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ABSTRACT

The migration process of magnetic nanoparticles and colloids in solution under the 

influences of magnetic field gradients, which is also known as magnetophoresis, is an essential 

step in the separation technology used in various biomedical and engineering applications. 

Many works have demonstrated that in specific situations, separation can be performed easily 

with the weak magnetic field gradients created by permanent magnets, a process known as Low 

Gradient Magnetic Separation (LGMS). Due to the level of complexity involved, it is not 

possible to understand the observed kinetics of LGMS within the classical view of 

magnetophoresis. Our experimental and theoretical investigations in the last years unravelled 

the existence of two novel physical effects that speed up the magnetophoresis kinetics and 

explain the observed feasibility of LGMS, those two effects  are: (i) cooperative 

magnetophoresis (due to cooperative motion of strongly interacting particles) and (ii) 

magnetophoresis induced convection (a fluid dynamics instability originating from 

inhomogeneous magnetic gradients). In this article, we present a unified view of 

magnetophoresis, based on a synthesis of the extensive research done in these effects. We 

present the physical basis of each effect and also propose a classification of magnetophoresis 

into four distinct regimes. This classification is based on the range of values of two 

dimensionless quantities, namely aggregation parameter N* and magnetic Grashof number Grm 

which include all the dependency of LGMS on various physical parameters (such as particle 

properties, thermodynamic parameters, fluid properties and magnetic field properties). This 

analysis provides a holistic view on the classification of transport mechanisms in LGMS, which 

could be particularly useful in the design of magnetic separators for engineering applications.
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 INTRODUCTION

Magnetophoresis is defined as the motion of magnetic particles, relative to their surrounding 

fluid, under the influences of an externally imposed magnetic field gradient.1 Until recently, 

magnetophoresis has received much less attention than other somewhat similar processes such 

as electrophoresis or dielectrophoresis (in which a charged or dipolar colloid migrates under 

suitable electric fields) which have indeed a long and established tradition in colloid and 

interface science. But the interest on magnetophoresis within the scientific community has 

increased in recent years, mainly due to the continuous development of novel magnetic 

particles designed for many applications,2–11 which include drug delivery, removal of heavy 

ions from water, removal of microalgae, sorting as well as detection of cells and many more. 

The use of functionalized magnetic particles in these applications (instead of non-magnetic 

particles) is justified by the possibility to remotely control their migration towards desired 

targets and/or to separate them from solution by using magnetic fields. Therefore, the use of 

these novel particles in actual applications depends critically on the magnetophoretic motion 

of particles which allows extraction or separation from the fluid.12 The feasibility of this 

magnetophoretic migration process can be easily illustrated with an experiment like the 

example shown in Figure 1a.13 In this case, a magnet was placed adjacent to a bottle containing 

a suspension of magnetic particles to induce their migration towards the magnet. Eventually, 

all the particles end up accumulated at the wall in contact with the magnet (and therefore 

separated from the suspension) in a few minutes. In Figure 1b we show another similar 

experiment but in this case with several magnets located around the bottle containing the 

dispersion. All particles were immobilized on the inner walls of the bottle in a few minutes (for 

a full video of the process, see ref 14) and the supernatant can be easily removed with a syringe. 

It is important to recall that all these magnetic separation experiments were performed with 

diluted dispersions of magnetic particles. The magnetic separation processes aforementioned 

Page 3 of 72

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

cannot be applied to fluids containing extremely large concentrations of magnetic particles 

such as ferrofluids or magnetorheological fluids.15   In these magnetic fluids, magnetic particles 

show a collective behaviour which include a variety of complex phenomena (Rosensweig 

instability in ferrofluids, the magnetorheological effect…)16 that are beyond the scope of this 

article.

Magnetic separation has many advantages over traditional fixed bed separation 

methods, such as activated carbon adsorption or affinity chromatography. In particular, 

functionalized magnetic particles offer large exposed solid/fluid interface that serves as a 

magnetically controllable platform for the selective adsorption of many different entities in 

dispersion11 without the use of porous materials, which are often plagued by high mass-transfer 

resistances.17 Therefore, it is not surprising that magnetic separation has been presented as an 

alternative to typical centrifugation and filtration steps in industrial processes as well as in 

laboratory applications.

Substantial efforts have been directed towards the design of the improved magnetic 

particles, in particular key aspects such as the design of their surface functionalization,18 the 

improvement of their magnetic response19,20 and improved colloidal stability.21–26 However, in 

order to fully exploit such unique and attractive features exhibited by magnetic particles in real 

time applications, particle design alone is insufficient. It is also essential to establish system 

design rules to allow practical and efficient ways to recollect the particles from their suspension 

by using an externally applied magnetic field within a reasonable timescale. 
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Figure 1. (a) Magnetophoretic collection of iron oxide particles of ∼150 nm hydrodynamic 
radius in real time by a grade N50 NdFeB magnet (the magnetic gradient near the magnet is ~ 
50 T/m and decays with the distance from the magnet). Reproduced with permission from ref 
13. Copyright 2014 Elsevier. (b) Scheme (lateral and top view) and actual picture (top view) 
of a cylindrical magnetophoretic separator made with permanent magnets which generate an 
approximately uniform radial gradient. The picture shows an actual cylindrical separator and a 
bottle inside containing a suspension of magnetic colloids before and after the magnetic 
separation (picture courtesy of Sepmag Systems SL). (c) Scheme of a high-gradient magnetic 
separator based on a separation column containing iron wool inside able to trap magnetic 
particles. The iron wool generates a high magnetic gradient in response to a uniform magnetic 
field generated by external coils. Reproduced with permission from ref 27. Copyright 2017 
Elsevier. 

Traditionally, magnetophoretic separation has been performed by using the so-called 

high gradient magnetic separation (HGMS) technique.17 In a HGMS device, the dispersion 

containing the magnetic particles is pumped through a column filled with a packed bed of 

magnetizable material such as steel wool (stainless steel fibers of the order of a few microns), 

as shown in Figure 1c. An externally applied magnetic field magnetize these fibers, which 

induce localized and high magnetic field gradients (typically 102 - 104 T/m),27 trapping the 

particles within the packed fibers. This technique has been successfully applied to capture 

particles with sizes as small as 10 nm and it has found many uses over the years.12,17,27–32 
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However, in many applications, particularly for biomedical field, the preferred strategy is the 

employment of permanent magnet(s), which is(are) located outside the particle suspension, for 

a distal control of the particle motion in a noncontact mode,6,33 as shown in Figures 1a,b. As 

illustrated in Figure 1, it is possible to develop magnetophoretic separation devices with simple 

arrangements of permanent magnets by placing the dispersion inside the magnetic gradient 

without the need of directing the dispersion into a separation column. However, the use of 

permanent magnets in these magnetic separators limits the feasible magnetic gradient (which 

is the driving force for the motion of the magnetic particles) to be below 100 T/m, much smaller 

than the field gradients employed in HGMS. In contrast to HGMS, we named this process as 

low gradient magnetic separation (LGMS)34,35 for situations like those shown in Figures 1a,b 

in which the gradient arises from external permanent magnets. In spite of the apparent 

simplicity of the processes shown in Figure 1a,b, it must be noted that real life implementation 

of LGMS is extremely challenging, since the required motion at macroscopic times and length 

scales has to be induced by magnetic forces operating over magnetizable volumes at the 

nanoscale.36  Not many years ago, it was even argued that given the magnitude of the factors 

opposing magnetophoresis and the small driving forces, the fact that low gradient 

magnetophoresis could be actually observed for nanosized particles was considered a 

paradox.37

The fact is that, under appropriate conditions, the process of LGMS can be actually 

observed and employed (as in Figure 1a,b) whereas in other conditions the process is so slow 

that it is not useful for any practical purpose. The conditions under which LGMS is possible 

have been studied extensively, both from a fundamental point of view34,35,38–45  (elucidation of 

basic physical mechanisms) and also from an applied point of view.29,46–49 All these studies 

have revealed complex and rich phenomena, occurring both at the colloidal and the 

macroscopic scales. For example, if the dipole-dipole interaction between superparamagnetic 
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particles magnetized by the external field is strong enough, a cooperative mechanism 

substantially speeds up the magnetophoretic motion, with a separation kinetics strongly 

dependent on the concentration of particles.34,35,50,51 Also, recent works have demonstrated both 

experimentally and by computer simulations that under certain conditions (magnetic gradients 

strongly localized in a capture region) a macroscopic hydrodynamic instability appears, 

generating a convective flow and such scenario has substantially speed up the magnetophoretic 

process.52–54  The detailed analysis presented in these studies show that the origin of the 

hydrodynamic instability is the inhomogeneity of the magnetophoretic force which 

subsequently causing an inhomogeneous magnetophoretic drift and is counteracted by the 

induced convective flow. This mechanism is reminiscent of an hydrodynamic instability 

observed in microfluidic mixers when fluids with a mismatch in magnetizations (a ferrofluid 

and a nonmagnetic liquid, for example) interact with a uniform magnetic field in a microfluidic 

chamber.55 In both cases inhomogeneity in magnetic properties (magnetophoretic force in the 

first case, magnetization in the second) induce a hydrodynamic instability, with useful practical 

consequences (macroscopic convection in the first case, microfluidic mixing in the second 

case).

Both cooperative and hydrodynamic effects will be discussed in detail later in this 

article. The important point to recall here is that the separation kinetics depends on several 

different physical mechanisms that collectively give a complex and rich behavior. The 

prediction of the occurrence of these effects in magnetophoresis and the quantitative prediction 

of its kinetic behavior remains challenging. This scenario is mainly due to the complex 

interplay between physical parameters that span many different system scales, like particle 

level properties such as particle size,40 magnetic content, and shape,56 or macroscale properties 

such as particle concentration,34,57 or magnetic field gradient.52 

Page 7 of 72

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8

The objective of this article is to combine the available theoretical and experimental 

results in order to provide a unified theoretical framework for the description of the separation 

mechanism of low gradient magnetophoresis, in the form of dimensionless numbers that 

characterize the different regimes of the magnetophoresis process. In the spirit of classical fluid 

dynamics, our aim here is to establish the criteria (based on dimensionless analysis) to 

characterize the flow behavior of magnetic particles during magnetophoresis, more specifically 

under the influences of (i) particle self-assembly induced by the magnetic field (cooperative 

magnetophoresis) and (ii) magnetophoresis-induced convection. Our focus in this article is to 

provide a unified view on how these physical phenomena define the dynamical behavior of 

magnetophoresis. Also, we provide a classification, based on dimensionless numbers, to 

identify the mechanisms which govern the kinetics of magnetic separation process under 

different operating conditions, including concentration, magnetic field gradient as well as 

particle size and magnetization.

The article is organized as follows. We first describe basic concepts of magnetic 

particles and magnetophoresis, including an outline of the basic transport mechanisms of 

colloids under magnetic field gradients. Then the dimensionless numbers that characterize the 

importance of these mechanisms are introduced. Later, by using these dimensionless numbers, 

we describe the separation mechanisms of low gradient magnetophoresis under different 

operating conditions. In addition, we also discuss some of the engineering applications which 

can be benefitted by the understanding of LGMS process. Finally, we summarize the main 

findings related to LGMS process in the conclusion.

 FUNDAMENTAL CONCEPTS: SUPERPARAMAGNETIC PARTICLES AND 

ITS TRANSPORT BEHAVIOR UNDER MAGNETIC FIELD GRADIENTS
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Superparamagnetic Particles. Before considering the magnetophoresis process itself, 

it is important to understand the physical properties (particularly the magnetic response) of the 

magnetic particles to be used in the magnetophoresis experiments. The magnetic nanoparticles 

(MNPs) usually employed in LGMS are superparamagnetic. Superparamagnetism is a peculiar 

magnetic behavior found in small crystals of magnetic materials with few nanometers in size, 

such as iron oxide. It is also possible to obtain larger superparamagnetic particles (100 - 1000 

nm) as composite colloids made of a large number of superparamagnetic nanoparticles inside 

a matrix of nonmagnetic material such as silica or latex. Superparamagnetism is characterized 

by the fact that when a magnetic field is applied to a superparamagnetic particle, the 

magnetization can be very large (as in ferromagnetic materials), but when the field is zero the 

magnetization disappears.58–60 This highly tunable behavior makes these materials attractive 

for applications in combination with magnetophoresis since superparamagnetism makes 

possible to switch on or off the magnetization of these particles by using external magnetic 

fields which subsequently enables the control of their colloidal behavior and motion. 

The origin of superparamagnetism can be qualitatively understood by considering the 

size effect in the magnetic response of a crystal, as illustrated in Figure 2a. Macroscopic 

crystals of materials with ferromagnetic or ferrimagnetic behavior contain domains with well-

defined size and magnetization, which are separated by domain walls. Under the effect of a 

magnetic field, the magnetization of such a multidomain sample changes by displacements of 

the domain walls. These domains have a characteristic minimum size Dcr, which is specific for 

each material. Crystals smaller than this size (typically below 100 nm) contain only a single 

magnetic domain,58,59 that is, they are in a state of uniform magnetization even in the absence 

of any external magnetic field (Figure 2a). For a single domain particle, domain wall 

displacement is not possible (since there are no domain walls) and a change in magnetization 

by an external field requires the rotation of the magnetic moment of the entire particle. For the 
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larger particles this is inhibited by the large anisotropy energy barrier, but for sufficiently small 

nanocrystals, the monodomain magnetization inside the particle is energetically unstable and 

the magnetic dipole of the particle experiences a continuous thermal flipping (Figure 2a). This 

particular situation is called the superparamagnetic state.60 In the superparamagnetic state, the 

spontaneous flipping of the magnetic moment of the nanocrystal is so fast that in the absence 

of any applied field, the measured magnetic moment is zero. In the presence of an applied field, 

the particles stabilize their dipole in the direction of the field and they behave like a 

paramagnetic material but with a large saturation magnetization (corresponding to that of a 

single domain), hence the name of “superparamagnetic” state. The critical size for 

superparamagnetism Dsp is typically one order of magnitude smaller than the critical domain 

size, Dcr, and normally of the order of Dsp  10 nm.61

In the absence of any specific treatment, magnetic nanocrystals are not soluble in water. 

Small suspended solids in solution have the tendency to lower down their surface energy by 

aggregation, reducing in this way the solid/fluid interface. In order to obtain stable dispersions 

of superparamagnetic nanoparticles21 a typical strategy is to modify and/or functionalize the 

surface of the nanocrystals18 in order to prevent the agglomeration of MNPs by imposing a 

physical barrier or electric charges onto the surface of MNPs.23 For instance, colloidally stable 

and uniform MNPs can be obtained by adding surfactant into the reactive media during the 

synthesis process,62 as shown in Figure 2b. Additionally, the sintered MNP powders can also 

be redispersed back into aqueous media after surface-modification with polyelectrolyte so that 

the resulting MNP suspension maintains its colloidal stability for more than six months.26 

Besides producing a colloidally stable MNP system, surface modification also provides 

specific functionality to MNPs.18 In the case of biological applications, MNPs can also be given 

a sort of “biological identity” by coating them with a pre-formed protein corona63,64 as seen in 

Figure 2c. In that way the magnetic nanocrystal (usually made by metals or metal oxides) 
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avoids the direct interaction with the environment. This strategy has been employed in order to 

make iron oxide magnetic nanoparticles biocompatible and make them suitable as magnetic 

carriers for anticancer drugs65 and for magnetic resonance imaging applications.64 In all these 

applications, MNPs are employed in concentrations that can be considered to be very diluted. 

For example, in the magnetic resonance experiments performed in ref 66, the employed volume 

fractions were of the order of 10-6 - 10-7 depending on the experiment. In the magnetophoretic 

studies in ref 53, the experiments employed concentrations between 10 - 100 mg/L of 30 nm 

PEG-coated MNPs which correspond to volume fractions of only 3×10-5 - 3×10-6.  In higher 

concentrations (4% in volume or larger), superparamagnetic nanocrystals can also be employed 

to prepare ferrofluids which have many applications as smart materials.15,16

Figure 2. (a) Scheme indicating the different behaviour of magnetic particles depending on 
their size, Dcr indicates the critical size for monodomain behaviour and Dsp the critical size for 
superparamagnetic behaviour. (b) Scheme of a typical preparation of magnetic nanoparticles 
covered by surfactants, as those employed in ref 40 in which -Fe2O3 nanocrystals of 10 nm 
size were stabilized by adsorption of anionic SDS surfactant. (c) Snapshot from computer 
simulations reproducing with full atomistic detail the pre-formed protein corona (6 nm 
thickness) of human serum albumin protein designed to fully protect a 9 nm iron oxide 
nanoparticle (see full detail of simulations and experiments in ref 64). Reproduced with 
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permission from ref 64. Copyright 2019 American Chemical Society. (d) Image of 
superparamagnetic colloids made by a polystyrene matrix with iron oxide nanoparticles inside 
(dark spots). Reproduced with permission from F. Martinez Pedrero.67

Another option is to coat the nanoparticle with nonmagnetic materials like silica, in 

order to obtain a single-core magnetic particle.19 This approach can be extended in order to 

obtain much larger magnetic colloidal particles (100 nm - 2 μm) made of a non-magnetic matrix 

(for example, polymer or silica) which contains a large number of superparamagnetic 

nanocrystals of sizes of a few nanometers inside,68,69 as illustrated in Figure 2d. Provided that 

the magnetic nanocrystals are well separated inside the matrix (avoiding mutual interactions) 

the response of the resulting composite particle is still superparamagnetic, allowing magnetic 

dipoles much larger than those obtained from single nanocrystals. These composite colloids 

are sometimes denoted as “magnetic beads” by many commercial suppliers of particles for 

magnetophoretic separation. Another interesting property of these “magnetic beads” is that 

they are fabricated with a density close to that of water in order to prevent sedimentation 

(typical densities seen in the catalogs of the manufacturers are 1.02 g/cm3 for low density 

beads and 1.2 g/cm3 for high density beads). These densities are possible due to the low density 

of the employed nonmagnetic matrix that compensates the much higher density of the 

embedded magnetic nanocrystals. 

It is worth emphasizing that superparamagnetic particles, either in the form of MNPs 

or magnetic beads, are particularly interesting due to their highly tunable behavior. In absence 

of an applied magnetic field, they behave as non-magnetic particles. In the presence of a 

uniform magnetic field, they acquire a magnetization  = ( ) in which its magnitude is 𝑴 𝑴 𝑩

linearly dependent on the modulus of applied field  for small fields and saturates at a |𝑩|

saturation magnetization Msat at larger fields, closely following a Langevin function (such as 

for paramagnetism).40,60,70 It is important to recall here that the effect of a uniform magnetic 

Page 12 of 72

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13

field over a superparamagnetic particle is to magnetize it, however, in order to move a magnetic 

particle and to observe magnetophoresis, an inhomogeneous magnetic field is needed.

Theory of Magnetophoresis.  The force experienced by a superparamagnetic 

nanocrystal of volume Vm due to an applied magnetic field gradient is given by:40,71–73

,                                 (1)𝑭𝑚𝑎𝑔 = |𝒎(𝑩)|∇𝐵= 𝑉𝑚𝜌𝑚|𝑴(𝑩)| ∇𝐵

where  is the gradient of the modulus of the magnetic field B and  is the modulus of ∇𝐵 |𝒎(𝑩)|

magnetic dipole of the nanocrystal as induced by the magnetic field strength  at the position 𝑩

of the particle. It should be emphasized that eq 1 is not generally applicable to magnetic 

particles, rather it is specific for superparamagnetic particles due to its magnetoquasistatic 

nature ( ) and the spontaneous alignment of particle magnetization along the ∇ × 𝑩= 0

magnetic field ( ).72,73 In practice, the magnetic dipole can be computed from the 𝑴 ∥ 𝑩

magnetization per unit mass obtained in a typical magnetic characterization of the |𝑴(𝑩)| 

particles, its size and its density  as shown in eq 1. Here, eq 1 implies that the force 𝜌𝑚

experienced by a magnetic particle is not in the direction of the magnetic field but in the 

direction of the magnetic field gradient. The magnetic particles are attracted from the regions 

of lower magnetic field intensities to the regions with higher magnetic field intensities, with a 

force proportional to that gradient (in a uniform field  = 0, so there is no force). Using eq 1, ∇𝐵

we can qualitatively analyze the different magnetophoresis examples shown in the Introduction 

(Figure 1). In Figure 1a, a cylindrical magnet is placed in contact with a vial containing a 

colloidal suspension of superparamagnetic particles. The field is higher near the wall in 

physical contact with the cylindrical magnet and decays rapidly with the distance, so such field 

gradient causes the particles to move towards the wall close to the magnet. In this case,52,53 a 

typical magnetic field gradient at the order of 90 T/m can be found adjacent to the magnet but  
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drop rapidly below 1 T/m over a distance of a few centimeters. In this case, eq 1 predicts a 

highly inhomogeneous magnetophoretic force, that has important consequences, as we will 

discuss in detail later. A setup with a uniform magnetic field gradient (and therefore with more 

homogeneous magnetophoretic conditions) can be obtained with the geometry shown in Figure 

1b with typical gradients around 30 T/m. This setup corresponds to an example of LGMS 

magnetic separator. In this design, several magnets are placed in contact with the walls of the 

vial or bottle containing the suspension and the particles are attracted towards the walls, since 

the magnetic field is zero in the middle and maximum at the walls. As discussed in the 

Introduction, the setup of Figure 1c shows a completely different strategy, based on a HGMS 

separator column. In this case, an external magnetic field (generated by an electromagnetic coil) 

was used to magnetize the steel wool17,27,30 and high gradients appear in the vicinity of wool 

fibers27 (typically 102 - 104 T/m). These magnetic gradients are so high that magnetic particles 

passing near the fibers are captured by the magnetophoretic force described by eq 1. It has to 

be noted that eq 1 has been employed in several modelling works to design and understand 

HGMS separators.29,32,74–76 In the calculations, the trajectories of magnetic particles were 

obtained by taking into account the magnetic force given by eq 1 in appropriate models of the 

magnetic fields and the viscous drag. Such calculations gave good agreement with the 

experimental findings.17,31

Eq 1 can also be used as a starting point for the theoretical analysis of the particle 

motion in LGMS.  In particular, the velocity of the particles during magnetophoresis (which 

we denote as magnetophoretic velocity) can be obtained by balancing the magnetic force acting 

on the particle with the opposing viscous drag given by the Stokes law  (where η 𝑭= 6𝜋 η𝑅𝐻𝒗

is the viscosity of the fluid and RH is the hydrodynamic radius of the particle, assumed to be 

spherical). Thus, the magnetophoretic velocity can be estimated by: 
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𝒗 =
𝑉𝑚𝜌𝑚

6𝜋 η𝑅𝐻
|𝑴(𝑩)| ∇𝐵                                               (2)

Eqs 1, 2 are the basis of the classical model of magnetophoresis. The basic assumption involved 

in the model is that the interactions between particles (either of magnetic or hydrodynamic 

origin) are negligible. We will discuss this point in the subsequent subsections.

Eq 2 can be used either for a quick estimate of plausible magnetophoretic velocities (for 

particles of known size using reasonable values of magnetic gradients and magnetizations) and 

also for modelling the trajectories of particles in a magnetophoretic setup by using particle-

level computer simulations.38,71 In these simulations, one considers the trajectory of a large 

number of magnetic particles, distributed in solution inside a magnetic separator by evaluating 

the velocity of the particles at each point using the detailed profile of the magnetic field 

distribution (how  and  depend on position inside the magnetic separator) and the magnetic 𝑩 ∇𝐵

response  of the particles. 𝑴=𝑴(𝑩)

 As a specific example, we consider (Figure 3) the magnetophoretic separation of a 

dispersion composed of small superparamagnetic nanoparticles (12 nm γ-Fe2O3) inside a 

cylindrical magnetic separator with a nearly uniform magnetic field gradient (   25 - 30 |∇𝐵|

T/m), as reported in ref 40. The order of magnitude of the magnetophoretic velocity of the 

particles can be estimated by considering that they have their maximum (saturation) 

magnetization (Ms = 68 Am2/kg). Using an average density of  = 4.86 g/cm3 (see ref 40) and 𝜌𝑚

a magnetic field gradient of 30 T/m, eq 2 gives v ≈ 0.16 µm/s. Therefore, we can estimate 

that full separation in the cylindrical separator with radius of 1.5 cm will require about a day. 

This is indeed the case, as shown by the experimental results for the fraction of remaining 

particles as a function of time reported in Figure 3c. 
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Figure 3. (a) Scheme of a cylindrical magnetic separator for LGMS (top view). See also Figure 
1b for a picture of an actual separator. (b) 2D plot of the modulus of the magnetic field gradient 
(in T/m) calculated for a magnetic separator with the geometry indicated in (a) (with R = 1.5 
cm) employed in the experiments of refs 40,71. The location of the cylindrical vessel of radius 
1.5 cm is indicated by a black line. (c) Comparison of experimental, simulation results and the 
predictions derived from the analytical eq 2 obtained in refs 40,71 for a LGMS experiment 
performed with -Fe2O3 nanocrystals of 12 nm size in the magnetophoretic setup described in 
(a) and (b).    

The time evolution of magnetophoresis obtained in experiments is also in full 

agreement with the predictions obtained from particle-level computer simulations based on eq 

2 (dotted line in Figure 3c). These simulations employ as input the calculated magnetic field 

and magnetic field gradient profiles (see Figure 3b), the measured magnetic response of the 

particles (which depends on the local field) and the measured particle size. The forces acting 

over the particles in the simulations were the magnetic force given by eq 2 and the viscous 

drag. It is worth emphasizing that the influence of diffusion is negligible in this case, as shown 

by the agreement between the simulations (which neglect diffusion) and experiments, as seen 

in  Figure 3c (for a more detailed discussion see ref 71).  It is also possible to calculate the 

fraction of remaining particles as a function of time using an analytical formula derived in ref 

40 (eq 8 in that reference). This expression was derived from eq 2 with the additional 
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assumptions that the magnetic field gradient is uniform and that the magnetic response 𝑴=𝑴(

 of the particles is given by a classical Langevin function (see ref 40 for details). The results 𝑩)

are also shown in Figure 3c, and are close to both simulations and experiments. 

Finally, to wrap-up our discussion on the validity of eq 2, it is interesting to note that 

this equation has been generalized to dispersions containing mixtures of magnetic nanoparticles 

and non-magnetic colloids, showing also an excellent agreement with the experimental results. 

71,77 This case is not going to be discussed here in detail, but we would like to emphasize that 

inside such a mixture the non-magnetic particles have a non-trivial behavior, which are moving 

as magnetic holes (in a direction opposite to that of magnetic particles). This peculiar 

phenomenon is also known as negative magnetophoresis.71,77,78 

The magnetophoretic velocity and the magnetophoretic separation times discussed in 

the previous example (Figure 3) are obviously too slow to be of practical use in most 

applications. In view of eq 2, the classical strategy was to resort to the use of high magnetic 

field gradients as in HGMS such as the setup shown in Figure 1c. However, in the last 12 years, 

many experimental works10,34,52,53,79,80 have systematically reported fast magnetophoretic 

kinetics under low magnetic gradients, faster than those expected from eq 2. In fact, the 

deviation from eq 2 can be of several orders of magnitude in many cases,34,52,53 indicating the 

presence of other physical phenomena that contribute to the transport mechanisms of LGMS, 

which are not being considered by the classical model. The approach followed in the last years 

for the research in LGMS has been to investigate these magnetophoretic regimes dominated by 

effects beyond the classical model, which substantially speed up (by a factor that can be up to 

50×) the magnetophoretic velocity as compared with the value expected from eq 2. 

Magnetophoresis Beyond the Classical Model. In order to illustrate the 

characteristics of magnetophoresis beyond the classical model, we show here two prototypical 
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examples (Figure 4). The kinetics observed in both examples clearly depart from the 

predictions of the classical model (the observed kinetics is much faster than the prediction by 

eq 2) but also they show very different characteristic behavior, take place under different 

conditions and are originated by very different physical mechanisms. 

Figure 4. (a) Measured opacity of the dispersion (proportional to the average concentration of 
particles) as a function of time for water dispersions of Estapor(R) M1-030/40 
superparamagnetic beads (diameter of 0.41 µm) during magnetic separation in the same 
cylindrical uniform magnetic gradient separator employed in the experiments of Figure 3. 
Reproduced with permission from ref 34. Copyright 2008 American Chemical Society (b). 
Normalized concentration as a function of time for water solutions of 30 nm PEG-coated MNP 
at different concentrations placed on top of a magnet. Reproduced with permission from ref 
53. Copyright 2015 The Royal Society of Chemistry.

In Figure 4a we show results typical for large composite superparamagnetic particles 

(magnetic “beads”) in a uniform magnetic field gradient inside a cylindrical set-up such as the 

separator in Figure 1b (in fact, the same employed in the example of Figure 3). In Figure 4b 

we show results typical for functionalized magnetic nanocrystals under the effect of a single 

magnet, which creates an inhomogeneous magnetic field gradient. In both cases the kinetics is 

faster and qualitatively different from that observed in the example of Figure 3. The classical 

model (eq 2) predicts a separation time34 of 1250 s for the case in Figure 4a, whereas we 
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observe separations that can be as fast as only 25 s (see the curve for 10 g/L concentration in 

Figure 4a). Also, the classical model predicts 85,000 mins for the case in Figure 4b,53 whereas 

the actual kinetics observed is about 30 times faster. Both experiments also show two striking 

differences. The first difference is that the magnetophoretic velocity implied by the results in 

Figure 4a depends on the particle concentration whereas the results in Figure 4b are 

independent of concentration. The second difference is in the way that the particles disperse 

within the solution (or concentration profile) during magnetophoresis. In the experiments in 

Figure 4a the particles as well as the concentration front advance from the center of the bottle 

towards the wall, leaving a central region free of particles with a radius that increases as the 

process advances (for a full video of the process, see ref 14).  In contrast, for the experiments 

shown in Figure 4b, the concentration decreases as a function of time but it is observed to be 

homogeneous at all times in spite of the fact that the suspension is experiencing a strongly 

inhomogeneous magnetic field with the strongest magnetic field gradient near to the magnet 

and almost negligible at the region away from the magnet. This observation is also inconsistent 

with the classical model.  

Cooperative Magnetophoresis. The results in Figure 4a34 correspond to 

magnetophoretic separation of commercial magnetic beads (Estapor(R) M1-030/40) under the 

same setup and magnetic field gradient (30 T/m) as employed in the experiments of Figure 3. 

These particles have a diameter of 410 nm and are made by ferrite nanocrystals uniformly 

distributed inside a polystyrene matrix, and they have a strong superparamagnetic response 

(saturation magnetization 45 kA/m). By using these data in eq 2, we found that the classical 

model predicts a magnetophoretic velocity of v ≈12 µm/s so the time needed to migrate 1.5 

cm (the radius of the bottle) is predicted to be 21 mins.34  The experiments (Figure 4a), 

however, recorded a separation time of 25 s for the highest concentration considered (10,000 
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mg/L) and of 3 mins for the most diluted case (10 mg/L). Therefore, the actual process as 

reported in Figure 4a is much faster than the prediction of eq 2, by a factor of 7 to 50, depending 

on the concentration. This  effect, mainly originated from the particle-particle interactions, 

motivated some of us to denote it as cooperative magnetophoresis.34 It has been studied 

experimentally in several subsequent works.19,20,23,34,56,57

In order to clarify the origin of this cooperative effect, we have also observed this 

collective magnetophoretic motion (for the same particles employed in Figure 4a) directly 

under a microscope.34 The movies can also be seen in refs 81,82. We observed that the self-

assembly of particles into elongated structures with their long axis aligned with the local 

direction of the magnetic field. These structures are reminiscent of the widely studied case of 

formation of chains of particles in the case of homogeneous magnetic fields.35,41,80,83 The 

interesting point here is that these elongated structures move faster than individual particles. 

They are observed to move in the direction along magnetic field gradient (as dictated by eq 1) 

which has an arbitrary orientation with respect to the direction of the field itself and therefore 

with respect to the major axis of the structures. This counterintuitive feature is illustrated in the 

example shown in Figure 5a, which corresponds to the motion of the structures perpendicular 

to their axis. Of course we have also observed motion in the direction of the major axis, 

depending on the local orientations of the magnetic field and the magnetic field gradient.34 It 

is also important to recall that this self-assembly process is reversible in the sense that the 

structures fully dissolve and the dispersion of individual particles is recovered when the 

magnetic field is removed.34
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Figure 5. (a) Optical micrograph showing a solution composed of 1 g/L Estapor(R) M1-030/40 
superparamagnetic beads (diameter of 0.41 µm) under a bar magnet at different times. Linear 
self-assembled structures form in the direction of the magnetic field and move in the direction 
of the magnetic field gradient, as indicated by a white arrow. Reproduced with permission from 
ref 34. Copyright 2008 American Chemical Society (b) Gain factor for an isolated single chain 
of N particles (the ratio between the magnetophoretic velocity of a chain of N particles 
compared with the magnetophoretic velocity of a single particle) as obtained from computer 
simulations (data adapted from ref 38).

The motion of the self-assembled chain-like structures shown in Figure 5a is faster than 

the motion of the particles moving as individual (isolated) objects. The structures have a large 

magnetic dipole moment due to the large number of particles that make them to experience a 

large magnetic force (as given by eq 1). In addition, they also experienced a larger friction 

coefficient than a single particle, but experiments show that the price to pay in friction can be 

compensated by the increase in magnetic force. This has been also obtained from simulations 

by Schaller and coworkers,38 as shown in Figure 5b. In this figure, we show the gain factor (the 

ratio between the magnetophoretic velocity of a chain of N particles compared with the 

magnetophoretic velocity of a single particle) which increases as N increases. It should be noted 

that this gain factor corresponds to a single chain of N particles. This gain is further increased 
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with the lateral aggregation of chains, forming thick bundles of chains as shown in Figure 5a 

(the friction of a bundle is similar to that of a chain of the same length but the magnetic force 

is increased as more particles are added to the self-assembled structure). Also, a theoretical 

analysis based on the balance between magnetic forces and resistance for self-assembled chains 

made of magnetic particles (ref 50) indicates that the separation time t should decrease as the 

concentration c increases following a power law:

                                                                                                                        (3)𝑡~𝑐 ―1/4

According to this relationship, in order to speed-up the magnetophoretic separation by a factor 

of 2 requires an increase of the particle concentration by a factor of 16. Eq 3 was found to be 

in agreement with experimental data for a range of concentrations spanning 3 orders of 

magnitude (from concentrations of 0.1 g/L to 10 g/L).50  

As a final comment on transport mechanisms for cooperative magnetophoresis, it 

should be noted that the sedimentation is not usually observed even in the case of long chain 

formation. This is due to the low density of the magnetic beads usually employed in these 

experiments (close to that of water, as we discussed in the previous section) and also to the 

short times usually involved in cooperative magnetophoretic experiments. Some minor effects 

of sedimentation were observed during a study of the kinetics of formation of magnetic chains 

in ref 66 (see also Figure 11 in ref 41). In these experiments, composite particles with very high 

magnetic content and very high density (3.1 g/cm3) were employed and some minor effects 

attributable to sedimentation were observed in absence of magnetophoresis (uniform magnetic 

field) after long times. Additionally, the trivial effect of gravitational sedimentation on 

magnetophoresis also has been demonstrated in our experiments using TODA magnetic 

nanorod (with diameter ~ 20 nm and length ~ 300 nm).56,84 Under the presence of low gradient 

magnetic field generated by handheld cylindrical magnet, the removal of magnetic nanorod can 
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be accomplished within 3 mins.56 On the other hand, under the action of only gravitational 

force (under the absence of magnetic field), complete settling out of magnetic nanorod is still 

not yet achieved after 100 mins of gravitational sedimentation.84 Thus, these experiments have 

shown the negligible role of gravitational sedimentation on magnetophoresis of MNP, which 

will be neglected in the subsequent discussion.

Magnetophoresis Induced Convection. The example shown in Figure 4b 

demonstrates a completely different effect that also enhances magnetophoresis. In this case, 

the magnetic interactions between the 30 nm PEG-coated MNP are too weak to induce self-

assembly, as demonstrated by calculations.53 Also, experimentally there is no dependency of 

the magnetophoretic kinetics with concentration since all the kinetic profiles with different 

particle concentration collapsed into a single curve, as shown in Figure 4b. This observation is 

contrary to what has been observed in the cooperative magnetophoresis case. The fact that the 

concentration of particles remains uniform throughout the entire timescale of the experiment 

(of course it decreases as a function of time, but it is observed to be uniform across the sample) 

has shed new light on the underlying mechanism of magnetophoresis. As indicated in Figure 

6a, the magnetic field gradient is relatively strong near the magnet (the region where the 

particles are indeed collected) and quite weak far from it. According to eq 1, this creates a 

strongly inhomogeneous force across the fluid which results in the faster clearance of MNPs at 

the lower portion of the MNP solution as compared to the upper portion. This would cause the 

particle concentration at the lower portion to be smaller than that of the upper portion of the 

solution. When such a solution with inhomogeneous particle concentration (with concentration 

increasing as one goes from the bottom to the top) is placed within an inhomogeneous magnetic 

field gradient (with field gradient decreasing with respect to the solution height), a mechanical 

instability is introduced. In fluids, mechanical instabilities typically relax by inducing 

convective motions, and this is the case indeed. 
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As demonstrated by the dye tracing experiments shown in Figure 6b, this phenomenon 

involving the generation of fluid flow due to magnetophoresis of MNPs can be visually 

observed quite clearly.53 Numerical solutions of the fluid flow equations (Navier-Stokes 

equations and advection-diffusion equation for the transport of diluted species) including a 

magnetic term also predict53 the generation of a convective motion in the situation of the 

experiment in Figures 4b and 6. This magnetic term takes into account a magnetic body force 

across the fluid which is proportional to the concentration of magnetic particles and to the force 

per particle given by eq 1. The calculations also show that in this case the effect of 

sedimentation is negligible (see ref 53 for details), so that the magnetic force is the only external 

field relevant in this convective motion. 

Figure 6. (a) Sketch of a simple setup to observe convection induced magnetophoresis with a 
single permanent magnet. Typical values of magnetic field gradients are indicated. The red 
arrows indicate the spontaneous motion of the fluid (b) Visualization of convective flow in one 
of the experiments reported in Figure 4b (a very diluted dispersion of magnetic nanoparticles 
under the effect of a magnet), using a blue dye. This hydrodynamic instability is induced by a 
magnet which produces an inhomogeneous magnetic gradient and therefore an inhomogeneous 
magnetic force, strong in the bottom near the magnet and weak at the top. Reproduced with 
permission from ref 53. Copyright 2015 Royal Society of Chemistry.  
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In spite of the complexity of the convective problem, the kinetics of magnetophoresis 

induced convection as promoted by a single magnet (as in Figures 4b and 6) can be described 

by very simple expressions. We have shown both theoretically and experimentally52 that the 

particle concentration (which is uniform across the sample) decreases exponentially with time 

as  with a decay time given by:𝑐(𝑡) = 𝑐0exp (― 𝑡/𝜏)

𝜏 =
1
𝑣𝑆
𝑉
𝐴𝑆

                                                                (4)

where V is the volume of the sample, As is the area of the vessel in contact with the magnet (the 

region in which we defined it as the collecting surface) and vs is the magnetophoretic velocity 

at the collecting surface, evaluated using eq 2 (the values of magnetization and magnetic 

gradient to be employed are those corresponding to particles at the collecting surface). Here, 

eq 4 predicts the experimental outcomes with good accuracy (without any fitting parameter)52 

in many situations, for different particles and different magnetic gradients at the collecting 

surface.

This convective effect also appears in more complex geometries in which there is also 

a strong inhomogeneity of the magnetic field gradient. For example, Fratzl and coworkers54 

have designed a device using a micro-magnet array for the fast capture of small nanoparticles 

which is fully based on this convective effect. They were able to fully capture 12 nm MNP in 

only 10 minutes, a performance that up to now needed the use of HGMS. This demonstrates 

that particle-fluid interaction is also an integral part of the magnetophoresis.
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 CHARACTERIZATION OF MAGNETOPHORETIC REGIMES: 

DIMENSIONLESS NUMBERS

The results discussed in the previous section demonstrate that both the particle-particle 

interaction and the particle-fluid interaction are an integral part of magnetophoresis and they 

may substantially enhance the kinetics of this process. Our discussion in the previous section 

has identified two main magnetophoretic regimes of interest: cooperative 

magnetophoresis34,79,80 and magnetophoresis induced convection.52,53 Both scenarios are 

summarized in Figure 7. Recalling the discussion in the previous section, we can claim that the 

cooperative magnetophoresis is a collective motion of the particles during their migration 

process under magnetophoresis and is driven by strong magnetic dipole interaction between 

the particles. It speeds up the magnetophoresis process in a way that depends crucially on the 

concentration of magnetic particles.34,35,50 Magnetophoresis induced convection52,53 is a 

hydrodynamic effect that can be observed in the case of highly inhomogeneous magnetic forces 

over the sample. This occurs when the magnetic field gradient is mostly concentrated localized 

in a small region (the capture region). In this case, a hydrodynamic instability appears, 

generating a convective mechanism that substantially speeds up the magnetophoresis process.54 

In the previous section we have seen that these effects enhance magnetophoresis in a 

way that it is described by eqs 3 and 4 for the cases of cooperative and convection effects, 

respectively. But a fundamental question here is to determine under which conditions 

(magnetic field profiles, particle properties, etc.) we will have these mechanisms in operation, 

which in turn enhances the magnetophoresis. In principle, the problem seems quite complex 

since in the previous examples there are many factors that are relevant (particle size and 

magnetization response, concentration, temperature, viscosity, magnetic field gradient 

magnitude and geometry, etc.). Fortunately, theoretical and experimental work has 

demonstrated that all variables relevant to magnetophoresis can be combined into two 
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dimensionless numbers that fully determine the mechanisms at work. The relevant 

dimensionless numbers are the aggregation parameter,35  and the magnetic Grashof number, 𝑁∗

 which characterize correspondingly the emergence of cooperative magnetophoresis and 𝐺𝑟𝑚

of magnetophoresis-induced convection respectively.53,80 They are described in full detail in 

the remaining of this section.

Figure 7. Summary of effects in magnetophoresis due to magnetic and hydrodynamic 
interactions beyond the classical model. The cartoon indicates the physical interactions behind 
the cooperative effect and the magnetic induced convection, illustrated by the images discussed 
before from the experiments in Figures 5a and 6b. 

Aggregation parameter . The formation of self-assembled structures as those 𝑵∗

shown in Figure 5a depends on the energy minimization involved in the magnetic association 

but also on the loss of entropy in the solution due to the formation of the aggregate structures. 

The theory behind this process has been reviewed recently.35 The main result is that the balance 

between these thermodynamic factors is given by the dimensionless aggregation parameter  𝑁∗

which involves not only the magnetic properties of the particles but also thermodynamic 
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quantities such as concentration and temperature.35,50,80 The critical value of  for field-𝑁∗

induced self-assembly is  = 1. In the case of , the formation of structures is not 𝑁∗ 𝑁 ∗ < 1

possible (entropy dominates) whereas for , the particles will form elongated structures 𝑁∗ > 1

(simple chains for  up to 10 and bundles of chains for larger values of ). This aggregation 𝑁∗ 𝑁 ∗

parameter can be computed from the parameters of the suspension by:35,50,80      

𝑁 ∗ = 𝜙0𝑒(Γ ― 1)                                                               (5)

where  is volume fraction of magnetic particles in the solution (which can be easily computed 𝜙0

from its mass concentration) while  is the magnetic coupling parameter given by:85Γ

Γ=
𝜇0𝑚2

2𝜋𝑑3𝑘𝐵𝑇
                                                                 (6)

where  N A-2 is the magnetic permeability of free space, m is the modulus of 𝜇0 = 4𝜋 × 10―7

the magnetic dipole of a particle as induced by the magnetic field (as in eq 1),  is the diameter 𝑑

of the particle,  J K-1 is Boltzmann’s constant and  is the absolute 𝑘𝐵 = 1.38 × 10―23 𝑇

temperature. Physically, the magnetic coupling parameter  is the ratio between the magnetic Γ

energy of two magnetized particles in contact and the thermal energy. Of course, if thermal 

energy is stronger than magnetic interaction (  < 1) then   for any feasible value of the Γ 𝑁 ∗ < 1

volume fraction and no field induced self-assembly will occur. Values of  imply that the Γ > 1

magnetic interaction is stronger than thermal energy, but self-assembly is not guaranteed since 

the actual condition for self-assembly ( ) involves also the concentration (see eq 5). This 𝑁 ∗ > 1

is especially relevant in the case of particles with intermediate values of   (typically below 15) Γ

in which self-assembly can be tuned “on” or “off” by concentration.35,50,80 This dependency on 

concentration becomes irrelevant for the particles that are able to acquire very large values of 

, as it is often the case for commercial magnetic beads developed for magnetophoresis Γ

applications. For an example, in the case of the superparamagnetic beads from the experiment 
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in Figure 4a discussed in the previous section , we will have   for any Γ ≈ 1.8 × 103 𝑁∗ >> 1

feasible concentration. 

At this point, it should be noted that the concepts leading to eqs 5 and 6 were developed 

from theory and simulations done in the case of an homogeneous magnetic fields.35,41,80 In 

principle, it could be conceivable that in inhomogeneous fields new mechanisms for self-

assembly may be possible, not considered in the theory of self-assembly under homogeneous 

fields. This question was addressed in ref 86, in which self-assembly in homogeneous and 

inhomogeneous fields (with gradients about 5 T/m) was compared by detailed nuclear magnetic 

resonance (NMR) measurements. Interestingly, the results show that the mechanisms for self-

assembly are the same in both homogeneous and inhomogeneous fields with the only difference 

being the time scales involved in the self-assembly process (which is faster in the presence of 

a magnetic gradient). Therefore, we conclude that cooperative magnetophoresis will be 

observed in the presence of a magnetic field gradient when . In agreement with this 𝑁∗ > 1

criterion, experimental observations of magnetophoresis reported up to now (see refs 

23,41,52,53,56,57,71,79,80) show cooperative magnetophoresis (with a kinetics strongly 

dependent on concentration) for   and also show non-cooperative behavior (kinetics 𝑁 ∗ > 1

independent on concentration) for . This result is summarized in Figure 8 in which we 𝑁∗ < 1

include results from three key experiments employing different experimental setups and 

different types of superparamagnetic particles. At this point, it is worth emphasizing that the 

decisive role of particle design in its performance for magnetophoresis. The design of particles 

which allow larger values of  leads to faster magnetophoretic velocities (as seen in Figure 𝑁 ∗

8) even with the modest magnetic field gradients used in simple LGMS, thus, making the use 

of HGMS unnecessary. In fact, this result justifies the tendency from producers of commercial 

particles to deliver magnetic beads with large sizes and large saturation magnetizations to the 

market.

Page 29 of 72

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



30

Figure 8. Effect of MNP concentration on the kinetics of magnetophoresis under different 
values of  for different particles and experimental setups. (a) When , the 𝑁∗ 𝑁 ∗ < 1
magnetophoresis kinetics is independent of concentration, which indicates the absence of 
particle self-assembly during the magnetophoresis process (non-cooperative magnetophoresis). 
Reproduced with permission from ref 53. Copyright 2015 Royal Society of Chemistry. (b) & 
(c) Experimental results from refs 34,57 considering different kinds of superparamagnetic 
particles and setups (small passivated nanoparticles under a simple magnet in (b) and larger 
composite colloids in a cylindrical setup with uniform magnetic gradient in (c)). The 
concentration dependence of these kinetic profiles confirms cooperative magnetophoresis. 
Reproduced with permission from refs 34,57. Copyright 2014 & 2008 American Chemical 
Society.

Magnetic Grashof Number . The second dimensionless number relevant to the 𝑮𝒓𝒎

behavior of magnetophoresis is the magnetic Grashof number  which is developed to 𝐺𝑟𝑚

represent the significance of magnetophoresis-induced convection within a MNP solution 

subjected to an externally applied magnetic field:53

𝐺𝑟𝑚 =

𝜌∇𝐵
∂𝑀
∂𝑐

𝐻
(𝑐𝑠 ― 𝑐∞)𝐿𝑐3

𝜂2                                                  (7)

where  is magnetic field gradient in the collection surface (the region of the vessel in contact ∇𝐵

with the permanent magnet),  is volumetric magnetization of the solution,  is the particle  𝑀 𝑐𝑠

concentration at the collection plane,  is MNP concentration of bulk solution,  is the 𝑐∞ 𝐿𝑐

characteristic length of the system subjected to magnetophoresis and  is the mass density of 𝜌
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MNP solution. Magnetophoresis induced convective flow is expected to be relevant if the 

magnetic Grashof number  is greater than unity due to the mechanical instability of the 𝐺𝑟𝑚

MNP solution. From the microscopic point of view, due to the intensive momentum transfer 

from moving MNP to the surrounding fluid originated from viscous effect, the surrounding 

fluid of the MNP gains momentum and flows convectively, as shown in Figure 7. As a result, 

in the experiments where MNP solutions are placed on top of a magnet (see Figure 8a), this 

induced flow is found to be more intense for concentrated MNP solutions due to the relatively 

higher ratio of MNP to the surrounding fluid.53 This magnetophoretic-induced convection was 

also obtained theoretically by numerically solving the fluid flow equations for a 2-dimensional 

version of the experiment, namely, a solution in a rectangular container under the field created 

by a magnet.53 By extending these calculations, we further report here the results with extensive 

numerical simulations under different conditions, namely (i) concentrations, (ii) container size 

(degree of confinement) as well as (iii) magnetic field gradients, and compare the velocity 

profiles generated with the corresponding magnetic Grashof numbers. As illustrated in Figure 

9, it becomes apparent that the magnetophoresis induced convection is absent when  𝐺𝑟𝑚 < 1

while the intensity of convection increases with the value of the magnetic Grashof number. The 

magnitude of the magnetic Grashof number is higher when (i) the MNP solution is more 

concentrated, (ii) with less geometrical confinement (larger characteristic length ) or (iii) 𝐿𝑐

subjected to a higher magnetic field gradient (this relationship also can be seen in eq 7).
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Figure 9. Convective velocity plots in a 2-dimensional MNP solution (rectangles) subjected to 
magnetophoresis under different operating conditions (concentration, degree of confinement 
and magnetic field gradient). The “magnet” is placed at the bottom of the solutions. The plots 
are taken at 500 seconds after the initiation of magnetophoresis. The simulations were carried 
out using COMSOL Multiphysics. The convection is significant only when the magnetic 
Grashof number  is greater than unity. The surface plots of As = 1 mm × 1 mm and As = 5 𝐺𝑟𝑚
mm × 5 mm (the first two plots in the second row) have been enlarged horizontally such that 
all surface plots in the figure have the same dimension for comparison purposes.

It is noteworthy to highlight that the effects of geometrical confinement on the flow 

behavior of MNP solution were demonstrated indirectly in the simulation results of 

magnetophoresis process conducted in continuous flow microfluidic devices (with length scale 

in the order of 10-4 m). The simulation results show only a slight distortion of the parallel layer-

by-layer laminar flow of MNP solution in the microfluidic channel, in which vortices are barely 

observed in regions in the proximity of the magnets.45,48,49,87 On the other hand, the ‘degree of 

turbulence’ is more pronounced when the magnetophoresis is performed in standard disposable 

cuvette of much larger length scale (dimension = 3 cm × 1 cm × 1 cm), in which the chaotic 
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flow pattern is observed leading to the continuous agitation of the MNP solution, as 

demonstrated in our experimental and simulation results.52,53 Again, this observation is 

qualitatively consistent with our theoretical prediction based on eq 7, as the magnitude of the 

magnetic Grashof number (and, hence, intensity of induced convection) is higher as the 

characteristic length increases. 
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 UNIFIED CRITERIA FOR DETERMINING THE ONSET OF COOPERATIVE 

MAGNETOPHORESIS AND INDUCED CONVECTION IN LGMS

Magnetophoresis can be Classified into 4 Different Regimes. In the previous section, 

we have discussed on the role of dimensionless numbers N* and Grm in predicting the presence 

or absence of magnetically induced particle aggregation and/or magnetophoresis-induced 

convection. These results as summarized in Figures 8 and 9 can be further condensed into the 

unified plot shown in Figure 10. In this plot, we can define 4 different regions according to the 

values of the dimensionless numbers N* and Grm. Depending on the region, the 

magnetophoresis process occurs under distinctive mechanisms which must be described by 

different mathematical models. 

Region A corresponds to the case with N* < 1 and Grm < 1, so here the classical theory 

of magnetophoresis can be applied (neither cooperative magnetophoresis nor magnetically 

induced convection are present). The experiment discussed in Figure 3 corresponds to an 

example of LGMS performed in this region. Region B (N* > 1 and Grm < 1) corresponds to the 

case of cooperative magnetophoresis (magnetically induced convection is absent here) as in 

the experiments of Figure 4a. Region C (N* < 1 and Grm > 1) corresponds to magnetically 

induced convection, as in the experiments of Figure 4b. Region D (N* > 1 and Grm > 1) 

corresponds to a situation in which both magnetically induced assembly of particles and 

magnetically induced convection are present. At the present time, we do not have any reported 

experimental example of this situation, so it remains unexplored. It will be very interesting to 

explore parameters corresponding to Region D in the future. 

In practice, it will be more useful to reconstruct the classification presented in Figure 

10 by using accessible parameters as the axis variables (such as particle concentration and 

magnetic field gradient) instead of working with dimensionless numbers. For the purpose of 
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illustration, in the following subsection we have constructed an explicit example of how to 

implement the classification shown in Figure 10 in a two-dimensional plot with particle 

concentration and magnetic field gradient as the axis variables. The effect of other design 

parameters (particle size and magnetization) on the resulted plot is then illustrated in the final 

subsection. In this regard, it is highly desirable to derive the expressions on threshold values of 

particle concentration and magnetic field gradient that initiate particle self-assembly and 

induced convection in terms of the other design parameters. 

Figure 10. The plot of Grm against N* for general magnetophoresis process with four distinct 
regimes characterized by different flow mechanisms.

The condition for magnetically induced self-assembly occurs at N* > 1, which means 

that for a given system (i.e., given particle properties) the concentration of particles must 

exceed the following threshold value (see detailed derivation in the Supporting Information): 
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𝑐> 𝜌𝑝exp 1―
𝜇0𝑚2

𝑠

2𝜋𝑑3𝑘𝐵𝑇
                                                       (8)

where  is the mass density of the particles. The condition for the emergence of 𝜌𝑝

magnetophoresis-induced convection (Grm > 1) can be transformed into a condition over the 

magnetic field gradient using eq 7  (the detailed derivation can be found in the Supporting 

Information):

∇𝐵>
𝜌𝑝𝜂2

𝜌𝑀𝑝𝐿𝑐3𝑐
                                                               (9)

where  is the MNP magnetization per unit volume. These results and their physical 𝑀𝑝

interpretation are summarized in Table 1.
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Representation of the Magnetophoresis Regimes in a Magnetic Field Gradient -∇𝑩

Concentration  Diagram. The transformation of the classification presented in Figure 10 into 𝒄

a more practical form using particle concentration and magnetic field gradient as axis variables 

is illustrated in Figure 11. The tabulations in Figure 11 were evaluated from eqs 8 and 9 by 

considering a dispersion of 30 nm magnetite nanoparticles (saturation magnetization of 51.1 

Am2/kg) coated with polyethylene glycol (PEG). These particles were employed in some of 

our previous publications52,53 and in the experiments shown in Figure 4b. 

Figure 11. The -  diagram resulted from the transformation of the classification illustrated ∇𝐵 𝑐
in Figure 10, by choosing particle concentration and magnetic field gradient as axis variables. 
The labels A, B, C and D have the same meaning as in Figure 10. The tabulation of lines 𝑁∗

 (red) and  (blue) in -  plot which divide the plot into four distinct regions = 1 𝐺𝑟𝑚 = 1 ∇𝐵 𝑐
governed by different magnetophoresis models. The reference particle in this calculation is the 
particle system employed in our previous works,52,53 which is magnetite nanoparticle coated 
with polyethylene glycol (PEG). The diameter and saturation magnetization of this particle are 
30 nm and 51.1 Am2/kg, respectively.

This -  plot provides a general guideline to identify the physical mechanisms that ∇𝐵 𝑐

are governing the transport behaviors of magnetophoresis. Furthermore, it allows us to further 

explore the significance of these control parameters on designing and/or implementing unit 
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operation with LGMS working principle. For example, using Figure 11 we can see that for 

these particles, the most likely situations are Cases C (magnetically induced convection) and 

A (classical magnetophoresis). Cases D and B (which involve cooperative magnetophoresis) 

require too large concentrations. For very low concentrations and/or weak magnetic field 

gradients we will have Case A. For typical magnetic field gradients obtained with a simple 

handheld magnet and reasonable concentrations, we will obtain Case C. In fact, in the 

conditions of magnetic field gradient and concentration for the example shown in Figure 4b 

(100 T/m and concentrations between 10-100 mg/L) correspond to the Case C. Therefore 

according to the classification of Figure 11, for such MNPs system, the most convenient design 

of LGMS should be based on the conditions of magnetically induced convection (Case C). 

Practical Considerations: Effect of Changing Particle Size and Magnetization. The 

diagram shown in Figure 11 depends strongly on the size and saturation magnetization of the 

employed particles. The effect of these parameters is shown in Figure 12 for different particle 

size and magnetizations, typical of MNPs. 

The effect of particle size can be clearly seen in Figure 12. Comparing the plots obtained 

for different MNPs, we see that as the MNP size increases, the line  shifts to the left 𝑁∗ = 1

while the line  remains unchanged. In other words, the threshold concentration for the 𝐺𝑟𝑚 = 1

onset of particle self-assembly and cooperative magnetophoresis is smaller when larger MNPs 

are employed. Yellow and purple regions in Figure 12, corresponding to cases D and B 

(cooperative magnetophoresis with and without convective effect) expand with increasing 

particle size. The presence or absence of cooperative magnetophoresis is highly sensitive on 

the particle size. On the contrary, the change in particle size does not impose any impact neither 

on magnetic Grashof number nor on the location of the line  in the -  plots shown 𝐺𝑟𝑚 = 1 ∇𝐵 𝑐

in Figure 12 (note that the magnetic Grashof number is not dependent on particle size according 

to eq 7). 
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The effect of considering different magnetizations is also seen in Figure 12. As the 

magnetization of particle increases, the line  shifts to the left while line  shifts 𝑁∗ = 1 𝐺𝑟𝑚 = 1

slightly to the bottom left. The shifting of line  with respect to the change in particle 𝑁 ∗ = 1

magnetization simply reflects that particles with higher magnetizations have stronger particle-

particle interactions (see Eq 6 and Table 1) so that the threshold concentration for cooperative 

magnetophoresis is lower as the particles with higher magnetization are employed. 

Furthermore, the minor shifting of the line  indicates that the magnetic field gradient 𝐺𝑟𝑚 = 1

and particle concentration required to generate convective flow within magnetic particle 

solution are slightly smaller for system of particles with greater magnetization. All these 

observations suggest strategies about the possible use of MNPs with less magneto-crystallinity 

(lower magnetization) to achieve the same separation kinetics as obtained for more magnetic 

particles taking advantage of the parameters controlling convective driven magnetic separation. 

Under this scenario, adjusting magnetic field gradient or the use of more concentrated 

dispersions of particles might be a more effective strategy to improve the intensity of 

convection flow, and hence, increases the separation kinetics of LGMS.
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 APPLICATIONS OF MAGNETOPHORESIS UNDER LOW FIELD 

GRADIENT 

Applications of LGMS. The ability to remotely manipulate the motion of MNPs by 

using an externally applied magnetic field is exceptionally appealing in various separation 

processes in engineering applications, particularly in environmental treatment and biomedical 

field.1,88–90 In comparison to conventional separation methods, low gradient magnetophoresis 

of MNPs offers various advantages such as simplicity, high adsorption power, high selectivity, 

high reusability as well as material and energy saving. All these advantages of LGMS are 

attributed to the recent scientific breakthrough in the synthesis of colloidally stable MNPs 

(which provide huge specific surface area for adsorption process) and various surface 

functionalization techniques which allow selective adsorption of targeted entities. 

In the field of environmental engineering, MNPs demonstrated excellent performance 

in the removal of various organic pollutant from their aqueous suspension.91,92 Prior to the dye 

removal, MNPs are surface-modified by using specific materials to form nano-composites 

which are tailored towards selective adsorption of targeted dye.93,94 For instance, 

carboxymethyl cellulose coated Fe3O4@SiO2 core–shell magnetic nanoparticles are 

synthesized for efficient removal of cationic dye (such as methylene blue)95 while MNPs co-

polymerized with catechol and polyethylenimine are found to be effective in removal of anionic 

dye from water.96 Interestingly, catalytic degradation and adsorption of dye can also occur 

simultaneously on the surfaces of MNPs that are functionalized with appropriate material (see 

Figure 13a, b).97–99 It is also noteworthy to highlight that magnetic nano-composites for dye 

adsorption also exhibit high reusability, and this feature allows multiple cycle of MNP 

usages.100,101 In addition, surface-modified MNPs are also found to be useful in the removal of 

various trace heavy metal in aqueous solution, such as selenium,102 chromium,103 lead,104–107 

uranium,108 mercury,105 lanthanide,109 copper,101,110 iron111 and cadmium.101,106 In petroleum 
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industry, MNPs are also feasible to be used on separating oil from water, in such a way that 

MNPs are immobilized onto the oil-water interface to form MNPs-oil emulsion, which further 

allows the separation of oil from water by using externally applied magnetic field.112,113 Indeed, 

MNPs appear as a versatile tool in oil adsorption and separation because there are plenty of 

surface functioning materials that have been proven to be effective for this purpose, such as 

amine,114 polyvinylpyrolidone (PVP),115 (3-aminopropyl)triethoxysilane (APTES)116 and 

chitosan.117 Apart from that, MNPs are also effective in harvesting microalgae from water, 

which can remarkably reduce biological oxygen demand (BOD) of the treated water.7,118–120 

Excitingly, Fraga-García and co-workers have demonstrated that the successful adsorption of 

microalgae onto bare iron oxide magnetic nanoparticle without being surface-functionalized.121 

In contrast to viewing microalgae as pollutants, in fact, microalgae are also being treated as 

green gold for biofuel production (Figure 13c).122,123 Under this perspective, Liu and coworkers 

have also developed a rotating drum magnetic separator operated according to LGMS concept 

for microalgae separation.124 

Low field gradient magnetophoresis of MNPs also appears to be crucial in the 

biomedical field.12 Particularly, LGMS technique can be employed in disease diagnostic such 

as malaria,125,126 cancer127 etc, which is typically accompanied by the detection of the specific 

biological component in blood. Since most of the targeted biological components (virus, 

bacteria and pathogen)8,128,129 are eventually non-magnetic, it is essential to label them with 

MNPs that have been surface-modified with specific functional group to allow attachment.12 

Surface-modified MNPs are also acting as the contrasting agent in magnetic resonance imaging 

(MRI) in cancer diagnosis, in such a way that the surface-modified MNPs are specially 

designed to concentrate around the region with tumor cells.130,131 Additionally, MNPs can also 

be acting as drug carriers which transport specified drugs to the desired part of body. Here, the 

motion of the MNPs (drug carrier) are manipulated remotely by magnetic field in a non-
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invasive manner. For instance, Norasti and coworkers have demonstrated that the bio-

compatible Bovine Serum Albumin (BSA) coated MNPs were effective in delivering 

curcumin-anticancer drug for chemotherapy.65 Owing to all these features of MNPs in drug 

delivery, numerous efforts have been dedicated in the synthesis of bio-compatible 

MNPs/magnetic nanocomposite for delivery of particular drug to the targeted certain parts of 

the human body for treatment purposes.132–136 Another interesting application was the 

enhancement of detection in immunoessays.137 It was found that the use of cooperative low 

gradient magnetophoresis enhances the efficiency of an immunoassay designed to detect E. 

coli bacteria with magnetic beads as compared with the efficiency of the same assay performed 

in absence of magnetophoresis (Figures 13d,e). This observation was employed to design an 

improved microfluidic device for immunoassays based on a magnetic actuator and magnetic 

beads.    

Figure 13. (a) & (b) Successful degradation and removal of dyes: (a) methylene blue and (b) 
methyl orange, by using iron-oxide-MNP/silica composite. Reproduced with permission from 
ref 99. Copyright 2014 Elsevier. (c) Removal of microalgae (Chlorella sp.) by using PDDA 
coated iron oxide MNP. The leftmost photo shows the initial solution with high concentration 
of microalgae. The photos to the right show the same solution after treated with LGMS process, 
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under different pH values. The solutions after LGMS treatment looks much clearer (compared 
with initial solution) indicates the feasibility of LGMS technique in removing microalgae under 
wide range of pH values. Reproduced with permission from ref 119. Copyright 2014 Elsevier. 
(d) The top view of the magnetic actuator which is designed in such a way that the magnetic 
beads (MB) within the microfluidic chamber are driven to move back and forth (by low 
gradient magnetic field) when the actuator is rotating. (e) The real-time photos showing the 
positions of MB when the microfluidic chamber is carried to different locations by the magnetic 
actuator illustrated in (d). Reproduced with permission from ref 137. Copyright 2014 Springer.

In addition, MNPs are also playing a crucial role in hyperthermia treatment of cancer, 

in such a way that MNPs are injected to the malignant cells and exposed to an alternating 

magnetic field which subsequently leads to the release of heat causing the cells death.138,139 The 

essential properties of the MNP system employed in various applications are summarized in 

Table 2.
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Dimensional Analysis on Separation Mechanism of LGMS in Applications. In all 

the applications mentioned in previous subsection, it is highly desirable to remotely manipulate 

the motion of MNPs by actuation through an externally applied magnetic field. Typically, for 

engineering/biomedical applications that involve the separation of MNPs from the suspension, 

the separation rate of MNPs is our major concern. On the other hand, for drug delivery or other 

relevant applications, the precise control of MNPs migration pathway and desired destination 

appears as the essential factor that determines the practicability of LGMS technique in these 

processes. In spite of the different requirements arisen from wide spectrum of applications, the 

understanding on the flow behavior and separation mechanism of MNPs under externally 

applied magnetic field are equally important for all cases. Thus, in the following paragraphs, 

we report our findings on performing dimensional analysis on magnetic separation processes 

operated at engineering relevant conditions, with the focus on the type of application that 

requires rapid isolation of MNPs. Such analysis can provide us a brief overview on the flow 

mechanism of MNPs in LGMS system used in engineering processes, under the influence of 

both cooperative and hydrodynamic effects.

In most of the applications involving magnetophoresis, particle concentration and 

magnetic field gradients are typically within the range of 10 – 10,000 mg/L and 1 – 100 T/m,6,9 

respectively. Such range is highlighted within the black-boxed region within the -  plots of ∇𝐵 𝑐

MNPs at different sizes but with same magnetization (see Figure 14). This boxed region is 

entirely belonging to the area in which hydrodynamic effect is dominating the MNP’s flow 

behavior regardless of the particle size. In other words, the convective flow is always present 

and almost unavoidable in magnetic separation processes for engineering purposes. Thus, 

engineers who are working on the design and optimization of magnetic separator for MNPs 

separation should be aware of the presence of magnetically induced convection (unless the 

magnetic field gradient is perfectly uniform) and take full advantage of it to accelerate the 
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separation of MNPs from its suspension. Here, the hydrodynamic effect demonstrates great 

potential to offset one of the major disadvantages of magnetic separation technique, namely 

the low spatial resolution of magnetic field.13,36,52 As the separation distance increases from 

magnetic source, the magnetic field is exceptionally weak which subsequently leads to the 

inefficient magnetic pulling of MNPs. However, induced convection exhibits long range effect 

and the convective flow is still sufficiently intense (as compared to individual magnetophoretic 

velocity) to sweep MNPs in this region towards the magnetic source. As an outcome, the MNPs 

can be captured within a reasonable timescale.53 Thus, with the aid of induced convection, a 

large-scale magnetic separator can be realized in such a way that the separation chamber can 

be further divided into two distinct zones. The first zone is the region in the vicinity of the 

magnetic source where the magnetic pulling of MNPs is intensive. The second zone is the 

region further away from the magnetic source where hydrodynamically induced convection is 

dominating over the magnetophoretic force and the motion of MNPs in this zone is mainly 

driven by the sweeping convective flow. By taking advantages of the hydrodynamic effect, the 

spatial limitation of the generated magnetic field can be overcome which subsequently brings 

large-scale magnetic separator into the realm of reality. 

On the other hand, the presence of the interparticle magnetic dipole-dipole interaction 

in the black-boxed region varies significantly with respect to the particle size (see Figure 14). 

In fact, the existence of cooperative effect is extremely sensitive to the particle size, as indicated 

in Figure 14. It is almost always present for composite magnetic particles (as for commercial 

magnetic beads) but it is mostly absent for superparamagnetic nanoparticles. For instance, for 

30 nm MNPs, most of the area within this box is residing within the non-interacting flow region 

(the threshold concentration for the occurrence of interparticle interaction is ~2340 mg/L). 

Nonetheless, as particle size increases, the line N* = 1 is shifted to the left so that the 

magnetophoretic behavior of the MNP now is dictated by interparticle interaction. More 
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specifically, by increasing the particle diameter from 30 nm to 33 nm, the threshold 

concentration for particle interaction is significantly reduced to ~47.8 mg/L, which means that 

even a very diluted MNPs solution is still subjected to the influences of interparticle interaction. 

As the particle size further increases to 35 nm (superparamagnetic limit of magnetite particle), 

the entire box is shifted into yellow region which is characterized by the presence of intensive 

interparticle magnetic dipole-dipole interaction. From practical perspectives, cooperative effect 

is considered as beneficial owing to the much rapid magnetophoretic collection of MNPs from 

the fluid.79 However, the aggregation of MNPs will lead to the formation of large-sized cluster 

with reduced surface-to-volume ratio.23 Thus, there is a conflicting requirement on the extent 

of particle aggregation associated to the implementation of LGMS technique in real time 

applications.23 As particle aggregation is advantageous to induce rapid separation of MNPs but 

it tends to reduce the surface area for specific functionalities of MNPs. In this regard, we 

anticipated that the ability to manipulate aggregation state of MNPs system would be 

exceptionally crucial to fully exploit the advantages of LGMS in real time applications. In 

adsorption/reaction stage, particle aggregation should be avoided to maximize surface area for 

specific functionalities. However, in separation stage, particle aggregation should be 

encouraged such that MNPs can be collected more rapidly. Interestingly, the manipulation of 

particle aggregation state can be realized if superparamagnetic nanoparticle is employed. As 

discussed in earlier section, superparamagnetic nanoparticle is special group of paramagnetic 

material in which the magnetization is strongly dependent on the applied magnetic field and 

losses their magnetization completely upon the removal of external magnetic field.32 Owing to 

this unique property, the aggregation state of any superparamagnetic particles system can be 

controlled by varying the externally applied magnetic field. Therefore, in real time applications 

which involve the separation of MNPs, adsorption/reaction stage should be performed under 

the absence of external magnetic field (particles possess zero magnetization and low extent of 
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aggregation), which is then followed by the separation phase under the influences of magnetic 

field (particles are magnetized and show higher extent of aggregation). Thus, during the 

separation phase, any technologist should realize that they are working in the area in which 

cooperative magnetophoresis is occurring such that both separation rate and efficiency can be 

enhanced. 
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Figure 14. Tabulation of lines  and  on -  diagram for particles with the 𝑁∗ = 1 𝐺𝑟𝑚 = 1 ∇𝐵 𝑐
same magnetization (51.1 Am2/kg) but different sizes: (a) 30 nm, (b) 33 nm and (c) 35 nm. The 
black-frame square indicates the practicable region in which the range of particle concentration 
and magnetic field gradient are given by 10 – 10,000 mg/L and 1 – 100 T/m, respectively.
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 CONCLUSION

The use of low magnetic field gradients, as generated by permanent magnets, for the 

separation and extraction of magnetic particles in solution (also known as low gradient 

magnetic separation) is a promising technique with many potential applications. We have 

revised several of these applications in this paper. Interestingly, the development of this 

technique was somewhat unexpected, since the magnetic field gradients generated by 

permanent magnets are too small (< 100 T/m) to produce useful magnetophoretic motion 

according to the classical theory. However, the classical theory fails in predicting the kinetics 

of the magnetic separation processes in many engineering relevant conditions involving low 

magnetic field gradients. 

Our goal in this feature article was to provide a unified description of this low gradient 

magnetophoresis separation process. Our description was elaborated from a dimensionless 

analysis supported by the available theoretical and experimental results. 

In the first part of the article, we have revised and analyzed the scope and limitations 

of the classical theory of magnetophoresis. We discussed key examples of magnetophoresis 

that reveal the presence of two key physical effects beyond the classical theory of 

magnetophoresis. These effects are (i) cooperative magnetophoresis (due to cooperative motion 

of strongly interacting particles) and (ii) magnetophoresis induced convection (a fluid 

dynamics instability originated from inhomogeneous magnetic gradients). Both mechanisms 

are responsible for a substantial increment of the separation kinetics of magnetophoresis. In the 

examples discussed in this article, we have estimated an enhancement of the kinetics by a factor 

of 30 to 50×, depending on the situation. Their action can be identified by the presence of 

characteristic features. Cooperative magnetophoresis can be identified experimentally by the 

strong dependence on particle concentration observed in the kinetics of magnetophoresis, 
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which can be described with good approximation by a power law (eq 3). The presence of 

magnetophoresis induced convection can be confirmed by the presence of a macroscopic fluid 

motion (which can be visualized with the use of dyes as tracer) that maintains a uniform 

concentration of magnetic particles along the sample. In this case, the kinetics of 

magnetophoresis is characterized by an exponential decay with a decay time given by eq 4. 

The presence or absence of these transport mechanisms in a specific situation depends 

on particle properties (like particle size and magnetization), thermodynamic quantities 

(concentration, temperature and solvent viscosity), the profile of the external magnetic field 

and the container size and geometry. The dependence on all these factors can be summarized 

in two dimensionless parameters: the aggregation parameter N* and the magnetic Grashof 

number Grm, which characterize the emergence of cooperative magnetophoresis and 

magnetophoresis-induced convection, respectively. In the second part of this article, we have 

employed these dimensionless quantities to present a classification of magnetophoresis into 

four distinct regimes depending on the values of these two parameters (N* and Grm): (a) regime 

of validity of classical magnetophoresis (N* < 1, Grm < 1), (b) regime dominated by cooperative 

magnetophoresis (N* > 1, Grm < 1), (c) regime dominated by magnetically induced convection 

(N* < 1, Grm > 1) and (d) a complex regime with both cooperative magnetophoresis and 

magnetically induced convection (N* > 1, Grm > 1). This classification can be implemented 

into convenient diagrams in which control parameters such as magnetic field gradient and 

concentration can be used as axis variables so that the regions of validity of each regime can 

be clearly seen.

The analysis of the diagrams with the different magnetophoretic regimes for particles 

of different properties (different sizes or different magnetic response) reveal interesting trends. 

For example, cooperative magnetophoresis is usually expected for larger magnetic particles 

(such as the so-called magnetic beads) but it is not expected for smaller-sized magnetic 
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nanoparticles. In the case of magnetic nanoparticles, the situation of magnetically induced 

convection can be easily obtained with an appropriate choice of control parameters (essentially, 

the magnetic field gradient). Therefore, it was found that induced convection plays a vital role 

in governing the behavior of LGMS and pervades engineering applications except at the 

microscale.

One can take advantage of these effects and the analysis based on dimensionless 

parameters to modify the operating conditions in order to change the magnetophoretic regime 

and speed up the separation process; that is to determine the most effective control parameters 

that can be manipulated to achieve better separation kinetics. In short, this article shows a 

simple and quick dimensionless analysis to identify the mechanisms governing 

magnetophoresis under different conditions. This analysis is particularly crucial in 

understanding the fundamental behavior of LGMS process in order to facilitate the design and 

implementation of LGMS process in engineering applications. Therefore, the theoretical 

considerations presented in this paper may have real-life implications in the optimization and 

design of the environmental engineering and biomedical applications of MNPs which we have 

briefly discussed in this article. 
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 SUPPORTING INFORMATION

Detailed derivation of the criteria for the onset of cooperative magnetophoresis and 

magnetophoresis induced convection (Eqs. 8 & 9) from the formula of aggregation parameter 

N* and magnetic Grashof number Grm.
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