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Dynamics of Weakly Magnetic Nanoparticle Suspensions
Near a Magnetized Sphere

Mohd Bilal Khan®?, Abigail Patterson®”, Jamel Ali*”?, Theo Siegrist*?, Munir Humayun®¢,
Hadi Mohammadigoushki®?

We report experimental and multiphysics simulation studies of magnetophoretic transport and cap-
ture of nanoparticles around a magnetized sphere under high-gradient magnetic fields. Experiments
were performed using a broad range of paramagnetic and diamagnetic nanoparticles at an imposed
magnetic field up to By =1 T and concentrations of ¢y = 10-100 mg/L. Paramagnetic nanoparti-
cles exhibited substantially enhanced capture compared to diamagnetic nanopaticles, with capture
efficiency increasing nonlinearly with magnetic field strength, initial nanoparticle concentration, and
magnetic susceptibility. In addition, increasing sphere diameter also improved capture efficiency of
paramagnetic nanoparticles despite reducing local magnetic field gradients. Our analysis showed that
the observed rate of nanoparticles capture by the non-uniform magnetic-field exceeded predictions
from a simple scaling analysis and isolated-particle magnetophoresis. More detailed analysis using
multiphysics numerical simulations suggest magnetic field-induced nanoparticle clustering, which in
turn significantly enhances transport of nanoparticles. In addition, field-induced convective flows
were found to substantially promote nanoparticle transport. These results highlight that magne-
tophoretic capture of weakly paramagnetic materials in high-gradient magnetic systems is governed
by a nonlinear coupling of magnetic and flow-driven transport mechanisms. These results provide
insights into the design of magnetic separation systems for recovery and recycling weakly magnetic

nanoparticles and colloidal suspensions.

1 Introduction

The selective capture of nanoparticles in suspension underpins a
broad range of technologies, including water treatment, min-
eral processing?, biomedical imaging®, resource recovery?, and
targeted therapies®. In particular, the recovery of critical met-
als from end-of-life electronics, batteries, and permanent mag-
nets, as well as the purification of industrial effluents, increas-
ingly requires the separation of weakly paramagnetic and dia-
magnetic nanoparticlesm. Conventional separation methods
such as filtration, centrifugation, and sedimentation are often
ineffective at the nanoscale due to the particles’ negligible in-
ertia, strong Brownian agitation, and potential chemical or en-
vironmental hazards1215, Magnetically assisted separation has
therefore emerged as a non-invasive and energy-efficient alter-
native for isolating weakly magnetic nanoparticles. Magne-
tophoresis, the underlying physical principle for magnetically as-
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sisted separation, exploits differences in magnetic susceptibility
in the presence of strong magnetic-field gradients. Nanoparticles
with positive magnetic susceptibility (paramagnetic) are drawn
toward regions of high field intensity. In contrast, particles with
negative susceptibility (diamagnetic) experience a repulsive force
and thus exhibit little or no retention under comparable condi-
tions18

The study of magnetophoresis spans more than five decades
and encompasses a broad spectrum of particle types, magnetic
field strengths, and separation architectures®®. Two distinct
regimes dominate the literature, high-gradient magnetic separa-
tion (HGMS), which employs ferromagnetic matrices that gener-
ate extremely strong local field to capture strongly magnetic par-
ticles, and low-gradient magnetic separation (LGMS), which ex-
ploits weaker fields yet can yield unexpectedly rapid removal of
superparamagnetic nanoparticles’?. Classical HGMS focuses on
micron- and nanometer-scale particles with relatively large mag-
netic susceptibilities. In contrast, LGMS typically operates
with much weaker gradients yet has been shown to remove su-
perparamagnetic nanoparticles at rates far exceeding those pre-
dicted by single-particle magnetophoretic theory122781  Early
experimental work revealed removal efficiencies far higher than
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Soft Matter

expected for isolated nano-particles migrating through quiescent o
fluids!®. This discrepancy led to the hypothesis that applied o
magnetic fields induce reversible nanoparticle clustering, which os
may in turn create larger, and more magnetically responsive ag- o
gregates that experience substantially greater magnetophoreticioo
forces 3232,

Despite significant advances in both HGMS and LGMS, par-1e
ticularly for superparamagnetic iron-oxide nanoparticles and mi-1os
croparticles, a substantial gap remains in understanding magne-os
tophoresis of weakly paramagnetic and diamagnetic nanoparti-1os
cles that are relevant to the critical materials found in electronic
waste (e.g., Nickle, Cobalt, Manganese, Bismuth, Zinc, among106
others). As the volume of spent electronic waste continues to,o,
grow, recovering, and reusing these critical metals has become
increasingly important for reducing dependence on natural re-
sources, strengthening supply chains, and mitigating environ-,,,
mental impacts4®4l, These species have magnetic susceptibil-,,,
ities orders of magnitude smaller than those of superparamag-
netic systems, placing them in a regime where magnetophoretic
transport competes strongly with Brownian diffusion?. Recent
work indicates that, beyond field-induced clustering observed in
super paramagnetic nanoparticle suspensions, weakly magnetic
nanoparticles may also experience field-driven convective flows
that enhance their transport and separation?43, Furthermore,
the field-induced convective flows could be substantially ampli-
fied in the vicinity of magnetized ferromagnetic wires43.

Although spherical ferromagnetic collectors have been shown
to efficiently capture superparamagnetic nanoparticles#44 the
magnetophoretic transport of weakly magnetic nanoparticles
near a magnetized sphere remains comparatively underexplored.112
Most prior studies have focused on superparamagnetic parti-113
cles, whose large magnetic susceptibilities produce strong magne-
tophoretic forces and rapid capture. In contrast, weakly paramag-
netic and diamagnetic nanoparticles require substantially higher116
magnetic field gradients for effective manipulation. Moreover,
the coupled effects of nanoparticle magnetic susceptibility, initial118
concentration, and applied magnetic field strength on capture ef—119
ficiency of weakly paramagnetic and diamagnetic particles have
not been systematically investigated. The roles of field-induced
particle clustering, and magneticay driven convective flows near
magnetized ferromagnetic collectors also remain poorly under-'*
stood, which makes it unclear whether such mechanisms estab-'?
lished for superparamagnetic particles can be leveraged for the'®
separation of weakly paramagnetic or diamagnetic nanoparticles.'*
In summary, the transport behavior of weakly magnetic nanopar-'*
ticles in localized high-gradient magnetic fields remains poorly**
understood, and a coupled experimental and multiphysics nu-
merical simulations is needed to enable a more in-depth under-
standing of the mechanisms involved in magnetophoresis of these
systems.

The main goal of this study is to provide an in-depth analy-
sis of magnetophoretic motion of weakly paramagnetic and dia-13
magnetic nanoparticles under a high gradient magnetic field. Tois
accomplish this goal, we will investigate the magnetophoresis dy-133
namics of a diverse set of weakly paramagnetic (Mn,03, C0,03,134
Fe;03, CuO) and diamagnetic (Bi,O3, ZnO) nanoparticles in theiss
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0

127
128
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130
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vicinity of a magnetized stainless-steel sphere. These metal oxides
are commonly found in spent batteries and other electronic waste
components such as cathode/anode materials, protective casings,
and PCBs#748l We will perform systematic experiments over a
broad range of initial concentrations, imposed magnetic field,
and magnetic susceptibility. The experimental measurements are
complemented by three-dimensional multiphysics numerical sim-
ulations, which in turn enable detailed analysis of field-induced
cluster formation, field-driven convective flows, and flow struc-
tures around the magnetized sphere.

2 Experiments

2.1 Materials

Paramagnetic and diamagnetic nano-particles with various mag-
netic susceptibilities were obtained from Sigma-Aldrich and used
as received. Their magnetic susceptibility values and vendor pro-
vided sizes are presented in Table (I.

Table 1 A summary of nano-particles used in this study along with their
most relevant properties. *Specified by vendor. Here Ay, =y,

particle —
X\f|water-
| Type Particle Ay, 42 Radius* [nm] |
Paramagnetic =~ Mn,O3  5.61 x 10— 50
Fe, 03 5.05 x 1073 30
Co,03 291 x 1073 50
CuO 2.46 x 10~* 40
Diamagnetic =~ Bi,O3  —1.81 x 107> 40
ZnO —1.45x 107 18

In addition, Polyethylene Glycol (M = 6000 [g/mole]) was ob-
tained from Sigma Aldrich and used as received. The nanoparti-
cle suspensions are prepared using deionized water. Due to their
strong magnetic properties, three different stainless steel spheres;
420 and 440 grade (provided by Bal-tec), and 430 grade (pro-
vided by Global Precision Ball) were used in the experiments. The
radius of the spheres varied from 2 to 5 mm within a standard-size
cuvette made up of polystyrene (12.5 mmx12.5 mmx45 mm).

2.2 Solution preparation

To improve particle stability and prevent aggregation in solution,
we functionalize the surface of nanoparticles with polyethylene
glycol (PEG), a widely established approach#, PEG is added at
a concentration ten times higher than that of the nanoparticles,
followed by a 1-hour incubation to ensure complete dispersion
in deionized water. Afterward, the solution was homogenized
using a vortex mixer. To further reduce the risk of aggregation,
the solution was sonicated for 30 minutes in a bath sonicator to
effectively disrupt any potential aggregates and promote uniform
dispersion.

2.3 Magnetophoresis setup

The experimental setup for the magnetophoresis studies com-
prises several key components as illustrated in Figure (I). A 1
T electromagnet with pole diameters of 10 cm is used to generate
the magnetic field. A ferromagnetic sphere is centrally positioned
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within a cuvette, and the applied magnetic field is horizontal be-1ss
tween the two pole pieces. The sphere is attached to a wall of theso
cuvette using a glue. A high-resolution camera is mounted to cap-i%
ture detailed images of nanoparticle dispersion around the spherein
and within the surrounding fluid domain. Another method forie
generating localized magnetic field gradients is the use of spher-i3
ical NdFeB permanent magnets. However, our calculations showos
that the field gradients around spherical permanent magnets areios
significantly smaller than those produced around a magnetizedios
stainless-steel sphere inside an electromagnet, resulting in weaker o
magnetophoretic forces on weakly magnetic nanoparticles (seeis
more details below and later in Fig. S1 of the supplementary ma-1
terials). Perhaps more importantly, permanent magnets presento
important experimental limitations because they are always ac-20
tive. As soon as the suspension is introduced into the cuvette,2o
particle migration begins, making it difficult to establish repro-20
ducible initial conditions. In contrast, the electromagnet-basedao
setup allows the suspension to rest before the field is applied,z0s
minimizing residual convective flows and enabling experimentszos
to start from well-defined quiescent conditions. 207

208

2.4 Particle concentration evaluation 209

To assess the spatio-temporal evolution of nano-particle concen-,,,
tration throughout the cuvette, we first measure the averaged

light absorbance of the solution within the cuvette at various’"
initial concentrations ranging from 10 — 100 mg/L. As shown in*
Fig. S2 of the supplementary information, the averaged nor-*'
malized absorbance intensity within the cuvette increases lin-**
early with initial concentration indicating that the Beer-Lambert**
1law™%51 js valid (see the supplementary materials for further dis-*°
cussion on the calibration curves). 2w

1
2
3

4

218
219

2.5 Magnetization curve measurement 220

The magnetization curve of the stainless steel spheres was mea-,,;
sured using a Vibrating Sample Magnetometer (VSM) option for,,,
the Physical Property Measurement System (PPMS, Quantum De-,,;
sign) at the National High Magnetic Field Laboratory. The sphere,,
was securely mounted on a brass trough holder using GE-7031
varnish. During the measurements, the vibration frequency was,
maintained at 40 Hz, while the amplitude was adjusted between.,,;
0.2 mm and 2 mm to optimize the signal strength. 8
3 Multiphysics Numerical Simulations :
In addition to the detailed experiments, we performed compre-2x
hensive multiphysics numerical simulations. The coupled prob-2:
lem involves solving three key governing equations; static mag-233
netic field, momentum, and mass balance, which are discussed in2ss
detail in our previous publications 4243 and are not presentedzss
in the main body of text for brevity but a summary of those sys-23s
tems of equations is provided in section II of the SI. The simu-2s
lations were conducted in three dimensions (3D) to capture the2ss
full geometry and physics of the experimental setup. As shownas
in Fig. [1|(b), the 3D computational domain consists of a cuvettewo
with dimensions identical to those used in the experiments. Theau
magnetic pole pieces were modeled as rectangular prisms withzs
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dimensions specified in Fig. [T{(b), separated by a 12.7 mm gap
consistent with the experimental configuration. Although in our
previous work#2) we demonstrated that the electromagnet can
be accurately represented in a two-dimensional axisymmetrically,
an axisymmetric simplification is not feasible in this study due
to the misalignment between the electromagnet and the cuvette
axis of symmetry and the fact that the bottom and the top of the
sphere show different magnetophoretic dynamics. Therefore, the
pole pieces were approximated as rectangular prisms. To ensure
that the resulting magnetic field matched that of the experimental
electromagnet, the size of the permanent magnets was adjusted
to generate a uniform magnetic field of 1 T around the cuvette
(see below).

The multiphysics numerical simulations were carried out using
the finite element method-based COMSOL Multiphysics 6.1. The
computational domain, which includes the surrounding environ-
ment with a radius of 2 m, was discretized into 31098 elements,
of which 30089 were tetrahedral meshes. The batch vessel was
resolved using 554651 elements with a maximum mesh size of
0.5 mm. To optimize computational performance, the mesh size
progressively increases with a maximum element growth rate of
1.15.

4 Results and Discussions

Before conducting experiments involving magnetic fields and
nanoparticle transport, we first performed a detailed character-
ization of the sedimentation dynamics of the nanoparticles. Such
measurements allow us to accurately assess the polydispersity of
the nanoparticle suspension. The experimental measurements,
presented in the Supporting Information (SI), were quantita-
tively compared with numerical simulations and showed excellent
agreement. The results indicate that while most particles conform
to the vendor-specified size, a small fraction tends to form weak
aggregates even in the absence of a magnetic field. To capture
this polydispersity, the particle size distribution was modeled as
Z?:1 OiR,;, where ¢; and R); represent the volume fraction and
radius of the i-th particle class, respectively. The fitted parame-
ters and associated data are summarized in Fig. S3 and Table I
of the SI. In addition, to assess the particle size distributions in
these suspensions, we performed dynamic light scattering (DLS)
experiments. However, DLS is most sensitive to larger particles,
and even a small number of larger particles can strongly bias the
measured distribution and increase the particle size distribution.
Consequently, even a relatively small population of larger parti-
cles or aggregates can disproportionately bias the measured size
distribution and artificially increase the apparent polydispersity.
This limitation is particularly important for the present suspen-
sions, where broad particle size distributions may be present.
This will make DLS less reliable for accurately resolving the un-
derlying primary particle size distribution. The measured hydro-
dynamic sizes and polydispersity indices are reported in Table II
of the Supporting Information. In contrast, the particle size dis-
tributions obtained from the multiphysics simulations, which in-
clude a long tail extending toward particle sizes of approximately
150-200 nm, provide substantially better agreement with the ex-
perimentally observed sedimentation dynamics. These inferred

Journal Name, [year], [vol.], 1 |3
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Fig. 1 (a) The top view of the experimental setup consisting of the camera, light source, electromagnet and the temperature controller. A closer view
of the cuvette placed between the two flat poles is also presented in this section. (b) The computational domain along with the mesh density used for

the present study.

(a)

2
1 f_
Eo /
= /| —ssa
-1 —85430
SS 440
2
2 A 0 1 2
H[A/m] %107

(b)

(B.V) B (T%m)

0
T

10°

@2 mm
¢4 mm
v5mm

x[ mm]

Fig. 2 Three-dimensional simulation of the magnetic flux density (a), and magnetic flux density gradients (b) around a sphere with a diameter of
5 mm under the influence of B, = 1 T applied magnetic field. The magnetic field is applied in the x-direction. (c) measured M-H curves for three
different grades of stainless steel spheres (420, 430 and 440). (d) Averaged magnetic flux density and (e) its gradients around sphere of different
diameters under a B, = 1 T. Here, symbols represent the simulation results, while curves show theoretical predictions, where x =0 corresponds to the

sphere surface.
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Fig. 3 The spatio-temporal evolution of (a) Mn;0O3, and (b) Bi»O3 nano-particle concentrations as measured in experiments at an initial concentration
of 100 [mg/L], magnetic field By = 1 [T] and sphere diameter d = 4 mm (top row) and calculated through numerical simulations (bottom row). The
temporal evolution of the normalized concentration of (c) manganese oxide and (d) bismuth oxide nanoparticles for different stainless steel types. The
dashed lines correspond to simulation results obtained using the nanoparticle size provided by the vendor.

distributions are also generally smaller than the DLS-derived hy-2ss
drodynamic sizes, which is consistent with the known tendency of2eo
DLS to overemphasize larger particles. Therefore, throughout thezn
remainder of this manuscript, we use the particle size distribu-2n
tions obtained by matching the sedimentation experiments withzz.
the numerical simulations as a benchmark to compare with thosezrs
particle size distributions obtained under magnetic field. 274
275
276

4.1 Static Magnetic Field

277
Any magnetophoresis simulation first requires the computation
27

of the static magnetic field, which subsequently serves as an in-
put to the mass transport and momentum equations. Therefore,
we first evaluate the spatial distribution of the magnetic field

around a magnetizable sphere. Figure [2| (a,b) present the cal-

culated magnetic flux density, B, and its gradient, (B-V)B, in the™
vicinity of a 5 mm stainless steel (Type 430) sphere. When the®”
external magnetic field lines intersect the sphere, the material be-2s3
comes magnetized, and produces a localized enhancement in thezss
magnetic field and a strong non-uniform field gradient. The re-2ss
sulting field gradient is predominantly positive near the lateralzss
flanks of the sphere and negative along its polar regions (top andass
bottom). In these simulations, the experimentally measured M-2ss
H magnetization curve for stainless steel sphere (as shown inas
Fig. [2(¢)) was incorporated. The magnetic field in the vicin-zo
ity of the sphere cannot be measured accurately due to spatialzo
resolution limits and field perturbations near the metal surface.2o

8

9

Therefore, to validate the numerical model, the computed mag-
netic field and its gradients were compared with the correspond-
ing analytical closed-form solution®2. Figure d,e) show a com-
parison between the numerically calculated magnetic field and
magnetic field gradients around the sphere and those predicted
analytically. The result shows excellent agreement between the
numerical results and analytical predictions, which confirm the
accuracy of the magnetic field computations used in subsequent
transport simulations. Since the cuvette walls are composed of
non-magnetic material, they do not generate localized magnetic
field gradients capable of inducing nanoparticle accumulation. As
shown in the above, the externally applied magnetic field remains
approximately uniform close to the cuvette walls.

4.2 Magnetophoretic Dynamics
4.2.1 Impact of sphere magnetization

Figure shows the spatiotemporal evolution of particle concen-
tration in a paramagnetic mangense oxide and diamagnetic bis-
muth oxide nanoparticle suspensions at an initial concentration of
¢o = 100 mg/L, and an imposed magnetic flux density of B, = 1 T
for various stainless steel spheres. Figure [3((a) shows the spatio-
temporal evolution of particle concentration in experiments and
simulations for paramagnetic Mn, O3 nanoparticle solution. After
applying the magnetic field, the particles start migrating towards
the magnetized region of the sphere where the magnetic gradient
is high. This particle migration initiates a transfer of momentum
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to the fluid, giving rise to upward fluid motion in the wake of thess
sphere (see also movie 1 in the SI). As nanoparticles accumulatesso
near the sphere surface, the adjacent fluid becomes increasinglyss:
depleted, resulting in localized density, and magnetic suscepti-ss2
bility gradients around the sphere. This imbalance generates asss
convective force that further drives upward flow, reinforcing thesss
convective motion initiated by particle migration32%. Qver time, 3ss
particle movement and induced fluid motion enhance transport
efficiency and lead to significant particle accumulation around3ss
the sphere. As a result, the bulk concentration of the nanoparti- 3%
cles within the cuvette starts to decrease.

Figure [3(c) shows the temporal evolution of normalized aver-zz
aged particle concentration {(c)/co, for paramagnetic manganese
oxide nanoparticles. Here (c) denotes the spatially averaged361
particle concentration at a given time, and ¢y is the initial
nanoparticle concentration. As shown in Figure [3{(c), stainlessz:
steel-430 demonstrated slightly better separation perforrnance364
than stainless steel-440, followed by stainless steel 420. Overall,365
the difference between various sphere types is not signiﬁcant.366
This behavior is expected because at an applied magnetic
field of 1 Tesla (or equivalently H = 0.796 x 107 [A/m], allzz
spheres reached their saturation magnetization M. Nevertheless,369
M 430 > My 440 > My 420, and therefore, it is expected that the
magnetic field gradients around these spheres follow the same
trend. On the other hand, Fig. [B(b) shows the spatio-temporal37
evolution of normalized concentration for diamagnetic bismuth®”
oxide particles. Fig. [3(d) shows the corresponding temporally®”
averaged normalized concentration of diamagnetic bismuth ox-*"*
ide particles. For the diamagnetic particles, the type of stainless*”
steel sphere, and the resulting magnetization does not make a*"
significant difference on rate of particle capture. In addition, the®”
diamagnetic particle capture around the sphere is much smaller®”
than those of paramagnetic particles. 39

1

380

Following these experiments, we performed detailed multi-**'
physics simulations using the particle size distribution obtained*”
from sedimentation measurements. The corresponding simula-**
tion results are shown as dashed curves in Fig.[3(c,d). While these™
simulations agree well with the experimental concentration pro-**
files for diamagnetic Bi,O3 nanoparticles, they underpredict the**
concentration changes measured for paramagnetic Mn,03. To™
achieve agreement with the Mn,03 experiments, a larger effec-**
tive particle size distribution than that obtained from sedimen-**
tation is required. Table [2] summarizes the adjusted size dis-*
tributions that yield the best agreement for each stainless-steel*"
sphere type with the corresponding simulation results shown as39
solid curves in Fig. [3(c,d). The particle fractions ¢; reported in3:
Table|2|, and throughout the manuscript represent effective mag-3%
netic field-dependent particle size distributions, and are assumed39
to be fixed over time.

0

Several key observations emerge. First, the inferred size dis-
tribution for Mn,05 shifts toward larger particle sizes, with an
increased mass fraction associated with these larger aggregatessos
compared to the no-field case (c.f. Table I in the SI). This trendsor
suggests the presence of magnetic-field-induced aggregation andsos
cluster formation among the paramagnetic nanoparticles. Sec-30

6 | Journal Name, [year], [vol.], 1

View Article Online
DOI: 10.1039/D6SM00260A

ond, the nanoparticle size distribution remains largely insensitive
to the type of stainless-steel sphere used. The conditions under
which field-induced clustering becomes significant are discussed
later in the manuscript. In contrast, the fitted size distribution
for diamagnetic Bi;O3 closely matches that obtained under no-
field conditions, consistent with the absence of significant field-
induced aggregation in diamagnetic nanoparticles.

4.2.2 Competition between magnetic force and effective
capture area

Another important aspect of this study is the competition be-
tween the magnetic field gradients generated around the sphere
and the total surface area available for particle capture. These
two factors do not scale in the same manner. As the sphere
size increases, the magnetic field gradient around the sphere
decreases (this is clearly shown in Fig. e)), which may reduce
the magnetophoretic force acting on the nanoparticles. Whereas,
increasing the sphere size increases the total available surface
area for nanoparticle capture. Understanding which of these
opposing effects dominates is critical for the rational design
of sphere-based nano-particle capture systems. To evaluate
this competition, we next examine how the sphere diameter
influences nanoparticle capture dynamics.

Figure [4(a) presents the temporal evolution of averaged,
normalized concentration of paramagnetic manganese oxide
nanoparticles for different stainless steel sphere diameters at
an imposed magnet field of 1 Tesla. The results clearly indicate
that the separation dynamics are significantly enhanced with
increasing sphere size, as evidenced by a greater depletion of
nanoparticles from the solution cell when larger spheres are used
(see Fig. S4 for the corresponding spatio-temporal concentration
profiles). Interestingly, the capture dynamics are initially much
faster for larger spheres, and at later times (around 120 min),
the total Mn,O3; nanoparticle capture approximately doubles
as sphere diameter nearly doubles. A corresponding set of
experiments was performed with diamagnetic bismuth oxide
(Bi»O3) nanoparticles, and the results are shown in Fig. b).
Similar to paramagnetic particles, increasing the sphere diameter
leads to a moderate enhancement in the rate of concentration
depletion within the system. Diamagnetic particles preferentially
accumulate near the poles of the sphere (and that is observed in
our experiments), where the magnetic field is weakest.

If we consider the capture of dilute paramagnetic nano-
particles by a magnetized sphere of radius « placed in a uniform
external magnetic field By. The magnetophoretic force acting on
a nano-particle is given by

Fp = A%

(B-V)B, @D)

where py is the permeability of free space, V), is the particle
volume, and Ay, is the volume magnetic susceptibility contrast
relative to the suspending fluid. On the other hand, a sphere

magnetized by a uniform field behaves as a magnetic dipole with
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Table 2 Particle size distribution for different stainless steel simulations performed under an external magnetic field of By = 1 T and fixed
concentration ¢, = 100 mg/L.

SS type Mn,03 Bi, 03
¢,’ Rp,' [nm] q),‘ RPi [nm]
420 0.72 0.18 0.10 | 150 400 700 | 0.77 0.13 0.10 | 80 120 160
430 0.72 0.18 0.10 | 150 500 800 | 0.77 0.13 0.10 | 80 120 160
440 0.72 0.18 0.10 | 150 450 750 | 0.77 0.13 0.10 | 80 120 160

(2)

(]
8
N~
© ADANP,
V' 04} ®2mm )
B3 mm
I ¢4 mm
0.2 <5 mm
0 20 40 60 80 100 120
time (min)

(b)

r - - . - . .
10%
A
Ap |W
N
08 CAMAANAANMAAAAAAABAAN
(=]
o
N 06
o
\ 04f ®2mm
B3 mm
¢4 mm
0.2 <5 mm
0 20 40 60 80 100 120
time (min)

Fig. 4 The temporal evolution of normalized averaged concentration in the cuvette for (a) manganese oxide and (b) bismuth oxide nanoparticles for

different stainless-steel (440) sphere diameters, at an initial concentration

of 100 mg/L under a magnetic field of By = 1T. The solid curves denote

the results of numerical simulations that are best matched to the experimental results. To better understand the above experimental results on the

effect of sphere size, we developed a simple scaling analysis as follows.

a moment=> a6
&
m~ —By. @))
Ho
The magnetic field outside the sphere scales as:>> o
418
3 2 6
a Bga 419
B(r) ~ By (—3) = B-VB~ - 3)
T r

Therefore, the magnetic force acting on a nano-particle at dis-420

tance r from the sphere center scales as: 421
422

( 4) 423

424

VpAx, BgaS

425

426

A characteristic capture radius r. may be defined by balanc-+7
ing magnetic force with competing forces. As nano-particles ap-+
proach the sphere due to the magnetic force, the thermal diffu-+°
sion competes against it. At the capture radius, one can argue*¥
that these forces are equal to each other. As a result, in the limitas:
of small Reynolds number and no particle-particle interactions,ss
the magnetophoretic drift velocity can be obtained by scaling theass
magnetic force and Stokes’ drag as 434

435
(5) 436

437
where 7 is the fluid viscosity and R, is the nanoparticle radius.sss
Subsequently, at the capture zone, the diffusive flux of speciessso
could be equal to the magnetophoretic flux. Balancing magneticaso
drift with diffusive transport (see details of analysis in SI), vy;g ~aa

Fiy
Vimig ~ Ma

D/r., yields

3. ©6)

1
Te ™~ aBO

Inside the capture sphere of radius r,, the flux of nano-particles
is dominated by magnetophoretic drift, and can be approximated
as:

7

where ¢ is the bulk nanoparticle concentration. Since r. ~ a,
the capture rate can be approximated as: IT ~ cODaB(l)/ 3. Based
on the latter scaling, the flux of nano-particles scales linearly
with sphere size, while to a weaker degree with the imposed
magnetic field. Therefore, although increasing the sphere radius
(a) reduces the local magnetic field gradient, the geometric
increase in the capture region dominates. Consequently, larger
magnetized spheres are expected to enhance nano-particle
capture efficiency despite weaker local gradients. The latter
conclusion is consistent with experiments reported in Fig. [4(a,b).

I~ 47‘cr62.60vmig ~4mrecoD,

Although the above scaling analysis provides a useful estimate,
it neglects important factors such as hydrodynamic interactions
between nanoparticles and fluid, nano-particle size distributions,
and assumes steady flow. To obtain a more complete understand-
ing, we performed detailed numerical simulations to quantita-
tively capture these effects and provide deeper insight into the
experimental results. The temporal evolution of the average par-
ticle concentration was quantitatively captured using numerical
simulations, and the results are shown as continuous curves in
Fig. a). A closer examination of the particle size distribution
that provides the best agreement between experiments and sim-

Journal Name, [year], [vol.], 1 |7
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Table 3 Particle size distribution for different sphere diameter simulations performed under an external magnetic field of By = 1 T and fixed
concentration ¢, = 100 mg/L.

Dia. [mm] Mn203 Bi203
i R,; [nm] Oi R, [nm]
2 0.72 0.18 0.10 | 150 400 750 | 0.77 0.13 0.10 | 80 120 160
3 0.72 0.18 0.10 | 150 450 750 | 0.77 0.13 0.10 | 80 120 160
4 0.72 0.18 0.10 | 150 450 750 | 0.77 0.13 0.10 | 80 120 160
5 0.72 0.18 0.10 | 150 450 800 | 0.77 0.13 0.10 | 80 120 160

ulations reveals an additional aspect of the system not addressedass
in the preceding scaling analysis: namely, the potential for field-sss
induced nanoparticle cluster formation. As summarized in Ta-sso
ble 3] the application of a magnetic field induces a noticeablessp
skew in the particle size distribution toward larger sizes for allsn
spheres tested, resulting in an increased fraction of aggregatesao
relative to the zero-field case (cf. Table [3| and Table I in theas
Supplementary Information). Notably, as the sphere diameter in-4os
creases, the average particle size and fraction of larger clusters re-so5
main unchanged. These observations indicate that the enhancedaos
magnetic capture of nanoparticles with increasing sphere diam-aor
eter as reported in experiments, is not a result of field-inducedaos
clustering, but rather arises from the scaling of the total magneticaso
flux with sphere size (a), as discussed in the previous analysis.so
The mechanisms and implications of field-induced clustering willso:
be addressed in greater detail in subsequent sections. 502

To leading order, the above scaling analysis predicts that in ad-503
dition to sphere size, the particle flux scales with the susceptibil-5o+
ity contrast between the particles and the surrounding fluid, im-50
plying that the capture of diamagnetic particles should increasess
with sphere size, though to a significantly lesser extent than for507
paramagnetic nanoparticles. The latter is consistent with our ex-_.
perimental results shown in Fig. [(b). Notably, our nurnerical509
simulations indicate that diamagnetic nanoparticles do not ex-_
perience field-induced clustering under an applied magnetic ﬁeld511
compared to the zero-field case. Therefore, the resulting enhance-512
ment in diamagnetic particle capture is associated with the in-513

crease in surface area of the sphere. e

4.2.3 Initial particle concentration o
516
According to the above scaling analysis, initial particle concentra-siz
tion is expected to have a significant effect on magnetophoreticsis
motion of nano-particles. Fig.[5|(a,b) shows the temporal evolu-si
tion of nano-particle concentration as a function of time for bothszo
manganese oxide (a) and bismuth oxide (b) nano-particles forsax
an applied magnetic field of By = 1 T. The experiments clearlysz
demonstrate that increasing the initial concentration leads to aszs
correspondingly faster depletion of particles from the suspension.sz
This behavior is expected: as indicated by the scaling analysisszs
discussed above, the particle flux, and consequently the rate ofszs
concentration decay, scales linearly with the initial particle con-sx
centration. Albeit, the experimental results indicate a stronger-ses
than-linear dependence of capture dynamics on the initial con-s»
centration of paramagnetic Mn,0Oj3. For example, at 10 mg/L, thesso
total particle capture is below 2%, whereas at ¢y = 100 mg/L, itsn
increases to approximately 60% for Mn;Os. 532

8 | Journal Name, [year], [vol.], 1

To further evaluate these observations, multiphysics simu-
lations of particle transport were performed under an applied
magnetic field of By = 1 T. Simulations were performed and
matched to the experimental results by adjusting the particle size
distribution, as summarized in Table |4} and shown as continuous
curves in Fig. a). For the lowest concentration of 10 mg/L, the
particle size distribution does not significantly change compared
to no-field particle size distribution. However, achieving this
agreement at higher concentrations (50 and 100 mg/L) required
either an increase in the mean particle size or an enhanced mass
fraction of larger particles relative to the zero-field distribution
(cf. Table [4| and Table I in the SI). These findings strongly
suggest that field-induced nanoparticle clustering becomes more
pronounced at higher concentrations under an applied magnetic
field, and that such clustering enhances the magnetic capture
of paramagnetic nanoparticles. This mechanism leads to a
stronger than a linear dependence of capture dynamics on the
initial concentration, which is not accounted for in the scal-
ing analysis and therefore leads to deviations from its predictions.

We next examined the behavior of diamagnetic bismuth
oxide (Bi;O3) nanoparticles over a range of initial particle
concentrations; the results are shown in Fig. b). In contrast
to the paramagnetic Mn,O3 system, the overall depletion of
diamagnetic particles is substantially weaker, as expected given
their much smaller negative magnetic susceptibility. Neverthe-
less, increasing the initial Bi;O3 concentration results in a faster
decay of the normalized particle concentration. Experimentally,
Bi,O3 nanoparticles are observed to accumulate primarily at
the bottom of the cuvette due to gravitational settling, and to a
lesser extent near the poles of the sphere, where the magnetic
field is weakest. As the initial particle concentration increases,
the extent of depletion correspondingly increases, and at long
times the normalized concentration exhibits an approximately
linear dependence on the initial concentration, consistent with
the scaling analysis discussed above. To further interrogate
these observations, numerical simulations were performed,
and matched to the experimental results in a similar fashion
to those reported for paramagnetic Mn, O3 nanoparticles. The
corresponding results are shown as solid curves in Fig. [5(b).
Achieving quantitative agreement between experiments and
simulations for diamagnetic nano-particles, only a minor in-
crease in the volume fraction of larger particles was required
(as shown Table [4 and Table I of the SI). This behavior is
expected because the diamagnetic particles of bismuth oxide
should not have a tendency to undergo field-induced aggregation.
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Fig. 5 Temporal evolution of normalized particle concentrations measured in experiments (symbols), and numerical simulations (solid curves) for (a)
manganese oxide and (b) bismuth oxide particle at a concentration = 100 mg/L, and a magnetic field By = 1 T and a sphere diameter d = 5 mm.

Table 4 Particle size distribution for simulations performed under an external magnetic field of By = 1 T and various initial particle concentrations.

Co [ng/L] Ml‘l203 Bi203
i R, [nm] Oi R, [nm]
10 0.82 0.10 0.08 50 150 200 | 0.84 0.10 0.06 | 40 80 120
50 0.75 0.15 0.10 [ 100 350 500 | 0.80 0.12 0.08 | 40 80 120
100 0.72 0.18 0.10 | 150 450 800 | 0.77 0.13 0.10 | 80 120 160

562
563

4.2.4 Effect of External Magnetic Field Strength

564
Next we studied the effect of an imposed magnetic field on parti-,

cle capture and dynamics. The temporal evolution of normalized,
particle concentrations is presented in Fig. @ for paramagnetic,,
Mn,03 (a) and diamagnetic Bi,O3 (b) suspensions. For Mn,03

nanoparticles, the normalized concentration decreases progres-

sively with time, and the depletion rate increases as the magnetic

field strength increases. This behavior is expected, and is due to ases
stronger magnetic force that particles experience as the imposedseo
external magnetic field increases. Detailed numerical simulationsz
results suggest that, again, similar to previous sections, a higher
likely-hood of field-induced particle cluster formation. The par-
ticle size distributions obtained from the simulations at different
magnetic fields, summarized in Table 5} provide further evidence
of field-induced cluster formation for paramagnetic nanoparti-
cles. For Mn,03, a clear shift towards larger particle sizes is ob-
served as the magnetic field increases. At zero magnetic field, the
distribution is dominated by smaller particles, whereas at By ="'
0.5 T and above, the presence of larger aggregates (300-700 nm)°*”
becomes increasingly significant, accompanied by a higher mass®®
fraction of these sizes. Fig. [f(b) shows the temporal evolution®”’
of normalized concentration for bismuth oxide nanoparticles at*®
various imposed magnetic field. Similar to paramagnetic Mn,03,*”
Bi, 03 also shows a gradual increase in particle depletion from the®®
cell. In contrast to the paramagnetic nano-particles, the diamag-**'
netic Bi; O3 does not exhibit any significant forms of field-induced

cluster formation as the magnetic field increases. The overall nor-

malized concentration variation after two hours is summarized

571

572

573

4

in Fig. [fl(c) for both particle types. Fig. [f] (¢) shows a steady
increase in concentration change with field strength for Mn, 03,
while Bi, O3 undergoes a weaker increase in concentration varia-
tions. If we consider the total volume of the suspension outside
the capture zone to be the control volume (or our system), we
can write a mass balance on nanoparticles as:

d

7(CV)3

=
dt

®
where V is the system volume. Rearranging this equation and
integration leads to a scaling of the particle concentration change
as a function of multiple parameters:

) t 9

The scaling prediction with respect to the applied magnetic
field is shown as a dashed line in Fig. [6(c), and it underpredicts
the experimental results for paramagnetic Mn, O3 nanoparticles.
Experimentally, we find that Ac/co ~ B8'65 for Mn, O3, whereas
for diamagnetic Bi;O3, Ac/co ~ 38'51. This discrepancy likely
arises from mechanisms not captured in the simple scaling
analysis, including field-induced clustering of paramagnetic
nanoparticles and magnetically driven convective flows present
in both paramagnetic and diamagnetic systems. We will revisit
these flow features later.
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Fig. 6 Temporal evolution of normalized particle concentrations for paramagnetic Mn,0O3 (a), and diamagnetic Bi;O3 (b) particles as a function of
magnetic field strength (Bg) with an initial concentration of 100 mg/L and a sphere diameter d = 5 mm. In (a,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
the imposed magnetic field after a 2-hour period for both paramagnetic (circles) and diamagnetic particles (squares). The dashed line in part (c)
corresponds to the prediction of the scaling analysis.

Table 5 Particle size distribution for simulations performed at a fixed concentration ¢, = 100 mg/L.

Magnetic field [T] Mn, 03 Bi, O3
0; R, [nm] i R, [nm]
0 0.80 0.10 0.10 50 150 200 | 0.80 0.12 0.08 | 80 120 160
0.25 0.78 0.12 0.10 | 100 250 400 | 0.78 0.12 0.10 | 80 120 160
0.5 0.75 0.15 0.10 | 150 350 500 | 0.78 0.12 0.10 | 80 120 160
0.75 0.72 0.18 0.10 | 150 400 700 | 0.78 0.12 0.10 | 80 120 160
1 0.72 0.18 0.10 | 150 450 800 | 0.77 0.13 0.10 | 80 120 160
(b)
0.6 06F Mn, 04
05 05F
“Fe.0
& 04F 2
2 o4
g O
< 0.3k 3 03 C0,04
04F @znO 4Co0, = so 3
. C 273 -
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021 #cu0  pMn,O, ] 7m0 *
1 1 1 A 1 1 Il . Il L L
0 20 40 60 80 100 120 10°° 1074 104 1073 1072
time (min)
Ax

W

Fig. 7 Temporal evolution of normalized particle concentrations for all the paramagnetic and diamagnetic nanoparticles considered in this study with
an initial concentration of 100 mg/L, Bp = 1 T and a sphere diameter d = 5 mm. Here, the symbols represent the experimental data, and the
solid curves represent the simulation results that best match the experiments. (b) Normalized change in concentration as a function of magnetic
susceptibility Ay,.

Table 6 Particle size distributions used in simulations under external magnetic fields of B =0 T and By =1 T for evaluating the effect of magnetic
susceptibility.

Material Byp=0T Byp=1T
(P,' Rp,' [nm] (Dl' Rp,' [nm]
ZnO 0.84 0.10 0.06 | 18 36 54 0.82 0.10 0.08 18 36 54
CuO 0.84 0.10 0.06 | 40 80 120 | 0.76 0.14 0.10 80 160 400
Co0,03 0.82 0.10 0.08 | 50 100 150 | 0.74 0.14 0.12 | 100 200 450
Fe, 03 0.82 0.10 0.08 ] 60 90 150 | 0.74 0.14 0.12 | 120 270 630
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4.2.5 Magnetic susceptibility 636

Finally, we return to the impact of nanoparticle magnetic sus-
ceptibility. Figure [7[(a) shows the temporal evolution of particle638
concentration for various nano-particle types under a magnetic639
field By = 1 T, ¢y = 100 mg/L and the sphere diameter d =5

mm. Paramagnetic particles (manganese, cobalt, iron, copper)

exhibit a continuous decrease in bulk concentration over time, in-

dicating effective particle capture around the magnetized sphere.*
Among the diamagnetic materials, bismuth oxide exhibits a no-*"
table change in concentration, indicating measurable repulsion

from the high-gradient region, whereas zinc oxide shows only a

weak response due to its comparatively small magnetic suscepti-642
bility. Fig. 7(b) presents the normalized change in particle con-_
centration, Ac/cy, after two hours as a function of magnetic sus-
ceptibility Ay, for all nanoparticles considered in this study. For
paramagnetic nanoparticles, Ac/cy increases strongly with mag-
netic susceptibility, with manganese oxide exhibiting the largest647
concentration change, followed by iron oxide, while cobalt oxide648
and copper oxide show comparatively weaker magnetophoretic649
capture. The dashed line in Fig. 7(b) represents the scaling pre-

dicted by Eq. (9). Although the scaling captures the general trend”
at low magnetic susceptibility, it underpredicts the experimentally651
observed dependence at higher susceptibilities. To elucidate the”™
discrepancy between the experiments and the scaling analysis, we'
performed detailed numerical simulations of particle transport.654
The best agreement with experiments is shown as solid curves in””
Fig.[7[(@). The corresponding particle size distributions, both in::
the absence of a magnetic field and under an applied field of 1

T, are summarized in Table[f] The results indicate that paramag-:z
netic particles form larger clusters in the presence of a magnetic

field, with iron and copper oxides reaching effective sizes exceed-""
ing 500 nm. This growth substantially enhances the magnetic661
force acting on the clusters, thereby accelerating their rnagne-662
tophoretic capture to the sphere. Such field-induced clustering663
likely accounts for the discrepancy between the scaling predic-664
tions and the experimental trends observed in Fig. [7[(b). In con-:::
trast, diamagnetic zinc oxide shows no evidence of field-induced

clustering, consistent with its comparatively weak response. o

0

668

669
4.3 Field-induced cluster formation 670
Our numerical simulations suggest that the paramagnetic nano-67
particles may undergo field-induced cluster formation near thes
sphere under certain operating conditions such as initial concen-673
tration, applied magnetic field, and particle magnetic suscepti-67+
bility. It is well established in the prior literature that magnetices
particles can self-assemble and undergo field-induced cluster for-s7s
mation®>7, Prior literature have advanced theoretical and ex-677
perimental aspects and illustrated that under a uniform magneticsrs
field, two dimensionless quantities can describe the threshold fors
onset of field-induced cluster formation822, These dimension-se
less numbers include the magnetic coupling parameter I" andes:
the aggregation parameter N*. The coupling parameter I' ex-ss
presses the competition between magnetic dipolar energy andess
thermal agitation. Under an externally imposed magnetic field,ess
magnetic nanoparticles develop induced magnetic dipoles and,sess
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through dipole-dipole interactions, experience attractive forces
that promote field-induced aggregation and cluster formation.
The strength of these interactions is commonly characterized by
the dimensionless interaction parameter I, defined as®L:

_ mAY’B’R,’

10
9[,LOkBT ( )

The aggregation parameter N*, reflects the role of particle con-
centration in promoting collective behavior and is expressed as:

N* =1/ el 1.

Here, ¢, is the volume fraction of the nanoparticles in the solu-
tion. It has been demostrated through both experiments and the-
oretical studies that under a uniform magnetic field, field-induced
cluster formation occurs for conditions that satisfy I' > 1 and
N* > 1. Although in our experiments the magnetic field around
sphere is highly non-uniform, these dimensionless numbers offer
a reasonable first-order assessment of field-induced cluster for-
mation.

(1D

Figure present a series of phase diagrams showing the

variation of the coupling parameter I' (a,c) and the aggregation
parameter N* (b,d) as functions of particle radius (R,) and
applied magnetic field strength (By). Panels (a,b) correspond to
various initial concentration of Mn,0O3 nanoparticles, whereas
panels (c,d) represent other nanoparticles when magnetic suscep-
tibility is varied. The solid curves denote the threshold conditions
I' =1 and N* = 1, which together define the necessary criterion
for the onset of field-induced cluster formation. Regions beyond
these threshold curves correspond to parameter combinations for
which clustering is expected, while clustering is not anticipated
below the thresholds.
As shown in Fig. [8fa,b), decreasing the initial concentration
of Mn,03 nanoparticles shifts the onset of cluster formation
toward larger particle radii and higher magnetic field strengths.
At an initial concentration of 10 mg/L, the predicted thresholds
for clustering occur at particle sizes and magnetic fields that
lie well beyond the experimental conditions used in this study.
Consequently, field-induced cluster formation is not expected
under these conditions, consistent with the magnetophoresis ex-
periments and numerical simulations discussed above in Fig. (5).
Conversely, at higher initial concentrations, the predicted on-
set of field-induced clustering falls within the experimentally
accessible ranges of particle size and magnetic field strength.
Under these conditions, the analysis predicts the formation of
magnetic-field-induced particle clusters, in agreement with the
experimental observations and numerical simulation results
reported earlier in Fig. (5).

While, the above discussion provides a valuable theoretical
criterion for predicting the onset of clustering as a function
of initial concentrations, our experiments with Mn,03, at an
initial concentration of 100 mg/L and various imposed magnetic
fields (Bg; as shown in Fig. (6)) suggest that field-induced
cluster formation exists at a considerably lower magnetic field
(By ~ 0.25 T), than what this framework predicts (which is for
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Fig. 8 Plot of I' (a) and N* (b) are presented as functions of particle size R, and magnetic field By for Mn,O3 nanoparticles at different initial
concentrations (co = 10, 50, and 100 mg/L). (c, d) denote I" and N* for nanoparticles with different magnetic susceptibilities and initial concentration
of 100mg/L. The curves highlight the points where I'=1 and N* = 1. Note that within the range of particle size and applied magnetic fields, CuO is
not expected to reach the thresholds of '=1 or N* = 1.
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Fig. 9 (a) Spatio-temporal evolution of velocity vectors and velocity magnitude for paramagnetic Mn,O3 nanoparticles at ¢g = 100 mg/L and By =
1 T. (b) Temporal evolution of the maximum fluid velocity at the lowest and highest magnetic field strength used in this study. (c) Magnetophoretic
particle velocity as a function of particle size and magnetic field gradient calculated for paramagnetic Mn,O3 nanoparticles at ¢p = 100 mg/L.
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By > 0.75 T). The model that relies on the thresholds for I" -740
N* assumes a uniform magnetic field. However, in this study,7s:
the magnetic field around the magnetized sphere is extremelyz
non-uniform. The non-uniform magnetic field may (i) directlyzss
increase magnetophoretic drift and hence collision frequencyzas
between particles, and/or (ii) induce weak but finite fluid flowszas
through particle-fluid coupling. The latter effect will be discussedzss
in detail below. Eventually, these two effects are expected tors
further enhance transport and association of particles towardszs
cluster formation. 749

750

Figure [8f(c,d) illustrates the onset of field-induced clustering’™
for nanoparticles with varying magnetic susceptibilities at an?
initial concentration of 100 mg/L. Based on these two dimen-7*
sionless parameters (I'— N*), increasing magnetic susceptibility”™*
promotes cluster formation at smaller particle sizes and/or lower™®
applied magnetic fields. Accordingly, for CuO, clustering is not™®
expected within the range of particle sizes and magnetic fields™’
considered in Fig. |8 (For this reason, the curve associated with™®
this nanoparticle can not be seen in the range of parameters™
reported in Fig. [B(c,d)). However, the magnetophoretic ex-7®
periments and simulations in Fig. [7[() indicate that even this™
weakly paramagnetic nanoparticle exhibits modest field-induced ™
clustering at By = 1 T. For the remaining nanoparticles, the’:
dimensionless parameters exceed unity over the relevant range™*
of particle sizes and magnetic fields, suggesting that clustering®
should occur under an applied field of 1 T according to the T-N*7%
framework, and that is consistent with our magnetophoresis™’
experiments and simulations on those nano-particles.  The’™®
discrepancy observed for CuO may arise from the non-uniformity™®°

of the magnetic field, as discussed above. 0
771

772

773
4.4 Field-induced Convective Flows e
An important aspect of this study that has not yet been discussedss
in detail is the role of field-induced convective flows. These flows
are expected to arise from the coupling between magnetophoretics
nanoparticle motion and the surrounding fluid. As nanoparticles77z
migrate under the influence of a non-uniform magnetic field,s
they transfer momentum to the fluid, which in turn should»
generate convective flows. In this part, we quantify this effectzso
and its role in transport of nanoparticles. Figure [9)(a) showss:
the computed fluid velocity vectors and velocity magnituders
around a sphere for a suspension containing 100 mg/L Mn,03
nanoparticles, subjected to an imposed magnetic field By =
1 T and a sphere diameter of 5 mm. Shortly after the onset of
flow, the fluid velocity increases rapidly, reaching a maximumpvss
before gradually decreasing and approaching a steady value. To7ss
quantify this temporal behavior, Fig. [O[(b) presents the temporalsss
evolution of the maximum fluid velocity ufqc within the7s
computational domain at the lowest and highest magnetic fieldzs:
gradients used in this study that correspond to By = 0.25 T andrss
By = 1.0 T. At the lower field gradient of 123 T2/m, the induced7ss
flow increases rapidly to a maximum velocity of ~ 0.1 mm/s70
before gradually decaying, whereas at the higher field gradientro
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of 630 T?/m the maximum velocity exceeds ~ 0.3 mm/s with
a similar transient behavior. For both cases, the fluid velocity
decays quickly and approaches a nearly constant value at longer
times. This overshoot can be rationalized by considering the
evolution of particle concentration near the sphere surface with
a high field gradient as follows. At r = 0 for both cases, the
suspension is spatially uniform, resulting in negligible driving
forces for fluid motion. As particles undergo magnetophoretic
motion and are captured by the sphere, concentration gradients
emerge, which in turn initiates magnetically driven convection.
The establishment of a concentration gradient enhances the local
driving force, producing a maximum in uy,,,.. With continued
depletion, the overall concentration of particles in the domain
decreases, and the concentration gradients weaken. The latter
leads to a gradual reduction in the induced velocity. Fig. [9]
(b) presents the calculated magnetophoretic particle velocity,
vmig as a function of particle radius, R, and magnetic field
gradients. The v, increases monotonically with both R, and
(B-V)B, with larger particles experiencing orders-of-magnitude
higher velocities compared to smaller counterparts. Notably,
the maximum fluid velocities uf 4, obtained from the fully
coupled simulations significantly exceed the corresponding
magnetophoretic particle velocities of the particle or v,,, under
an otherwise similar particle and magnetic field conditions.
This disparity provides strong evidence for the emergence of
field-induced convective flows arising from momentum transfer
between migrating nanoparticles and the surrounding fluid. Such
flows are expected to enhance particle transport and promote
more efficient separation and capture. To verify this, we per-
formed additional simulations in which fluid flow was neglected
(not solved for, and it is assumed that uy = 0) and only particle
transport was considered; the results are shown in Fig. S5 of
the SI. The comparison clearly demonstrates that fluid—particle
interactions significantly enhance the magnetophoretic capture
of paramagnetic nanoparticles.

To further evaluate the formation of this induced convective
flows and by drawing an analogy between natural convection and
magnetic field-induced convective flows, a dimensionless mnag-
netic Grashof number appears. The magnetic Grashof number
Gry, characterizes the relative importance of the magnetically in-
duced body forces and viscous forces in the system, and can be
defined as:“42

_ PAYmes —cw|L*|(B-V)B]
M;(1+ 2, om?

Grpy , (12)
Here, p is the density of the magnetic particles, taken as for
Mn,03 = 5.03 g/cm?, Fe,03 = 5.24 g/cm?, Co,03 = 5.18 g/cm?,
and CuO = 6.31 g/cm?, Ay, is the molar magnetic susceptibility
of the nanoparticles, ¢y represents the concentration of the parti-
cles and c. is the the concentration of the surrounding medium.
The parameter L is the critical length, which is cuvette width, and
; is the molar mass of nanoparticle i, and yx,,  (—9.07 x 1079) is
the volume magnetic susceptibility of the surrounding fluid. The
permeability of free space is given by uy, and n = 1 x 1073 Pa.s is
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Fig. 10 Map of magnetic Grashof number as a function of initial concentration and field gradients for Mn;O3 nanoparticles at ¢ = 100 mg/L. (b)
Magnetic Grashof number as a function of magnetic field gradient and magnetic susceptibility Ay, .

the dynamic viscosity of the fluid. 826

Figure (a) presents the heat map of the magnetic Grashof&
number Gr,, as a function of initial concentration and magneticss
field gradients for paramagnetic Mn,O3 nanoparticles. Beginings
with Mn, 03 nanoparticles and initial concentration of 10 mg/L,830
at very low values of (B-V)B up to 600 T2/m, Gr,, remains less®
than unity, indicating that the magnetically driven fluid motions3
is too weak. As initial concentration of Mn, O3 nanoparticles in-sss
crease, espacially for 50 and 100 mg/L, it is expected that field-sss
induced convective flows to exist for (B-V)B > 100 — 200 T?/mess
values. Indeed this is consistent with our experiments that clearlyasss
show formation of field-induced convective flows (see movie 1 ines;
the SI). 838

Figure (b) shows the plot of magnetic Grashof numberss
as a function of magnetic susceptibility and field gradientsss
for an initial particle concentration of 100 mg/L. Based onsu
these calculations, for paramagnetic Mn,O3; nanoparticles withss,
Axy = 5.6 x 1073, it is expected that field-induced convectivess
flows to be present for |B- VB| > 200 T?/m, which is consistentas.
with our experiments showing clear convective flows at highersgss
field gradients. As magnetic susceptibility of the nanoparticlesss
decreases, it is expected that onset of secondary flows to shift tos
higher field gradients. Under the conditions corresponding tosss
Fig. a), where |B - VB|max ~ 630 T>/m, only Fe;03 and Co,03,,
are expected to exhibit field-induced convective flows. This
prediction is consistent with our magnetophoresis experiments,
which show clear evidence of such flows for Fe;03 and Co,0s,
but minimal response in the case of CuO (see Fig. S6 in the
Supporting Information).

853
854
855
5 Summary and Conclusions 856
857
In this study, we investigated the magnetophoretic transport andsss
capture of nanoparticles over a broad range of magnetic suscep-sso

tibilities (e.g., Bi;O3, ZnO, CuO, Co,03, Fe;03, and Mn;03), ini-sso

14 | Journal Name, [year], [vol.], 1

tial particle concentration (10-100 mg/L), imposed magnetic field
(0-1 T), and magnetic field gradients (0-1500 T2/m) through a
combination of experiments, scaling analysis, and multiphysics
simulations. The results reveal that nanoparticle capture in non-
uniform magnetic fields is governed by a complex interplay of
magnetic forces, particle-particle interactions, and fluid—particle
coupling.

For paramagnetic nanoparticles, enhanced capture is driven by
magnetic-field-induced clustering, which increases effective par-
ticle size and amplifies magnetic forces. The extent of clustering
grows with magnetic susceptibility, field strength, and initial con-
centration, leading to a strongly nonlinear dependence of mag-
netophoretic dynamics. In contrast, diamagnetic nanoparticles
show negligible clustering and largely follow scaling predictions.

The onset of field-clustering is reasonably described by the
I'-N* framework, although deviations arise due to the highly
non-uniform magnetic field used in this study. This highly non-
uniform magnetic field around the sphere promotes aggregation
at lower field strengths. In addition, simulations reveal the pres-
ence of field-induced convective flows arising from particle—fluid
momentum transfer. These flows significantly enhance transport
and capture, as confirmed by comparisons with simulations that
neglect fluid motion.

Finally, increasing sphere size enhances capture efficiency de-
spite weaker local field gradients due to the expansion of the
effective capture region. Overall, the results demonstrate that
magnetophoretic capture of nano-particles is governed by cou-
pled effects of clustering and fluid motion, which highlight the
limitations of classical scaling and provide guidance for the de-
sign of magnetic separation systems. The present study focuses
on magnetized spherical geometry, however, alternative magnetic
geometries capable of generating stronger localized magnetic-
field gradients, such as sharp-edge collectors, corners, or opti-
mized multi-collector configurations, may further enhance clus-
tering, convective transport, and nanoparticle capture. Investi-
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