. 1(b), the 2D simulation domain
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consists of a cuvette with dimensions similar to those used in exper-
iments and is placed between the magnet poles. To simulate the
above-mentioned system, a finite element-based numerical simula-
tion technique was applied using COMSOL Multiphysics 6.1. The
computational domain, which includes the surrounding environ-
ment with a radius of 2 m, was discretized into 65 548 elements,
including 62 508 triangular meshes. Within this domain, the batch
vessel was modeled by 11 268 elements with a 0.5 mm maximum
element size. The mesh component outside the batch vessel pro-
gressively grew in size with distance from the vessel center, with a
maximum element growth rate of 1.15.

A. Static magnetic field
Before simulating the magnetophoresis of nano-particles, it is

essential to simulate and validate the magnetic field distribution
within the cuvette, especially around the stainless steel wire. To
simulate the static magnetic field, we use Maxwell–Ampère’s law,

∇×H = A, (1)

where H and A are the strength of the magnetic field and the cur-
rent density, respectively. Another important equation is the Gauss
law and constitutive relation for the magnetization that allows us to
determine the magnetic flux density within the domain,

∇ ⋅ B = 0; B = μ0μrH. (2)

Here, μ0 is the permeability of free space and μr is the relative
permeability.

B. Mass and momentum balance
To evaluate the transport of nano-particles in the bulk fluid,

we consider the force balance on the particle and fluid elements.
The convective motion of the fluid element is governed by the con-
tinuity and Navier–Stokes equations. To account for the influence
of a magnetic dipole, a magnetic force term is included, which
affects both the particles and the surrounding fluid by transferring
momentum as47

∇ ⋅ uf = 0, (3)

ρ[∂uf

∂t
+ uf ⋅ ∇uf] = μ∇2uf + (ρ − ρl)g +

χ f

μ0
(B ⋅ ∇)B. (4)

Here, uf, ρ, ρl, g, and χ f denote the fluid velocity, solution containing
particle density, solvent density, gravitational acceleration, and the
volumetric magnetic susceptibility of the fluid element. In the case
of a neutrally charged magnetic particle, its motion is governed by a
force balance in the absence of inertia (Stokes’ regime), which can be
expressed as

Fmp + Fd +
4πR3

p

3
(ρ − ρl)g = 0. (5)

Here, Fmp and Fd are the Kelvin and the drag force that the particle
experiences in the solution, which are expressed as

Fmp =
4π
3

ΔχR3
pc

μ0
(B ⋅ ∇)B; Fd = −6πμRpup, (6)

FIG. 2. (a) The 2D simulated magnetic
flux density around the wire with a dia-
meter of 0.8 mm under the influence of
a 1 T magnetic field strength. The arrow
represents the direction of the magnetic
field. (b) The 2D magnetic field gradient
profile around the wire under the same
conditions as in part (a). (c) Averaged
magnetic flux density and magnetic flux
density gradients (d) around wires of dif-
ferent diameters at an applied magnetic
field of 1 T. In (c) and (d), symbols rep-
resent the results of simulations, and the
curves represent the theoretical predic-
tions. Here, x = 0 represents the surface
of the wire.
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where Δχ is the molar magnetic susceptibility difference between the
particle and the surrounding fluid, Rp is the particle radius, c is the
particle concentration in the fluid, and up is the magnetophoresis
velocity of the particle relative to the fluid element.

The mass transport dynamics of the particles is given by a
convective-diffusive equation expressed as

∂c
∂t
+∇ ⋅N = 0. (7)

Here, N is the total molar flux of particles presented as N = −D∇c
+ c(u f + up), with D being the diffusion coefficient of the particles
in the fluid. A no-slip boundary condition is set to all the walls of the
cuvette and the wire surface. To account for the particle capture in
a cuvette caused by magnetophoresis and sedimentation, the flux at
the cuvette walls and wire surface, Nb, was defined as follows:

Nb = [
2R2

pΔχ
9μ0η

c(B ⋅ ∇)B + 2R2
p∇ρ
9η

cg] ⋅ n, (8)

where n is the normal outward vector at the boundary. The flow in
the domain is assumed to be inertialess because the particle Reynolds
number is calculated to be Re≪ 1. By solving Eqs. (1)–(7) in
the computational domain, we can determine the magnetophoretic
behavior of the particles around the wire, and the results will be
compared with the experimental observations.

IV. RESULTS AND DISCUSSIONS
A. Static magnetic field

As a first step, we computed the magnetic flux density around
the wire. Figure 2 illustrates the spatial distribution of the sim-
ulated magnetic flux density (B) around the wire. In addition,
Fig. 2(b) shows the magnetic field gradients around the wire. To
ensure the validity of the simulated magnetic field around the wire,
one should compare the calculations to experimentally measured
data. However, because of the highly localized nature of the mag-
netic flux density near the wire surface, experimental measurements

FIG. 3. Control experiments to assess particle sedimentation rates. The spatio-temporal evolution of (a) MnO2 and (b) Bi2O3 nano-particle concentrations as measured in
experiments at an initial concentration of 100 mg/l, magnetic field B = 0 T, and wire diameter d = 0.8 mm (top row) and calculated through numerical simulations (bottom
row). (b) and (d) The averaged normalized concentration corresponding to parts (a) and (c) for experimental data (symbols) and numerical simulation results (lines) for
different initial concentrations. Note that the dashed line denotes the simulation results for vendor provided nano-particle size.
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of the magnetic flux density in this region are challenging. There-
fore, to validate the simulation results, we compare them to the
closed-form analytical solution around a single wire suggested in
prior published literature.9 (The equations used to analytically solve
for the magnetic field and its gradient around the wire are pro-
vided in the supplementary material.) Figures 2(c) and 2(d) show
the calculated magnetic flux density and gradients as a function of
distance from the wire surface (symbols) along with the analyti-
cal solutions (continuous curves). The strong agreement between
the simulated and analytical results validates the accuracy of our
magnetic field calculations, confirming their reliability for use in
subsequent magnetophoresis simulations.

B. Particle sedimentation
We first examine the simplified case of particle transport under

gravity in the absence of an external magnetic field. Figures 3(a)–3(c)
show the spatio-temporal evolution of both paramagnetic and dia-
magnetic particles in the absence of an external magnetic field
measured in experiments (top row) and calculated from simulations
(bottom row). Note that, as a result of particle sedimentation, the
particle concentration along the longest axis of the cuvette varies,
with fewer particles at the top and more at the bottom. To evaluate
the overall particle depletion within the domain, we define an aver-
aged normalized concentration as ⟨C⟩/C0, where ⟨C⟩ represents the
surface-averaged particle concentration at any given time, and C0 is
the initial particle concentration. Figures 3(b)–3(d) show the tem-
poral evolution of the averaged normalized concentration for vari-
ous initial concentrations. Over time, particle depletion within the
cuvette leads to a reduction in particle concentration. In addition,
higher initial particle concentrations correspond to an increased rate
of depletion. However, the sedimentation rate remains low, with a
maximum of 2% of paramagnetic particles of MnO2 and 4% of dia-
magnetic particles of Bi2O3 being removed over a 2-hour period.
The particle supplier specified radii of 50 and 40 nm for MnO2 and
Bi2O3 particles, respectively. To assess the relative importance of
gravity to thermal diffusion, one can construct a gravitational Péclet
number as

Peg =
4πR4

p(ρ − ρl)g
3kBT

. (9)

For the particle sizes provided by the vendor, Peg ≈ O(10−5), which
suggests that sedimentation should be minimal. However, initial
simulations using these sizes significantly underpredicted the spatio-
temporal evolution of particle concentrations [shown as dashed lines
in Figs. 3(b)–3(d)]. To address this discrepancy, we used a particle

size distribution with three species in our simulations as ∑3
i=1 ϕiRpi,

where ϕi and Rpi are the particle mass fraction and its radius. For this
purpose, we considered up to three particle size classes, as includ-
ing more classes would result in extremely high computational costs.
The particle size and their mass fractions were varied to produce the
best match with experimental data, as shown as continuous curves
in Figs. 3(b)–3(d). Table I shows the particle size distribution that
generated the best match with experiments. With increasing initial
particle concentration, the particle size distribution shifts toward
larger particles. This discrepancy between the calculated particle
sizes and those provided by the vendor is presumably due to the for-
mation of particle aggregates. Nevertheless, accurate calculations of
particle size and size distribution are essential for reliable subsequent
magnetophoresis simulations. To independently assess the particle
size distribution under no magnetic field, we conducted dynamic
light scattering (DLS) measurements. While DLS is inherently more
sensitive to larger particles due to its intensity-weighted nature, the
measured hydrodynamic radius was Rp ≈ 320 ± 20 nm for MnO2
and Rp ≈ 330 ± 30 nm for Bi2O3 with a polydispersity index of ∼0.3.
The particle size distribution inferred from simulations is consistent
with the DLS results in indicating the presence of larger particles.

C. Magnetophoresis
1. Initial particle concentration

Following experiments conducted without a magnetic field, a
1 T external magnetic field was applied to the solution of manganese
oxide nanoparticles at various initial concentrations. Figure 4(a)
illustrates the spatiotemporal evolution of particle concentration in
the cuvette, with the top row representing experimental results. As
shown in Fig. 4(a), and shortly after the magnetic field is applied,
particles begin to move rapidly from the top and bottom of the
wire to the sides (left and right), where the magnetic field gradient
is strongest (see also Movie 1 in the supplementary material). The
motion of particles transfers the momentum to the fluids and creates
two symmetrical secondary vortices near the wire, causing the fluid
to rise in the wake of the wire. As particles move toward the wire, the
surrounding liquid becomes relatively less dense, creating a buoyant
force that drives the lighter, depleted liquid upward. Over time, this
secondary convective flow significantly enhances particle transport
across the domain, concentrating particles along the flanks of the
wires where the magnetic field gradient is highest. Consequently,
the overall particle concentration within the cuvette decreases, as
most particles are captured by the wire. These experiments suggest
that the magnetophoresis of this weakly magnetic nano-particle is
much stronger than the sedimentation dynamics. The latter result is

TABLE I. Particle size distribution for simulations performed for the B = 0 T condition.

C0 (mg/l)

MnO2 Bi2O3

ϕi Rpi (nm) ϕi Rpi (nm)

10 0.82 0.1 0.08 50 100 150 0.84 0.1 0.06 40 80 120
50 0.75 0.15 0.10 50 150 200 0.80 0.12 0.08 40 80 120
100 0.75 0.15 0.10 100 200 250 0.75 0.15 0.10 80 120 160
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FIG. 4. (a) Spatio-temporal evolution of particle concentrations measured in exper-
iments (top row) and calculated (bottom row) for manganese oxide particles at a
concentration = 100 mg/l and a magnetic field B = 1 T and a wire diameter d
= 0.8 mm. (b) Volume-averaged normalized concentration as a function of time
for experiments (symbols) and numerical simulations. The dashed lines are sim-
ulations with particle size distribution from Table I, and the continuous curves are
simulations that best match the experiments with particle size distribution shown
in Table II.

perhaps not surprising, since the particles experience an additional
force under the influence of a magnetic field. To assess the rela-
tive significance of this force, a magnetic Péclet number is defined.
The magnetic Péclet number, which represents the ratio of magnetic
force to diffusion, is defined as

Pem =
Fmp

FT
= 4π

3
ΔχR4

pc
μ0kBT

(B ⋅ ∇)B. (10)

The magnetic Péclet number varies across the domain due to the sig-
nificant variation in the magnetic field gradient. Therefore, we define
a maximum magnetic Péclet number within the domain as

Pem∣max =
Fmp

FT
= 4π

3
ΔχR4

pc
μ0kBT

(B ⋅ ∇)B∣max. (11)

Our calculations show that the ratio of the magnetic Péclet
number to the gravitational Péclet number is significantly large,
Pem∣max/Peg ≫ 1. This confirms that the magnetic force around the
wire overwhelmingly dominates the gravitational effects. As a result,
nano-particle transport is primarily governed by magnetophoresis,
leading to rapid particle capture (or depletion) within the domain
under the applied magnetic field.

Figure 4(b) shows the temporal evolution of the average nor-
malized manganese oxide nano-particle concentration for various
initial concentrations. As the initial particle concentration increases,
the rate of particle depletion measured within the cuvette increases.
This result is different from the results of Leong et al.48 and Rassolov
et al.,42 who showed that under a low magnetic field gradient, the
temporal evolution of normalized concentration does not depend on
the initial concentration of nano-particles. To gain a more in-depth
understanding of these experimental results, we conducted multi-
physics numerical simulations of particle transport under an applied
magnetic field of 1 T. Included in Fig. 4(b) are also the multiphysics
simulation results. The simulations were first attempted with the
particle size distribution noted in Table I and are shown as dashed
curves in Fig. 4(b) at various initial concentrations. Although these
simulations predict faster particle depletion at higher concentra-
tions compared to no magnetic field experiments, they significantly
underestimate the concentration variation levels observed in exper-
iments. To better align simulations with experimental observations,
we optimized the particle size distribution to achieve the best match
with the experimental results. The sample snapshots displaying the
simulation results that best match the experiments are shown in the
bottom row of Fig. 4(a) and as continuous curves in Fig. 4(b). The
resulting particle size distribution is also presented in Table II. First,
as shown in the bottom row of Fig. 4(a), the simulations capture
the overall experimental observations on the formation of secondary
vortices near the wire and the motion of particles upward above
the wire [see the velocity vectors in Fig. S2(a) of the supplementary
material]. Second, in order to match the results of simulations with
experiments, the particle size or the mass fraction of larger particles
within the distribution needs to be increased (cf., particle size dis-
tribution of manganese oxide of Tables I and II). This latter result
suggests that the paramagnetic nanoparticles may have undergone
magnetic field-induced cluster formation in the experiments. We
will return to this point toward the end of the paper.

In addition to paramagnetic nanoparticles, we conducted
magnetophoresis experiments using diamagnetic bismuth oxide
nanoparticles, as shown in Fig. 5. Unlike the manganese oxide
nanoparticles, secondary vortices were not readily observed. For bis-
muth oxide, the magnetic force induced a subtle secondary flow,
which became discernible approximately one hour after the applica-
tion of the external magnetic field (see Movie 2 in the supplementary
material). The results for bismuth oxide nanoparticles reveal sev-
eral notable differences between experiments conducted with and
without the application of a magnetic field. Under the influence
of the magnetic field, bismuth oxide particles deplete from the
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TABLE II. Particle size distribution for simulations performed under external magnetic field of B = 1 T.

MnO2 Bi2O3

C0 (mg/l) ϕi Rpi (nm) ϕi Rpi (nm)

10 0.75 0.15 0.10 50 150 200 0.82 0.10 0.08 40 80 120
50 0.75 0.15 0.10 100 300 500 0.75 0.15 0.10 40 80 120
100 0.70 0.20 0.10 150 500 800 0.70 0.17 0.13 80 120 160

FIG. 5. (a) The spatio-temporal evolution of bismuth oxide concentration measured
in experiments (top row) and calculated in simulations (bottom row) at a concentra-
tion of 100 mg/l, a magnetic field of B = 1 T, and a wire diameter of d = 0.8 mm. (b)
Averaged normalized concentration of diamagnetic particles as a function of time
showing experimental data (symbols) with simulation results (curves). The dashed
lines are simulations with particle size distributions from Table I, and the continu-
ous curves are simulations that best match the experiments and the corresponding
particle sizes shown in Table II.

cuvette more rapidly compared to when no magnetic field is present.
Furthermore, as the initial concentration of bismuth oxide nanopar-
ticles increases, the rate of particle depletion also increases. Observa-
tions indicate that, under the magnetic field, particles are deposited
both at the bottom of the cuvette and at the top of the wire, where
the magnetic field gradient weakens. In contrast, in the absence of
a magnetic field, the particles settle predominantly at the bottom
of the cuvette. A second key difference lies in the temporal evolu-
tion of the average particle concentration. At higher concentrations,
experiments with the magnetic field show an initially slower rate of
particle depletion, which then accelerates over time before leveling
off at longer times. This faster depletion under the magnetic field is
likely due to magnetic repulsion, which drives the diamagnetic parti-
cles away from the flanks of the wire and mixes them more effectively
within the domain. In addition, particles are attracted toward the top
of the wire where the magnetic field gradient diminishes, as illus-
trated in Fig. 2 and further supported by the velocity profiles shown
in Fig. S2(b) of the supplementary material.

Numerical simulations using the particle size distribution of
bismuth oxide (Table I) are presented in Fig. 5 as dashed curves.
The simulations that best match the experimental results are shown
in the bottom row of Fig. 5(a), representing the spatio-temporal
evolution of particle concentration, and as continuous curves in
Fig. 5(b). Interestingly, these simulations suggest that achieving the
best agreement with the experimental data requires an increase
in the volume fraction of larger bismuth oxide nanoparticles (cf.,
bismuth oxide particle size distributions in Tables I and II). This
finding implies that diamagnetic nanoparticles may potentially form
larger aggregates under the influence of the magnetic field, though
to a significantly smaller extent than paramagnetic particles. To
the best of our knowledge, field-induced clustering of diamagnetic
nanoparticles has not been reported previously. We will revisit this
observation in greater detail later in the paper.

2. Magnetic field strength
To further confirm the effects of magnetic fields on the mag-

netophoresis of these nanoparticles, we performed experiments at
a fixed initial concentration and different magnetic field strengths.
Figures 6(a)–6(c) show the effect of the external magnetic field
strength on the magnetophoretic dynamics of both paramagnetic
and diamagnetic nanoparticle suspensions. For both paramagnetic
and diamagnetic particles, increasing the magnetic field strength
increases the rate of particle depletion from the cuvette. As the mag-
netic field is strengthened, the magnetic field gradient around the
wire is expected to increase. As a result, both particles experience
larger magnetic forces and enhanced magnetophoretic effects. It is
worth noting that the variation in concentration at a given time is a
strong function of the applied magnetic field. As shown in Fig. 6(c),
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FIG. 6. Temporal evolution of normalized particle concentrations for paramagnetic (a) and diamagnetic (b) particles as a function of magnetic field strength with an initial
concentration of 100 mg/ml and a wire diameter d = 0.8 mm. In (a) and (b), symbols represent the experimental data, and the curves represent the simulation results that
best match the experiments. (c) The normalized concentration change as a function of imposed magnetic field after a 2-h period both paramagnetic (circles) and diamagnetic
particles (squares).

at weak magnetic fields (e.g., 0.25 T), the paramagnetic and diamag-
netic particles exhibit minimal magnetophoresis. However, at 0.5 T,
there is a marked increase in the rate of paramagnetic nanopar-
ticle magnetophoresis. For diamagnetic particles, magnetophoresis
remains a weak function of the magnetic field up to 0.75 T, after
which, at 1 T, the rate of magnetophoresis increases dramatically.
Table III presents the particle size distributions of the simulations
that are best aligned with the experimental data [also shown as
continuous lines in Figs. 6(a) and 6(b)]. Notably, as the external
magnetic field strength increases, the size distribution of paramag-
netic MnO2 shifts toward larger particles with a higher mass fraction
of larger particles. This trend suggests that MnO2 particles undergo
field-induced clustering. In contrast, the diamagnetic Bi2O3 particles
exhibit only a slight shift in their size distribution across the tested
magnetic field range, indicating a weaker or negligible clustering
effect.

3. Wire diameter
The effect of the diameter of the wire on the magnetophoresis

of the particles is presented in Figs. 7(a) and 7(b) in terms of the
temporal evolution of normalized concentration. For paramagnetic
particles, increasing the wire diameter enhances magnetophoresis
dynamics significantly, leading to a greater particle depletion from

the cuvette for larger wires [see Fig. 7(a) and Fig. S3 for the corre-
sponding spatio-temporal evolution of particle concentration and
Movie 3 in the supplementary material]. As the wire diameter
increases, two key factors influence magnetophoretic capture. First,
as shown in Fig. 2, the maximum magnetic field gradient near the
wire surface is inversely proportional to the wire diameter, mean-
ing that larger wires generate weaker local magnetic field gradients.
Second, a larger wire diameter provides a greater overall surface
area for magnetic particle capture, potentially enhancing collection
efficiency. These competing effects determine the net capture rate,
and our experimental results suggest that the increase in surface
area dominates, leading to enhanced particle capture with larger
wires. To further investigate the influence of the wire diameter on
magnetophoresis, we compared our experimental data with numer-
ical simulations in Figs. 7(a) and 7(b). Notably, the simulations
reveal that as the wire diameter increases, the particle size distri-
bution shifts toward a higher proportion of larger particles and
fewer smaller ones (see Table IV). If the same particle size distri-
bution obtained for a 0.8 mm wire were applied to larger wires, the
simulations would underpredict the observed concentration deple-
tion. This discrepancy suggests that the increased surface area of
larger wires may facilitate enhanced cluster formation due to an
expanded magnetically induced capture zone, further contributing
to the observed increase in particle retention.

TABLE III. Particle size distribution for different magnetic fields B obtained from simulations performed at an initial
concentration of 100 mg/l and a wire diameter d = 0.8 mm.

Magnetic field (T)

MnO2 Bi2O3

ϕi Rpi (nm) ϕi Rpi (nm)

0 0.75 0.15 0.10 100 200 250 0.75 0.15 0.10 80 120 160
0.25 0.74 0.16 0.10 100 250 300 0.74 0.16 0.10 80 120 160
0.5 0.72 0.17 0.11 100 350 500 0.73 0.16 0.11 80 120 160
0.75 0.72 0.17 0.11 150 400 600 0.72 0.17 0.11 80 120 160
1 0.70 0.20 0.10 150 500 800 0.70 0.17 0.13 80 120 160
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FIG. 7. Temporal evolution of normalized
averaged concentration in the cuvette
for paramagnetic particles (a) and dia-
magnetic particles (b) for different wire
diameters and at an initial concentration
of 100 mg/l under a magnetic field of
B = 1 T. The markers represent the ex-
perimental data, and the curves rep-
resent the simulation results that best
match the experiments.

Figure 7(b) presents the temporal evolution of the average con-
centration for diamagnetic particles, revealing a striking contrast
to the behavior observed for paramagnetic manganese oxide parti-
cles (see also Fig. S4 in the supplementary material). As the wire
diameter increases, the rate of concentration depletion within the
domain slows significantly. Notably, for larger wire diameters, the
depletion rate becomes even lower than in the absence of a magnetic
field. This counterintuitive trend arises from the inherently repul-
sive nature of the magnetic force along the wire’s flanks acting on
diamagnetic particles. For smaller wires, the stronger localized mag-
netic field gradients generate a greater repulsive force from the sides
of the wire while simultaneously exerting an attractive force toward
the top. When combined with gravitational settling, this results in a
larger net force that enhances particle sedimentation and accumu-
lation along the top side of the wire within the cuvette. In contrast,
as the wire diameter increases, the magnetic field gradient weakens,
thereby reducing both the repulsive and attractive forces, ultimately
diminishing the overall particle transport effect. Our numerical
simulations further support this finding, showing that the particle
size distribution of bismuth oxide remains largely unchanged for
larger wires compared to control measurements performed without
a magnetic field.

4. Multiple wires
Since magnetophoresis is driven by the magnetic field gra-

dient around the magnetized wire, it is reasonable to expect that
increasing the number of wires would enhance the magnetophoretic
effect on these nanoparticles. In this part, we investigate how the

number of wires influences the magnetophoresis of these particles.
To this end, we selected the largest wire size and varied the number
of wires to two and three. Figure 8 shows the spatiotemporal evolu-
tion of particle concentration for two wire configurations, and the
three wire configuration is presented in Fig. S5 in the supplementary
material. When a magnetic field is applied, the magnetophoresis of
particles starts in a manner similar to that observed before for a
single wire configuration. However, the presence of an additional
wire in a cuvette causes a significant change in the fluid flow pat-
tern around the wires. While secondary flows are observed at the
beginning near each wire, they soon interact with each other, and
this interaction suppresses the structure of each vortex. The mix-
ing of these vortices led to a slight acceleration of paramagnetic
nanoparticles moving slightly faster than a single-wire system, and
as a result, a slightly faster magnetophoresis rate is observed. Inter-
estingly, as the number of wires is increased to three, the evolution
of the concentration of the paramagnetic particles does not signif-
icantly differ from that of the two-wire configuration. In contrast,
for diamagnetic nanoparticles, the rate of particle depletion within
the domain increases as the number of wires increases to two and
three. As shown in Fig. S6 of the supplementary material, dia-
magnetic nanoparticles are repelled from the flanks of the wires
but can be attracted to their top or bottom surfaces. We hypothe-
size that the addition of more wires increases the available surface
area at the tops of the wires, enhancing the attraction of dia-
magnetic particles to these regions. This effect likely contributes
to the observed increase in the rate of diamagnetic nanoparticle
depletion.

TABLE IV. Particle size distribution for different wire diameters obtained from simulations performed under an external
magnetic field of B = 1 T at an initial concentration of 100 mg/l.

Wire diameter (mm)

MnO2 Bi2O3

ϕi Rpi (nm) ϕi Rpi (nm)

1.62 0.70 0.20 0.10 150 550 800 0.75 0.15 0.10 80 120 160
2.0 0.70 0.20 0.10 200 600 800 0.78 0.12 0.10 80 120 160
3.17 0.65 0.20 0.15 200 600 800 0.79 0.12 0.09 80 120 160
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FIG. 8. (a) The spatio-temporal evolution of particle concentration around the wires in experiments (top row) and corresponding simulations that best match the experiments
(bottom row) for manganese oxide particles at a fixed initial concentration of 100 mg/l, a magnetic field of 1 T, and a wire diameter of d = 3.17 mm. Temporal evolution of
averaged concentration for manganese oxide (b) and bismuth oxide nano-particles (c) as a function of the number of wires.

D. Field-induced particle clustering
Thus far, we have investigated the magnetophoresis of both

paramagnetic and diamagnetic nano-particles in a closed cell, and
our direct comparison between experiments and simulations sug-
gests the formation of field-induced clusters under some conditions
of initial concentration, magnetic field strength, magnetic suscepti-
bility, and wire diameter. Magnetic particles are well known to form
clusters under strong magnetic fields.49,50 Magnetic field-induced
cluster formation is associated with the magnetic dipole interaction
between the nanoparticles.51–59 The field-induced cluster formation
can be understood in the context of two dimensionless parameters:
aggregation parameter N∗ and coupling parameter Γ. The coupling
parameter Γ accounts for the balance between magnetic forces and
thermal energy and is defined as54–59

Γ = πΔχ2B2Rp
3

9μokBT
. (12)

In addition, the aggregation parameter N∗ is defined as60

N∗ =
√

ϕoeΓ−1. (13)

Here, ϕo is the volume fraction of the nano-particles in the solu-
tion. The necessary conditions for the formation of field-induced
aggregation are N∗ > 1 and Γ > 1.

Figure 9 presents the calculated values of the relevant dimen-
sionless parameters as functions of particle size and magnetic field
intensity. For paramagnetic manganese oxide particles at an initial

concentration of C0 = 100 mg/l, the analysis predicts that nanoparti-
cle clustering should occur when the particle radius exceeds Rp > 250
nm and the applied magnetic flux density exceeds B > 0.6 T. It is
important to note that for smaller particle sizes that exist in the solu-
tions of these experiments, the critical magnetic field required for
the onset of cluster formation shifts to higher values. For exam-
ple, for Rp < 175 nm, the critical magnetic field for the onset of
cluster formation occurs when B > 1 T. Consequently, the larger
particles present within the experimental size distribution are more
susceptible to field-induced clustering. However, both experimen-
tal observations and numerical simulations in the presence of wire
(see Table III) indicate that field-induced cluster formation begins
at significantly lower magnetic field strengths, around B = 0.25 T.
This discrepancy highlights a limitation of the theoretical framework
based on the dimensionless numbers Γ and N∗, which assume ideal-
ized conditions such as spatially uniform magnetic fields. In practice,
several additional factors, including strong magnetic field gradi-
ents, Derjaguin–Landau–Verwey–Overbeek (DLVO)-type interpar-
ticle interactions, and particle-fluid coupling, may influence clus-
tering behavior and contribute to the earlier onset of field-induced
aggregation observed in experiments involving a wire and an applied
magnetic field.

To further probe the role of magnetic field non-uniformity in
cluster formation, we conducted complementary experiments using
a cuvette without the wire but subjected to a uniform magnetic
field of 1 T at the initial particle concentration of C0 = 100 mg/l.
As shown in Fig. S7(a) of the supplementary material, these experi-
ments revealed the development of limited re-circulating flow zones
within the cuvette. Particle depletion in this case was faster than
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FIG. 9. Surface plots of the non-
dimensional coupling parameter Γ (left
panel) and the aggregation parameter
N∗ (right panel) as a function of particle
size Rp and magnetic field B for MnO2
particles with C0 = 100 mg/l. The red iso-
surfaces indicate values of N∗ = 1 and
Γ = 1.

in the zero-field condition (B = 0 T), but still substantially slower
than in experiments with the wire present [see Fig. S7(b)]. Our sim-
ulations that best matched the experiments suggest that this inter-
mediate behavior in the absence of wire arises from field-induced
particle clustering (see Table SI in the supplementary material). This
interpretation aligns well with the trends predicted in Fig. 9, which
indicates that cluster formation is expected for particles with radii
greater than Rp > 250 nm when the applied uniform magnetic flux
density exceeds B > 0.6 T. In our study, the magnetic field gradients
around individual wires are remarkably high. In the presence of such
gradients, a substantial magnetophoretic force emerges that may
actively drive the nanoparticles toward the wire and enhance their
mutual attraction. In addition, this strong magnetophoretic force
induces flows in the surrounding fluid, and the induced convec-
tion could significantly impact the field-induced cluster formation.
These results underscore the critical role of magnetic field gradi-
ents and induced flows in controlling nano-particle transport and
aggregation.

In deriving the above-mentioned dimensionless criteria for
field-induced cluster formation, DLVO-type interactions, such as
van der Waals attraction and electrostatic double-layer repulsion,
were not explicitly considered. However, our experimental observa-
tions under no field indicate that the particle sizes are larger than
those reported by the vendor, suggesting a greater likelihood of
interparticle interactions. Therefore, the DLVO forces may also play
a non-negligible role in promoting field-induced clustering, partic-
ularly by enhancing the propensity for aggregation under applied
magnetic fields.

Finally, we return to the results concerning diamagnetic
bismuth oxide nanoparticles. The slight field-induced clustering
observed in the presence of the wire at an applied magnetic field
of B = 1 T (as reported in Table III) is not predicted by the cur-
rent dimensionless framework, which was primarily developed for
paramagnetic systems. To evaluate the role of magnetic field non-
uniformity in this behavior, we conducted additional experiments
at B = 1 T in the absence of the wire [see Figs. S7(c) and S7(d) in
the supplementary material]. These results showed a much smaller
degree of particle depletion compared to the wire-present case, but
still more than the zero-field control (B = 0 T). Our simulations
under uniform field conditions (with no wire present) suggest a low
likelihood of field-induced clustering in bismuth oxide. This slight
tendency toward aggregation could be attributed to non-negligible
DLVO-type interactions between bismuth oxide nano-particles.
However, in the presence of the wire and, consequently, a strong

magnetic field gradient, the magnetophoretic force may significantly
enhance the collision frequency between particles. Once brought
into close proximity by these gradient-induced magnetophoretic
forces, DLVO interactions can facilitate weak but observable clus-
ter formation even in a diamagnetic system such as bismuth oxide.
To the best of our knowledge, a theoretical framework for field-
induced cluster formation under a non-uniform magnetic field is not
available. Hence, future studies on field-induced cluster formation
should refine particle interaction models to explicitly incorporate
magnetophoretic effects in non-uniform magnetic fields and also
take into account the role of induced flows on particle-particle
aggregation dynamics. Doing so will enable a more comprehen-
sive understanding of clustering mechanisms, particularly in systems
with strong magnetic field gradients.54

V. SUMMARY AND CONCLUSIONS
In summary, we investigated the magnetophoresis behavior

of paramagnetic manganese oxide and diamagnetic bismuth oxide
nano-particle suspensions around a magnetized wire via a combina-
tion of experiments and multiphysics simulations. The key findings
of this study can be summarized as follows.

Our results demonstrate that paramagnetic nanoparticles
exhibit a pronounced magnetophoresis behavior, becoming strongly
attracted to the peripheries of the wire, whereas diamagnetic
nanoparticles are repelled and tend to accumulate at the top of
the wire. For paramagnetic nanoparticles, the strong magnetic force
induces secondary flows throughout the domain, resulting in vor-
tex formation that further enhances nanoparticle capture by the
wire. As the magnetic field strength increases, the magnetophoretic
effect becomes more pronounced, resulting in a maximum capture
of 50% for MnO2 particles after 2 h at 1 T, with a wire diameter
of 0.8 mm. In contrast, diamagnetic nanoparticles exhibit mod-
erate concentration variations (≈5%) up to 0.75 T, followed by a
sharp increase in 20% capture at 1 T. The depletion rate of para-
magnetic nanoparticles within the domain is proportional to the
wire diameter, whereas diamagnetic nanoparticles are captured at
a slower rate as the wire diameter increases. Introducing a second
or third wire slightly improves the capture efficiency for both man-
ganese oxide and bismuth oxide nanoparticles, with an observed
enhancement of ∼10%.

Furthermore, multiphysics simulations suggest that paramag-
netic nanoparticles may undergo field-induced cluster formation
beyond critical thresholds of magnetic field strength (B ≥ 0.25 T) and
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nanoparticle concentrations. This clustering accelerates the magne-
tophoresis rate beyond what would be expected from equilibrium
particle size distributions. Interestingly, at the highest imposed mag-
netic field, diamagnetic nanoparticles may also experience moderate
cluster formation due to non-negligible DLVO-type forces. To the
best of our knowledge, this phenomenon has not been previously
reported in the literature. Finally, this study reveals that strong mag-
netic field gradients generate significant magnetophoretic forces that
may drive nanoparticles toward the wire, induce flows, and facil-
itate cluster formation at lower field strengths than predicted by
uniform-field models based on N∗ and Γ parameters. These find-
ings highlight the need to refine interaction models to account for
magnetophoretic effects in non-uniform magnetic fields.

SUPPLEMENTARY MATERIAL

Supplementary material shows additional experimental and
simulation data on magnetophoresis of particles under the influence
of the magnetic field.
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