
Accepted Manuscript

A review of principles and applications of magnetic flocculation to separate

ultrafine magnetic particles

Liqun Luo, Anh V Nguyen

PII: S1383-5866(16)31055-3

DOI: http://dx.doi.org/10.1016/j.seppur.2016.07.021

Reference: SEPPUR 13138

To appear in: Separation and Purification Technology

Received Date: 29 October 2015

Revised Date: 26 March 2016

Accepted Date: 16 July 2016

Please cite this article as: L. Luo, A.V. Nguyen, A review of principles and applications of magnetic flocculation

to separate ultrafine magnetic particles, Separation and Purification Technology (2016), doi: http://dx.doi.org/

10.1016/j.seppur.2016.07.021

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers

we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and

review of the resulting proof before it is published in its final form. Please note that during the production process

errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.seppur.2016.07.021
http://dx.doi.org/10.1016/j.seppur.2016.07.021
http://dx.doi.org/10.1016/j.seppur.2016.07.021


  

Liqun Luo, Anh V Nguyen / A review of principles and applications of magnetic flocculation and separation of ultrafine magnetic 
particles 

 1 

A review of principles and applications of magnetic flocculation to separate 

ultrafine magnetic particles 

 

Liqun Luo
a, b*

, Anh V Nguyen
 b 

 

a 
School of Resources and Environmental Engineering, Wuhan University of Technology, Wuhan 

Hubei 430070, China 
b 

School of Chemical Engineering, The University of Queensland, Brisbane, St Lucia Queensland 

4072 QLD, Australia 

 

 

 

*Corresponding author. Tel: +86-15827624975; Fax: +86-27-87882128. 

 

E-mail address: luoliqun@whut.edu.cn (L.Q. Luo) 

 

 



  

Liqun Luo, Anh V Nguyen / A review of principles and applications of magnetic flocculation and separation of ultrafine magnetic 
particles 

 2 

 

H I G H L I G H T S  

 

● The principles of magnetic separation have been critically reviewed; 

 

● Both external and interparticle forces for ultrafine particles are reviewed and compared;  

 

● Suspensions stability of the particles factors are described and analyzed; 

 

● Various modeling of magnetic flocculation are introduced and some of the applications are illustrated. 
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A B S T R A C T  

 

Magnetic separation has been used in industries to concentrate or remove magnetic minerals/particles for many 

years. The separation of ultrafine magnetic particles is significantly influenced by aggregation between particles 

due to various external and interparticle forces, such as gravity, magnetic attraction, van der Waals, electrical 

double-layer, hydrodynamic, and Brownian diffusion forces. This review focuses on the principles of the magnetic 

flocculation and separation of micrometer-sized particles in solution. Potential energies between particles are linked 

to the particle aggregation (i.e. stability), sedimentation and dispersion in applied magnetic fields. Prediction and 

control of magnetic flocculation are achieved by simulating particle motions around the surface of the magnetic 

separators using various mathematical models, with some large-scale applications of magnetic flocculation are 

being demonstrated. 

 

Keywords: magnetic flocculation; ultrafine particles; forces; mathematical modeling 
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1.  Introduction 

Magnetic separation is typically used for concentrating magnetic materials and for removing magnetisable 

particles from air and liquid streams. Magnetic separation processes for ferromagnetic materials or ferrous particles 

have been used extensively in the past [1-3]. The use of very fine magnetic matrix elements to improve the removal 

of magnetic particles from suspensions has been steadily increased in recent years [4-7]. This technique has also 

been successfully applied in solid waste separation and recycling, ultra purification of many fine chemicals, nano 

and biotechnology, etc [8-13]. For instance, magnetic seeding flocculation was employed to remove arsenic by 

applying magnetite (Fe3O4) and polymeric ferric sulfate (PFS), with these two substances being separated using 

open or high gradient superconducting magnetic separation (OGMS or HGMS), giving rise to increase of arsenic 

removal from 72.5% to 90.9% when magnetite dosage increased from 25 to 300 mg/l [14]. 

Many of the separation techniques such as magnetic separation and flotation require liberation by fine grinding in 

order to increase the recovery of low grade and finely disseminated minerals. Fine particles have small attraction by 

magnetic force and other competing forces. Magnetic force generated by various magnetic separators, on a 

hematite particle, as a function of particle size is shown in Fig. 1 [15]. The low separation efficiency and recovery 

of ultrafine magnetic particles (< 5 μm) is mainly due to their low magnetic force and collision efficiency [16-18]. 

For the sake of convenience, the size classification is reproduced in Table 1. For ultrafine particles, it is theoretically 

and experimentally shown that magnetic separation efficiency declines significantly with decreasing particle size. 

Thus, many techniques have been developed to increase the effective particle size and mass, in addition to 

decreasing the specific surface potential energy. However, all these techniques share the same key feature that 

ultrafine particles should be induced to form aggregates [19]. For example, flocculation of iron hydroxide is applied 

to adsorb and entrap heavy metal ions dissolved in water, where superparamagnetic nanocomposite microparticles 

act as seeds for iron hydroxide precipitates [13]. In addition, various types of magnetic particles have been 

synthesized and investigated to remove magnetic particle tagged algal and microalgae from lakes based on the 

intrinsic paramagnetic movement [10, 20].  

Magnetic flocculation of weakly magnetic materials or paramagnetic minerals, as shown in Fig. 2, has been 

suggested as a method to recover mineral particles of micrometer-sized or colloidal size that are usually lost in 

conventional separation processes [18, 21, 22]. Many researches [1, 4, 8, 23] have been concentrated on the 

attraction, flocculation and adherence of magnetic or weakly magnetic particles  and concluded that the removal of 

paramagnetic particles of sizes less than approximately 40 nm was impractical. although the use of fine magnetic 

elements such as magnetite can enhance the performance of an high-gradient magnetic separation (HGMS) process 

very well in the removal of larger magnetic nanoparticles. Methods for selective enhancement of the magnetic 

properties of minerals include [24, 25]: 

1) Selective surface decomposition of iron pentacarbonyl (Magnex process) 

2) Selective wetting by magnetite laden oil (Murex process) 

3) Selective co-flocculation with magnetite and 

4) Selective surface adsorption of fine magnetite.  

If a suspension is flocculated using a high molecular weight polymer in the presence of fine magnetite, then it is 

highly likely that some of the magnetite particles will become incorporated into the flocs. This aggregation can be 

due to either adsorption of the flocculant onto the magnetite or simple mechanical entrainment of the magnetite 

within the flocs. In either case the flocs are then amenable to be recovered by magnetic forces. 

In the present literature, correlation coefficients or equations of theoretical predictions are reported, in addition to 

the highlights regarding the agreement and discrepancies between the models and the available experimental results 

for natural magnetic flocculation and hydrophobic-magnetic coagulation suspension of paramagnetic mineral 

particles such as hematite and siderite. Some models use a short-range exponential formula which was adopted to 
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express the hydrophobic interaction potential energy and flocculation kinetics. The surface properties of the studied 

particles were taken into account for the solid-liquid interfacial energies and the surface (zeta) potentials [26, 27]. 

Therefore, this paper critically reviews the literature on the principles of magnetic flocculation and separation of 

ultrafine ferrous particles as well as their application that has attracted much attention. Our particular aim is to 

focus on the magnetic flocculation mechanisms to improve the understanding of the magnetic separation of 

ultrafine particles.  

2.  Forces of ultrafine particles on magnetic flocculation 

Magnetic flocculation separation occurs as a result of diverse colloidal forces acting on paramagnetic particles in 

the liquid flow field in the presence of an external field. Primary forces acting on individual particles, including 

external forces such as magnetic attraction, gravitational forces, and interparticle forces which act between two 

particles change in strength when one particle approaches to another in dilute suspensions, such as van der Waals 

forces, electrostatic forces, hydrodynamic resistance, and magnetic dipole attraction forces, are examined and 

quantified [9, 28-32]. Specifically, The separation of one material from another or the removal of magnetisable 

particles from streams depend upon their motion in response to the magnetic force and the other competing external 

forces as depicted in Fig. 3. Brownian relative diffusivity is treated separately. The scenario for magnetic 

flocculation study is portrayed in Fig. 4 [4, 23]. Moreover, the following theoretical analysis evaluates the 

interaction between two spherical paramagnetic fine particles or two magnetite ultrafine particles. 

2.1 External forces 

The magnitude of external forces (i.e. gravitational and magnetic attraction forces) depends on various parameters, 

e.g. particle size, density of the particle, magnetic susceptibility and the magnetic field. As particles with different 

properties travel with differing velocities in the suspension, diverse external forces are expected.  

2.1.1.  Gravitational force 

The gravitational force, gF  acting on a particle in suspension is given by Eq. (1): 

g p pF V g                                         (1) 

where p is the density of the particle, pV  is the volume of the particle, and g  is the gravitational acceleration. 

The buoyant force, bF , acting on a particle is given by Eq. (2): 

b pF V g                                                    (2) 

where   signifies the density of the fluid as shown in Eq. (3): 

2

2
d D p

v
F C A g                                              (3) 

Where pA  is the cross-sectional area of the particle, DC  is the coefficient of drag, v, and g  is the unit vector 

of the gravitational acceleration. Assuming laminar flow, DC  = 24/Re where Re = 2ρva/η, a is the particle radius, 

and η is the dynamic viscosity. Substituting these expressions for the force balance equation and assuming spherical 

particles allow the equation to be solved for velocity v. 
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2.1.2.  Magnetic attraction force 

The magnetic force, mF , on a particle can be given in terms of the magnetic field [16, 17] as Eq. (4): 

3

0 0

4

3
mF VB B a B B

 


 
                                      (4) 

where a is the radius of a small particle  ,   is the magnetic susceptibility, 0  is the permeability of free space, 

and B  is the magnitude of the magnetic induction vector B . In three dimension, the magnetic induction vector, B , 

and the magnetic-field strength vector, H , are not independent but related by Eq. (5): 

0B H                                                 (5) 

Here, H represents the local magnetic field with components in spherical coordinates given by Eqs. (6) and (7): 

3

0 ,3

2
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3
r s m

a
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                                          (6) 
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                                           (7) 

where ,s mM  is the saturated magnetization of the magnetite particle (
5 -1

, 4.8 10 (A m )s mM   ), 0H is the 

magnitude of the applied magnetic field, and θ is the angle between the direction of the field (which is the same as 

that of the flow) and the line that connects the centers of the magnetite and nanoparticle [4, 33, 34]. 

The magnetic force exerted by the sphere on the small particle has radial and angular components, respectively, 

given by Eqs. (8) and (9). 

3 3
1 , 2 21 1

2, 2 0 2 0 , 0 ,4 3 3
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              (9) 

For simplicity, the small particle is treated as a sphere with 3

2 2(4 ) / 3V a .  

2.2 Interparticle forces 

In dilute slurry, the forces occurring between two particles when one particle approaches to another, resulting in 

interparticle forces which play in a relatively near-field manner as compared to the external forces.  

2.2.1.  Van der Waals force 

The van der Waals forces between particles are of fundamental importance for agglomeration processes or 

their structuring in suspensions [31, 32]. The coordinate system used in quantifying the interparticle forces is 

illustrated in Fig. 5.  

The van der Waals interaction between two spheres separated by a distance l (surface-to-surface) can be derived 

from Hamaker’s formula [4, 34, 35], given by Eq. (10): 

3

2 2 2 2 2 2 2

1 2

(16 )

3( ) (1 ) ( 4) ( (1 ) 4(1 ) )
w r

A s
F e

a a s s



  

 
    

      
   (10) 
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Where 1a  and 2a  are defined as the radii of particles 1 and 2, respectively. The larger particle is designated as 1 

and the smaller particle is designated as 2 (see Fig. 5). A is the Hamaker constant, 2 1/a a   while

1 2 1 22( ) / ( )s l a a a a    . 

If the two spheres comprise phases 1 and 2 interacting across a macroscopic phase 3 (water), the Hamaker 

constant can be approximately calculated from Eq. (10):  

1 3 2 3

1 3 2 3

23

4 8 2

ehv
A kT

   

   

   
   

   

  

       

2 2 2 2

1 3 2 3

0.5 0.5 0.5
2 2 2 2 2 2 2 2

1 3 2 3 1 3 2 3

n n n n

n n n n n n n n

 


     
  

               (10) 

Where εi and ni are the dielectric constant and index of refraction of the macroscopic phase i, respectively, h is the 

Planck constant, and ve is the main electronic adsorption frequency in the UV region, typically around 153 10  s
-1

. 

2.2.2.  Electrical double-layer force 

Electrostatic interactions among charged surfaces in electrolyte solutions determine the rate of many dynamic 

phenomena involving various separation procedures. An approximate expression for the electrostatic interaction 

was obtained between two dissimilar spheres. The expression is especially applicable when the size of the spheres is 

larger than the double-layer thickness and the distance between them [4, 36, 37]. Under the assumption of constant 

surface charge density, the electrostatic force eF  exerted by a magnetite particle on a paramagnetic nanoparticle is 

expressed as Eq. (11): 

2 2

0 12 2 2 1 22
4 (( ) 2 )

1

h
h

e rr h

e
F G e e

e





     





   


                     (11) 

where 

1 2

12

1 22( )

a a
G

a a



                                    (12) 

0.5
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                                    (13) 

and 

2

1

1

2

iN
b

i i

i

I z n


                                         (14) 

Here, I (I=z
2
n

b
) is the ionic strength of the electrolyte solution and n

b
 is the bulk concentration of the electrolyte, 

εr and ε0 are the relative permittivity of the medium and free space, respectively, while ψ1 and ψ2 are the infinite 

separation potentials for each particle, with the potentials being obtained from the Poisson–Boltzmann equation for 

single sphere under constant surface charge (σd) boundary condition [37, 38]. The value of σd represents the surface 

charge density which is rarely larger than 0.5 C/m
2
 . For simplicity, the σd of both particles are normally regarded as 

the same value. 

2.2.3.  Magnetic dipole force 

The interaction between two magnetically susceptible particles is expressed by the interparticle magnetic 

potential field forces along the line of centers (see Fig. 5), given by Eqs. (15) and (16): 
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Where α is the angle between the direction of the vertical axis and that of the magnetic field. The angle φ defined 

earlier is related to α by    . It is important to note that the maximum of the tangential force is usually smaller 

than that of the radial force but both increase as the separation distance decreases. Also the radial force presents 

attractive effect when φ = 0, but becomes repulsive when φ = 90° [8, 28, 39]. 

The interparticle magnetic dipole force as a function of the separation distance between the two particles is 

shown in Fig. 6. where the magnitude of the van der Waals and that of the repulsive or attractive electrostatic forces 

are also presented. In addition, Fig. 6 demonstrates that the interparticle magnetic dipole force predominates over a 

long distance compared to the attractive van der Waals force and the attractive or repulsive electrostatic force. 

However, in contrast to the van der Waals and electrostatic forces which change rapidly, the interparticle magnetic 

dipole force reaches a plateau.. 

2.2.4.  Hydrodynamic force 

The hydrodynamic force plays a very important role when particle retention is taking place under the influence of 

a convective flow. In the Stokes flow regime, the modulus of the viscous or drag force, Fd, over a free-moving 

particle is given by Eq. (17): 

6d pF a v v                                                  (17) 

Where μ is the dynamic viscosity, v  is the free stream velocity of the flow where the particle is placed, while pv  

is the velocity of the particle. It is assumed that the particle velocity pv  is zero if study is concerned only with static 

forces between the particles. 

Exact solutions for the hydrodynamic resistance to particle collision have been developed by using bispherical 

coordinates. Although these solutions are originally calculated for drop motion, they can be easily applied to particle 

motion by assigning the ratio of drop viscosity to fluid viscosity with a value of 10
3
 or greater [28, 40, 41]. 

Hydrodynamic resistance to ax symmetric motion shows that the ax symmetric drag force, Fd,1, acting on a 

particle with radius 1a  moving with a velocity 1v  near another particle with radius 2a  and velocity 2v  is given 

by 

 ,1 1 11 1 12 26dF a v v                                  (18) 

Hydrodynamic resistance to asymmetric motion developed by Zinchenko is similar to those of Haber et al [40]. 

  ,1 1 11 1 2 12 26dF a v v v                                 (19) 

where Λ11 and Λ12 are given by 
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where c, ᾱ, Δ and the δ and σ are coefficients derived from the geometry and fluid conditions of the situation [40, 

41].  

Fig. 7 shows the dimensionless hydrodynamic force as a function of the surface-to-surface separation between 

the paramagnetic nanoparticle and magnetite for Rp 160 and 300 nm, respectively, with superficial velocities being 

varying from 2 to 10 cm/min. The hydrodynamic force on the nanoparticles starts to increase significantly when the 

distance between the surfaces of two particles greater than about 100 nm, within this distance, the hydrodynamic 

force is overwhelmed by Brownian motion. However, increasing either the superficial velocity or the diameter of 

the paramagnetic nanoparticle has marked effects on the hydrodynamic force and can strongly affect the 

performance of the retention process. 

2.3.  Brownian forces 

Particle transformation can also occur by coagulation through particle collision. The high diffusion constants of 

nucleation mode particles lead to rapid diffusion loss through coagulation. The large cross sections of particles 

larger than 10 μm lead to an appreciable growth rate through coagulation. 

The relative diffusivity due to Brownian motion for two particles is expressed as Eq. (22): 

1
(0)

12

1

(1 )

6

kT
D

a






                                               (22) 

Where, (0)

12D  is Brownian relative diffusivity. 

The aforementioned forces were only important if their magnitude was substantially greater than the effective 

Brownian force associated with random thermal motion. The forces here are evaluated in a dimensionless form 

relative to the Brownian force. The Péclet number (Pe) represents the ratio of the magnetic force to the Brownian 

force and is given by Eq. (23): 

1 22 a aa F
Pe

kT
                                                      (23) 

Where ɑ2 is the radius of the small particle, k is the Boltzmann constant and T is the absolute temperature. The 

magnetic force dominates when Pe ≫ 1. Random thermal motion overwhelms any tendency toward 

heteroflocculation in the opposite limit. Consequently, Pe can be viewed as the degree of adsorbability of the 

species under magnetic flocculation study [34, 42, 43]. 

2.4.  Comparison of various forces 

The magnitude of the net force is defined as the sum of the magnetic, electrostatic, and van der Waals forces, etc. 

The electrostatic and van der Waals forces between two spherical particles have spherical symmetry.  

In general terms, interactions between mineral surfaces in aqueous media can be classified as strongly attractive, 

long-range repulsive referred to as dispersed, as well as weakly attractive, as shown in Fig. 8 [44]. 

The magnetic force acting on the paramagnetic particle is not directed along the line of particle centers. 

Sometimes, to simplify the comparison of force magnitudes, only those paramagnetic particle positions where the 

line of particle centers is aligned with the applied external field H0 (i.e., at θ = 0 or θ = π) are considered. This allows 

the net force to be computed simply as a scalar sum in the model calculations. Fig. 9 contains a considerable 

amount of information that has been arranged for ease of comparison for different model conditions and in terms 

of the net dimensionless force as a function of the surface-to-surface separation between the particles. 

In addition, the selective separations by magnetic flocculation are also implemented under the condition of 

surfactants. Hydrophobic interactions are produced due to attractive forces between hydrophobic particles. Many 

expressions have been proposed to describe the hydrophobic interactions between particles [25, 29]. 
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The other important forces like hydrocarbon chain force, hydration forces and bridging forces between ultrafine 

particles in colloidal suspension should be achieved using reagents, such as surfactants and polymers. Most of 

these interactions are amenable to modification by the forces above [25]. 

3.  Stability of magnetic flocculation suspensions 

3.1.  Potential energy of magnetic flocculation under various forces 

The criteria of the stability of colloidal suspensions are largely governed by the interplay of repulsive and 

attractive forces among particles. The stability conditions can be derived from the total potential energy curve as a 

function of the distance between particles. When fine paramagnetic particle is exposed to an applied magnetic field 

B, the interaction of paramagnetic in magnetic flocculation processes is often expressed in the form of potential 

energy, depending on various forces mentioned above. 

When a suspension of ultrafine particles is placed in an external uniform magnetic field, the magnetostatic (or the 

dipolar interaction) energy VMag between a pair of spherical particles can be written as Eqs. (24) and (25): 

2 3 3
21 2

1 2 1 23

1 2
0

2
1 2

4
[ 3( )( ) ]

9
2

Mag

B a a
V m m m l m l l

a a
s

 



 
 

 
 

                          (24) 

If 1 2a a a  , then 
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2 216
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                          (25) 

Where, μ0 is the magnetic permeability of vacuum, m is the magnetic moment of each particle, and l is a distance 

between two particles. Under certain assumptions, the expression for VMag, can be approximated: 
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                             (26) 

Where χ is the volume magnetic susceptibility of particle, and B0 is the magnetic induction. 

Electrical double layer and van der Waals interactions exist in some cases, each having their own limitations and 

ranges of validity. A detailed account of these expressions has been given elsewhere [45, 46]. The van der Waals 

interparticle force potential, Vvdw, was calculated by Hamaker [35] for unequal sized spheres as a function of separation 

  
22

8

6 4 1
vdW

A
V

S







  
  

   
2 22

8

1 4 1S



 


 

   

  

   

22

2 22

4 1
ln

1 4 1

S

S



 

   
  
     

    (27) 

In particular, for two equal particles, i.e.,
 1 2a a a  , then van der Waals attraction energy can be expressed by, 

2

2 2 2

2 2 4
( ln )

6 4
vdW

A S
V

S S S


   


                        (28) 

Although Derjaguin's methods have been widely used to obtain double layer interaction for large values of κa (>5) 

at all surface potentials, it has been shown that the Derjaguin values increased with increasing distance between 

particles. A general limiting form of the interaction energy of two spheres at large separations (κl»1) was derived 

[28, 30, 46, 47]. 
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Where Yi (i = 1, 2) is the effective (reduced) potentials, z is the valence of the symmetric electrolyte in the solution, 

e is the electron charge, k is the Boltzmann constant, Ψ0i refers to the particles' surface potential, and I is the ionic 

strength of the solution. 

Theory DVLO shows that under certain assumptions, the repulsive energy of double layer can be expressed in a 

simple approximate form as Eq. (32): 

2 exp( ( 2))
El p

a s
V a

s


 

 
                              (32) 

Hydrophobic–magnetic coagulation or flocculation are due to attractive forces between hydrophobic particles. 

Although there are uncertainty and considerable debate regarding the origin and the mechanism of the hydrophobic 

interactions, they are believed to arise from the perturbation of the water structure as the particles approach each 

other. Some researchers proposed that the hydrophobic interactions consist of two components: one long-range 

component which is described by an exponential force law and another arises from the association of the 

hydrophobic chains adsorbed on the particle surface, with the latter being held for very short particle distances ≤

≤ 2 , where is the length of the hydrocarbon chain of the surfactant [29, 44, 48]. The hydrophobic energy of 

interactions for two spherical particles with adsorbed layer thicknesses of δ1 and δ2, respectively, is expressed in the 

form as Eq. (33). 

'

'
2 exp c

Hpb SL

h h
V r  



 
   

 
                              (33) 

in which γSL is the solid/water interfacial energy of the spheres, hc is the contact separation distance of the spheres 

(≌0.2 nm), and λ
’
 is the empirical constant or a decay length, normally 1 nm. The greater the hydrophobicity of the 

spheres in water, the higher the value of (positive) γSL, and more attractive is the mutual hydrophobic interaction 

between the spheres [26, 49]. 

Therefore, by adding together the energy contributions it is possible to predict the variation in potential energy 

with particle separation. A net repulsive energy or a high-energy barrier will tend to prevent contact of the mineral 

and magnetite particles, thereby inhibiting the formation of a magnetite flocculation or coagulation. Depending on 

the actual particle system, special potentials might occur. If it is assumed that these energies are additive, the total 

potential energy of interaction is the sum of these interaction energies over all pairs of particles, which can be 

calculated as follows: 

 T i Mag vdW El HpbV V V V V V       +                            (34) 

The above expressions of Eq. (34) have shown that the total energy of interaction-distance profile is uniaxial by 

nature whose pattern depends not only on the properties of materials involved (such as the particle size, ζ-potential 

of particles and Hamaker constant) but also on the process parameters (such as the composition of the electrolyte, 

the magnetic field strength and particle concentration), besides the hydrodynamic resistance that is taken into 

consideration, sometimes, involving bridging forces (VB), hydration forces (VHdn), Hydrocarbon chain association 

(VAssoc), etc [8, 25, 45].  

The omission of the magnetic dipole energy implies that all particles considered in the flocculation system have 
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the same magnetic moment and dipole orientation. The behavior of suspension of paramagnetic as well as 

diamagnetic particles is described in Eq. (34) in an external magnetic field, and the term VMag is of the same order 

of magnitude as terms VvdW, or VEl [30].The height of the potential barrier determines the stability of the suspension. 

In some special cases, a secondary minimum can be significantly deep to play an important role in flocculation. 

3.2.  Collision efficiency, collision frequency and flocculation frequency  

From the curves representing the total potential energy of interaction, the criterion of the initiation of magnetic 

flocculation can be derived. But how quickly will flocculation take place is still an open question.  

In this section, two such parameters, the collision frequency and the collision efficiency, are therefore discussed. 

The collision rate, Jij, for a given particle will be the number of collisions it experiences per unit time. In the cases of 

cylindrical symmetry given in the previous section, the collision rate can be thought of as the flux of potential 

collision partners that move through the circle the limiting trajectory forms about the z axis. 

The overall collision rate per unit volume for the two particle classes will be the collision rate for a particular 

particle multiplied by the concentration of that class of particles [28, 50], as indicated in Eq. (35): 

(0) *2ij

ij c

i j

J
V y

n n
                                  (35) 

where ni and nj are the concentrations of particles i and j. Note that the collision frequency without particle-particle 

interactions is given by Eq. (36): 

(0)

(0) 2( )
ij

ij i j

i j

J
V a a

n n
                                 (36) 

Particles not flowing around each other collide and flocculate only if they are originally on a direct collision 

course, much like sticky billiard balls. This collision frequency is normally taken as the reference situation with the 

collision efficiency, Eij, defined as the ratio of the actual and reference collision frequencies followed by Eq. (37). 

*2
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                              (37) 

Stated in a different way, the collision efficiency is the collision rate with interparticle forces divided by the 

collision rate without interparticle forces. If only binary particle collisions are considered and particle interactions 

are ignored, the binary collision frequency βij is given by Eq. (38): 
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                          (38) 

Where, D∞ is the diffusivity of the particles in the suspension in the absence of interparticle forces. 

Furthermore, the flocculation frequency Fij of particles under the influence of interaction forces is defined as 

the product of the collision-frequency function with a collision efficiency factor Eij [8, 51], as shown in Eq. (39):  

ij ij ijF E                                           (39) 

Fig. 10 shows collision efficiencies of particles with various relative sizes when van der Waals and hydrodynamic 

forces operate, indicating thathydrodynamic forces reduce the collision efficiency of interacting particles. In 

addition, when the size of the particle is similar, the collision efficiency is reduced more significantly.  

It is important to note that the definition of the collision efficiency factor does not limit its values between 0 and 

1. For example, in the cases of a strong attractive force among the particles, Eij may be greater than 1. With the 

above definitions and equations, the theoretical framework for a particle-particle flocculation trajectory analysis 

model is sufficient for useful numerical simulations. 
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3.3.  Threshold field in magnetic flocculation 

Threshold flocculating magnetic field, BF, is an important factor at which the potential barrier between particles 

disappears and particles can flocculate into a potential well. Conditions of rapid flocculation into a potential well 

are derived in terms of threshold magnetic field as a function of particle size, magnetic susceptibility and, 

concentration, surface charge, etc [17, 52]. The value of magnetic field that the particles begin to flocculate is 

calculated based on Eq. (40): 

1/2 1/2

0 0

2 2 3 2 2 3

2 2
F

kT kT
B

a a

 

   

   
    
   

                          (40) 

The dependence of threshold magnetic field calculated and determined in interaction energy, on particle sizes for 

various minerals was given in Fig. 11, which indicates that BF strongly depends on particle radius and on magnetic 

susceptibility, e.g. decreases with increased particle radius and magnetic susceptibility. 

3.4.  Magnetic flocculation kinetics and its stability factor 

The initial stage of the flocculation process can be modeled by placing one particle at the origin of the coordinate 

system, and assuming that all other particles flocculate only with this central particle but not among themselves. 

For spherically symmetric interactions n is the particle number density which can be calculated according to Eq. 

(41) [2, 5],  
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                        (41) 

where j is the particle flux using the boundary conditions Einstein's diffusion coefficient D for a single particle.  

It has been shown that the stability of suspensions depends on the magnitude of the barrier and the existence 

depth of the secondary minimum. The number of particles to be halved is given by Eq. (42) [17, 30]. 
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                                       (42) 

Where t is the time, η is the viscosity of the medium while N0 is the initial concentration of the particles. The 

stability ratio W is calculated according to Eq. (44): 

08 DN d
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                                        (43) 

22
2 T

kT

V ds
W

e s



                                        (44) 

The stability factor, W depends on the magnitude of the potential energy of interaction. The different curves 

correspond to different values of VR0  ( ) / d

R r BV d k T e     
2

0 0 0
, which determines the zero-field stability 

[2, 5]. Consequently, the factor of stability can be used to determine the degree of colloid stability of a given 

system. 

Representative results are given in Fig. 12 for κd =1 in terms of the stability factor W as a function of β (W = 

3.014678 ×β
-2/3

). The dimensionless parameter β is showed in Eq. (45).  
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                             (45) 

For small values of β the effect of the magnetic interaction is negligible, as can be expected when |VM/kBT| ≪ 1. 

For large values of β however, the magnetic interaction is dominant. 
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4.  Multi-method modeling of magnetic flocculation particles 

Modeling analysis and evaluation is based on various forces, potential energy interaction and collision 

relationship of the interparticles. The mathematical express of flocculation is based on the process considering that 

the destabilized suspended particles are aggregated through two steps: transport and attachment. The rate of 

flocculation expressed mathematically as successful rate of collision between particles  with sizes of i and j. 

Nearly all flocculation models are based upon Eq. (47) [53].  

  ( , ) i jrate of flocculation i j n n                            (47) 

 

There are various flocculation processes models such as Smoluchowski’s and Fucks’s models, rectilinear and 

curvilinear models. The more recent microscopic approach based on characterization of the system through 

determination of the fractal dimension as a function of time offers the opportunity of a simpler yet more 

representative modeling [54-56]. 

4.1.  Fundamental theory of magnetic flocculation modeling 

Pair-Dipole Model. If the magnetite particles within colloidal suspension are very small and randomly 

distributed, the composite particles are treated as single-domain structure and the dipole model is applicable. 

Magnetic dipoles are attractive along the field direction and repulsive to the field direction. Hence, the interacting 

colloidal particles form chain aggregates that are aligned along the field direction. The magnetic-dipole interaction 

is determined for an isolated pair of particles and is referred to as the pair-dipole model [57, 58]. 

Chain-Dipole Model. Particles trapped in a chain also experience magnetic induction from other particles in the 

same chain, as well as from the externally applied magnetic field. The magnetic potential energy between any two 

particles in a chain was referred to as the chain-dipole model and was calculated in modeling.Therefore, the 

magnetic induction at particle i (Bi) in a chain of N particles is the summation of the externally applied magnetic 

induction at particle i (B) and the induction from other particles in the chain (Bij). The total potentials between the 

two central particles in a chain are determined whether the aggregation is in primary or secondary minimum.  

4.2.  Univariate  population-balance (PB) method 

Simulation of magnetic flocculation behaviour of fine minerals was described by direct computation of the 

Brownian, van der Waals, Born, electrical double layer and magnetic forces acting on each particle [17, 45]. An 

electrolyte of distilled water with a low conductivity had been considered employing comparable conditions to 

those reported by Svoboda [30]. Fig. 13 shows a typical plot of total interaction energy of two hematite particles 

with a diameter of 5 μm under several magnetic fields, e.g. the potential barrier prevents particles from flocculating 

into the primary minimum when B=0.01T, while when B=0.02T the interaction energy was purely attractive, and 

particles can coagulate into the potential well. Such a magnetic field was considered as a threshold field for which 

the flocculation begins.  

4.3.  Bivariate population-balance (PB) method 

Kinetics of heterogeneous magnetic flocculation using a bivariate population-balance (PB) equation had been 

focused on aspects: (i) to predict the flocculation rate of mixed paramagnetic particles in a magnetic field and (ii) 

to use the flocculation rate for the prediction of transient floc size and floc concentration in terms of various types 

of the initially present particles [39, 59]. The discrete bivariate PB equation for a batch system is written as Eq. 

(48): 
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Where nij (m
-3) is the number of particles with a size of i and a concentration of j (class ij); t is the time; Fij,lm 

(m3s-1) is the flocculation frequency of particles in class ij with particles in class lm; Ns and Nc
l 
are the total numbers 

of particle and initial concentration, respectively. The factor 1/2 is required to eliminate double summation over the 

same size-concentration. The term on the left side of Eq. (48) is the accumulation term for particles with a size of i 

and a concentration of j, the first term on the right side is a source term due to flocculation of smaller particles, and 

the second term on the right side is a loss term due to flocculation to larger particles (flocs). An efficient 

discretization of magnetic susceptibility and size is shown in Fig. 14. 

As most complex processes involving changes in the size of particulate components, modeling procedures based 

on stochastic approaches are generally far superior to deterministic models. The commonly used computer 

stochastic simulation techniques can be classified into Monte Carlo (MC), Molecular Dynamics (MD) and 

Brownian Dynamics (BD) methods. Since the MC [45, 60] is now a well-established and standard technique in the 

field of computer simulations, it suffices to describe the magnetic flocculation procedure very well, for instance, 

hematite particles were confined to a cubic simulation box of side L with periodical boundary conditions. During 

each simulation cycle, every particle in the simulation box is picked up in turn and moved randomly, then the 

change in the configuration energy ΔV due to the movement of a particle is calculated. 

The results of discrete bivariate PB equation showed the effect of particle size and magnetic susceptibility on 

the bivariate (volume/magnetic susceptibility) density as a function of time, i.e. from initial condition to more than 

10 min of flocculation. These results can be used to determine the degree of heterogeneous flocculation that is 

important in the separation of particles of different magnetic susceptibility. 

4.4.  Fractal dimension method 

Dynamic methods have been adopted to simulation systems for macroscopic and or colloidal particles. The 

dynamics of aggregation or flocculation is characterized in terms of mean particle size, fractal dimensions, 

distribution of orientations and radial distribution function for different-sized particles. In flocculation kinetics 

models conventional methods are often based on discretisation of global population balance methods, and it is 

usually assumed that spherical particles collide and form spherical aggregates. Real aggregates or flocs, however, 

are of irregular shapes and can be considered as fractal objects. From small to large diameters, the distribution of 

orientations gradually approaches the orientation of the magnetic field, the larger particles forming chain-like 

clusters, the smaller ones forming clusters with branched and looped shapes. The structure of fractal objects can be 

described by a fractal dimension number that plays an important role in magnetic aggregation kinetics [57, 61, 62]. 

Meantime, there have been many methods to describe the geometrical structure of a floc. Fractals can be defined 

as disordered systems with a nonintegral dimension. Fractal dimensions may be defined in linear, planar or 

volumetric terms, resulting in so-called one-, two- or three-dimensional values, respectively [62-64]. 

A fractal dimension, DF, which is described as the packing of the particles forming the aggregate, varies from 1 

to 3. The higher the value of DF, the more densely packed the aggregates, e.g. a fractal dimensions of 3 indicates a 

solid spherical structure. Fractal aggregates have two important properties viz. self-similarity and power law 

behavior [61, 65]. 

The relation between the radius of gyration, Rg and the number of primary particles, np, follow the power-law of 

Eq. (49),  

1/ D

g pR n                                           (49)
 

Where D is fractal dimensionality. The radius of gyration of the maximum chain, RG, which can be obtained by 

cutting off the portion of branches (Fig. 16).  
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The growth mechanism of the linear chain consists of the accumulation of isolated particles or small clusters 

onto existing chains, which are all moving at different speeds, during aggregation of paramagnetic particles. The 

chain length increases linearly and has a growth rate that increases as a power law with the shear [66]. 

As far as the two-dimensional fractal dimension, D2, is defined in terms of the relationship between the increase 

in radius and the corresponding increase in mass contained within the circle or, in geometrical terms (Eq. (50)),  

2D

g pA R                                      (50)
 

Where Ag is the sum of areas of all primary particles contained within a circle of radius Rp. Thus, D2 may be 

found as the slope of a plot of log A versus log Rp. Fig. 17 shows the planar aggregates, where each solid circle 

represents the mass of a primary particle, it is clear that circles of different radii drawn about the center of the 

aggregate enclose different masses. 

Now with the light scattering method widely being used to determine the fractal dimension, results from this 

simulation will be readily used once the relationship between fractal dimension and permeability is developed. The 

mass fractal dimension of the flocs is obtained from the settling rate and size data in the settling experiments and 

through logarithmic correlation between the mass and the size of the flocs, considering spherical geometry [67, 68]. 

For magnetic flocculation systems the mean chain length Lm defined by Williams [45] is the best single quantity 

to describe the chain flocs. The chain length Lc as the maximum length of the floc measured in Y-axis (i.e., the 

direction of the magnetic field) while the average value of the maximum lengths measured in X- and Z-axes gave the 

chain thickness Tc. The mean chain length Lm and mean chain thickness Tm (Rm=Lm/Tm) are obtained by averaging 

the chain length and thickness over all flocs in the simulation box. The results illustrate that the MC simulation 

method can correctly predict the trend of changes in the mean chain length as a function of process parameters 

(magnetic field B, particle radius a and particle volume fraction γ) and the floc size distribution function [45]. 

However, exploration of the flocculation behaviour is sensitive to particle charge, ionic composition of electrolyte, 

particle size, particle concentration and magnetic field strength and orientation. The limitations lie in additional 

hydrodynamic effects and the walls of a process vessel or pipe, compared to a realistic simulation. 

5.  Applications and aspects of magnetic flocculation 

Magnetic flocculation separation is one of the cornerstones for fine material manipulation and available for 

applications in various industries. Magnetic flocculation is expected to create cluster of particles several times 

greater than individual particles, and then these flocs can be easily recovered in a high-gradient magnetic 

separator. Applications of magnetic flocculation are used not only for fine mineral and material separation, but 

also the following aspects:  

(a) increasing solid setting rate and reducing the size and costs of dewatering equipments;  

(b) producing and maintenaning clean water, reducing pollution problems;  

(c) increasing the difference between flocculated magnetite and unflocculated gangue slime;  

(d) improving filtering rate of ferromagnetic products and reducing blinding of filter cloth;  

(e) reducing the amount of flocculating reagents added.  

This method has a number of advantages, for instance, no chemical agents required, low operating costs less 

ecological problems and flocculation time, rapid separation, space saving, etc. Other advantages are electrical and 

mechanical energy savings, simple operation and design, sedimentation acceleration and high-rate solid–liquid 

separation [69, 70]. and is potential to be utilized in various industries ranging from mine exploitation, steel 

producing industry and waste water treatment plants to food industry and biotechnological application in the 

future [9, 17].  
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5.1.  Floc size measurement and density analysis 

Floc size distributions are determined using a Malvern particle size analyzer (Malvern Instruments, Type 2600, 

England). The output from the instrument is interfaced directly to a computer, which performs the necessary 

calculations [71]. After experimental results show that the size distribution of flocs, the computer can report 

particle size distributions which are transformed to a distribution in terms of number percentages for use in the 

lumped model. Information on the true size of the aggregate can be obtained by the small angle light scattering 

technique (SALLS), or more accurately, from image analysis done using the Transmission Electron Microscope 

[67]. 

A developed instrument called the Floc Density Analyzer was used to measure the density, size and shape of 

hematite flocs. The instrument uses high magnification optics linked with a video camera to view flocs settling in a 

specially designed cell. The cell design and floc concentration is such that flocs settle under their own weight, 

without any disturbance from liquid convection currents or interactions with each other. Examination of the video 

images allows measurement of floc sizes, shapes and settling rates via a monitor/video recorder calibrated in units of 

length. The floc sizes and settling rates are simultaneously transferred to a computer. The floc size (diameter) is 

calculated from the maximum horizontal and vertical dimensions of the floc in terms of the diameter of a sphere 

with a settling velocity equivalent to the floc. The floc density is then calculated using Stokes' Law [72]. 

Mutual hindrance among highly concentrated particles in sedimentation leads to velocities lower than those 

calculated by Stokes Law, which could be differentiated by the three regimes of Fig 17: “swarm sedimentation”, 

“zone sedimentation” and “compression” as particle concentration increases. Later, the sedimentation behaviour 

of the floc was treated by Scott in terms of a flocculation number and the actual solids volume concentration cv 

[70, 73]. 

When extrapolating the linear zone sedimentation region towards a concentration of 0 and towards higher 

concentrations, the intersection with the -axis is the single floc settling rate fl,St to the 1/4.65 power and the 

intersection with the -axis is the flocculation number . From those two characteristic values, fl,St and which 

may be obtained by fitting experiment data, the floc density ρF and floc size dF can be calculated: 

s l

F l

Fk

 
 


                                      (51) 

 
,18 fl St

F

F l

d
g



 



                                    (52) 

The radio-frequency method can be used to study processes of sedimentation and flocculation of various minerals 

having both low and high solid contents in pulps, is relatively easy to automate, and allows use of computer for data 

analysis right during the measurement [74]. The data on the change in the oscillatory circuit frequency f referred to 

m = 1 g of various minerals are cited in Table 2. Automation of flocculation analysis by using a torsion balance that 

allows monitoring of the settled mass of the material right in the lower part of the cylinder containing water for 

different lengths of time or by using a photoelectric colorimeter is difficult. The rate of the flocculation processes is 

measured from the rate of sedimentation in the lower part of the cylinder. 

Recent studies have shown that a focused beam reflectance-measuring probe (FBRM) was used to get 

information about the average chord of the aggregates and the number of counts, that light diffraction scattering 

(LDS) was a useful technique to monitor the dynamics of flocculation and to evaluate the influence of the flocculant 

characteristics and dosage [75, 76]. LDS not only allows the determination of the aggregate mean size and size 

distribution, but also gives the mass fractal dimension of the flocs. 

The US patent relates to a nuclear magnetic resonance detected and monitored the flocculation kinetics of high 

molecular weight fractions of a complex fluid by the relaxation signals and the flocculation rate [77]. Moreover, 

In situ observation methods and experimental results were presented quartz-magnetite pearl chain during 



  

Liqun Luo, Anh V Nguyen / A review of principles and applications of magnetic flocculation and separation of ultrafine magnetic 
particles 

 19 

magnetite coagulates by Helmholtz coils for magnetic measurements [78, 79]. In-situ estimations of the density 

and porosity of flocs of varying sizes in a submarine canyon [80], floc density and porosity were estimated 

directly from floc volume and primary particle mass by measure suspended particle volume and mass 

concentrations of 32 and 3 size-classes, respectively. The porosity of a floc particle is the ratio of the volume of 

the interstitial pore space to that of the floc particle. 

5.2.  Eriez permanent magnetic flocculators 

  In spite of magnetic flocculation of either strongly magnetic materials or weakly magnetic minerals, the effects 

due to such variables like magnetic field strength, particles size and distribution, content of solids, velocities of 

flow and degree of stirring are investigated in commercial and industrial applications. For example, hematite or 

siderite particles smaller than that 10 μm can be flocculated at a reasonably low magnetic field, while large 

particles will be unaffected as indicated in Table 3. It means that it is possible to to obtain homogenous slurry with 

a -10 μm fraction. As the initial concentration of relatively large particles is so low, longer retention time in the 

magnetic system is required for efficient flocculation to occur, or a magnetic field greater than the threshold 

flocculating magnetic field is required [52]. 

Conventional methods for cleaning steel mill waste and process waters include sedimentation, flocculation and 

fixed bed filtration. Such approaches require either large areas for settling tanks and clarifiers or expensive and 

short-lived filter systems [9, 81]. Magnetic flocculation and separation has emerged as an ideal solution to treat 

industry wastewater, and it has offered great time, space and cost savings [82, 83]. 

Eriez permanent magnetic flocculators, aiding in the separation of magnetic particles from liquids and slurries, 

are used widely in the iron and coal mining industries to speed settling of fine magnetic particles in ore slurries 

and heavy media slurries, as well as some other industries for agglomerating fine magnetic contaminants in 

quench water, cooling oils, etc. Compact, powerful units having Erium permanent magnets speed up settling of 

magnetic solids from slurries and liquids for easier recovery and separation. Magnetic flocculation requires only 

split-second exposure to magnetic flux generated by the permanent magnets on top and bottom. An Eriez 

flocculator magnet installed at a large steel plant (Fig. 18) indicates that magnetic flocculation reduced ferrous 

solids in overflow from 600 parts per million to as low as 40 parts per million. Further studies indicate that 

reduction in suspended solids contents of treated waste waters is typically greater than 90% and often exceeds 99%. 

A magnetic flocculator therefore can be adapted to many chemical flocculation installations with the effect of 

reducing operating costs. 

5.3.  Flocs generator reactor 

The success application of permanent magnet roll separators is a result of two factors: the availability of a large 

variety of magnet grades and sizes with low cost, the availability of electromagnetic modeling software that 

allows the optimization of the design [15, 84]. However, further investigations are needed to examine the 

relationship between the measurements of composite of the real ultrafine particles and the magnetic flocculation 

recovery in other industrial processing systems [10]. 

Flocs generator reactor (FGR) has a good potential as an in-line flocculation (or flotation) separator device in 

applications requiring high solid–liquid separation rate in water and wastewater treatment [68, 69]. A compact 

flocculation system provides high process efficiency and high loading capacity before the solid–liquid separation, 

where the flocculation of particles is assisted by the kinetic energy transfer from the hydraulic flow through the 

reactor. In this system, not only the flocculation is favored (higher turbulence) but also the entrainment and/or 

entrapment of the air bubbles inside the flocs leading to formation of big aerated units (Fig. 19). The hydraulic 

performance and advantages of the FGR, besides reducing considerably the foot print area (by enrolling its overall 

length), forms large and dense flocs which promptly settle, and avoids electrical and mechanical energy 

consumption. Therefore, the applications of magnetic flocculation for ultrafine magnetic particle separation will 
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increase considerably since such a reactor holds a great potential in the development of eco-based economies.  

5.4.  Shearing magnetic floc in a water treatment 

Fig. 20 shows a systematicl device to utilize a magnetic floc and separation technique in a batch treatment 

process to treat wastewater [85, 86]. This system includes a tank, a mixing device, a horizontal shearing device, 

rotatable magnets or magnetic drum, and scraper. The horizontally extended shear tank have a plurality of blades 

space along a horizontally extending elongated shaft located in the tank to stir the flocs. The magnetic flocs settle in 

a lower portion of the tank while purified water is decanted from the upper port of the tank. A stirring device shears 

the magnetic floc producing magnetic seed and sludge. A magnetic field retains the magnetic seed while the sludge 

is discharge from the tank as a batch process, with the retained magnetic seed being reused in subsequent batches of 

water treatment [85], producing a method of collecting swath magnetic floc, transferring the floc to the shear tank, 

magnetic seed from the floc to produce a slurry swath, and transferring the slurry swath to a magnetic device to 

separate the magnetic seed for recycling in continuous flow application [86]. 

The sizes of magnetic particles normally ranges from 30 to 50 microns can be used as seed to bind or sorbing 

pollutant particles which can be removed subsequently. Furthermore, some extreme example with the application 

of magnetic seed size down to approximately 20 nanometres can be used to remove nano pollutant particles. These 

process is typically done at a magnetic seed concentration of approximately 0.5 to 1%, some cases may up to about 

3~5% [85, 86].  

6.  Conclusions 

Mineral processing industry faces many challenges and opportunities for continuous economic growth in the 

21st century. Magnetic flocculation and separation processes to separate ultrafine ferrous particles are being more 

promising due to less operating costs and ecological problems, compared to conventional methods. The principles 

and applications of magnetic flocculation of ultrafine ferrous particles are critically reviewed, specifically both 

theoretical and the experimental work regarding various forces have been discussed for the interactions relevant to 

the separation of particles by magnetic flocculation for a range of mineral systems and conditions. The 

experimental investigations and mathematical models and stability factors in magnetic flocculation are also 

critically reviewed. According to the previous studies, these parameters are strongly affected by the physical 

properties of magnetic susceptibility, particle size and distributions, colloidal suspension chemistry. This review 

has discussed and expected the applications of magnetic flocculation in mineral and other industrial processes. 

Based on the promising characteristics of magnetic flocculation, the authors believe that series of devices and 

flowsheets will be proposed and developed in the near future for the designation of appropriate instruments which 

could further improve the applications of magnetic flocculation in various industries. 
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Table  1  Possible size classification relevant to magnetic separation [18] 

Particle name Classification Size / μm 

Coarse more than 500 

Intermediates less than 500 

Fines less than 100 

Very fines less than 20 

Ultrafines less than 5 

Colloids less than 1 

Super colloids less than 0.2 

Nanoparticles less than 0.02 
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Table  2  Charge in frequency Δf with increase in mineral mass [74] 

Mineral 
Particle size 

/ μm 

Charge in frequency 

/ Hz 

Magnetite 20-45 4000 

Hematite 4-8 20 

Goethite 0-10 36 

Pyrite 20-45 13 

Quartz 10-45 4 

Pyrrhotite 

(hexagonal) 
20-40 44 

Pyrrhotite 

(monoclinic) 
20-45 254 
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Table  3  The threshold magnetic field BF (w=1) and a true flocculating magnetic field B
+

F (t1/2=1 s) for a 

suspension containing 10 percent by (volume) of solids [17] 

Particle 

diameter /μm 

Hematite Siderite 

BF / T B
+

F / T BF / T B
+

F / T 

1 0.1 0.1  0.45  0.45 

5 0.05 0.5  0.23 2.0 

10 0.03 3.0  0.12 12.0 

20 0.015 10.0  0.05 300.0 

40 0.004 20.0  0.017 700.0 
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Figure Captions 

 

Fig. 1  Magnetic force generated by various magnetic separators, on a hematite particle, as a function of particle 

size [15]. 

 

Fig. 2  Magnetic flocculation in the development of magnetic separation techniques of the current needs [87]. 

 

Fig. 3  Schematic representation of the process of magnetic flocculation separation [15]. 

 

Fig. 4  Schematic representation of a nanolevel HGMS process consisting of a packed bed with magnetite 

particles supported on the surface of spherical resin beads [4]. 

 

Fig. 5  Coordinate system used in quantifying the interparticle forces 1 2( )l r a a    [8, 28]. 

 

Fig. 6  Magnetic-dipole (mag), van der Waals (vdW), and repulsive or attractive electrostatic (│el│) forces as 

a function of the dimensionless distance between particle surfaces, for φ = 0 and different size ratios. Other 

parameters include A = 4×10
-20

 J, T = 293 K, ɑl = 5×10
-6

 m, z =1, I = 0.05 M, ψ01=│ψ02│= 0.03 V, B = 5 T, and χl 

= χ2 = 0.001 [28]. 

 

Fig. 7 Dimensionless hydrodynamic (viscous) force over a paramagnetic particle with radius (A) Rp=160 nm, 

or (B) Rp=300 nm for different superficial velocities and as a function of the surface-to-surface separation [4]. 

 

Fig. 8  The net inter-particle force (F) vs. distance (D) profiles arising from the summation of several 

different types of surface-surface interactions. The profiles correspond to (a) strongly attractive, (b) strongly 

repulsive, and (c) weakly attractive particle-particle interactions. In this representation, negative forces correspond 

to attraction [44]. 

 

Fig. 9  Net dimensionless force between magnetite and a paramagnetic particle under different magnetic 

fields. Parameters for cases σd = 0.01 C/m
2
, I = 0.01 N, employs Rs = 400 nm, Rp = 80 nm, and The magnetic 

susceptibility of the nanoparticle (χp), (a) χp = 2.5×10
-4

, (b) χp = 2.5×10
-3

 [4]. 

 

Fig. 10  Collision efficiencies of particles with various relative sizes and for various values A/(kT) when van 

der Waals and hydrodynamic forces operate (α=0.1) [51]. 

 

Fig. 11  The variation of threshold flocculating magnetic field BF with particle diameter 2a for assorted 

minerals. The values of BF were determined from the total energy curves which at λ =10 reached values in the 

range (-1 kT, 5 kT) [52]. 

 

Fig. 12  Calculated dependence of the stability factor W on the magnetic interaction parameter β for κd = 1. At 

high fields this relation is a β
-2/3

 power law. The various curves correspond to different values of the zero-field 

stability determined by VR0 [2]. 

 

 

Fig. 13  The curves of total potential energy of two hematite particles in the external uniform magnetic field. 
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The curves were computed for a system described by the following parameters: a =2.5 ×10
-6

 m; ψ0 =25 mV; κ= 

2.7 ×10
3
 m

-1
; χ=2 ×10

2
 (SI); A =5 ×10

-20
 J [30]. 

 

Fig. 14  Discretization diagram for two initial magnetic-susceptibility classes [59]. 

 

Fig. 15  The radius of gyration of a floc chain (RG) is calculated for each maximum chain cutting off its 

branches. Blank circles denoting the portion of branches are eliminated from the calculation [63]. 

 

Fig. 16  Variation of contained mass as a function of increasing radius, with associated higher fractal 

dimension [64]. 

 

Fig. 17  Freidinger’s chart for extrapolation to single floc setting speed and floc building number [70]. 

 

Fig. 18  An Eriez Flocculator Magnet (courtesy of Eriez Magnetics, Inc.). 

 

Fig. 19  Generation and growing of aerated flocs inside the FGR [68]. 

 

Fig. 20  Device for shearing magnetic floc in a water treatment system [85, 86] 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 
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Fig. 12 
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Fig. 13 
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Fig. 14 
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Fig. 15 

 

 



  

Liqun Luo, Anh V Nguyen / A review of principles and applications of magnetic flocculation and separation of ultrafine magnetic 
particles 

 46 

 

Fig. 16 
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Fig. 17 
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Fig. 18 
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Fig. 19 
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Fig. 20 
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H I G H L I G H T S  

 

● The principles of magnetic separation have been critically reviewed; 

 

● Both external and interparticle forces for ultrafine particles are reviewed and compared;  

 

● Suspensions stability of the particles factors are described and analyzed; 

 

● Various modeling of magnetic flocculation are introduced and some of the applications are illustrated. 

 

 


