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Abstract
Aggregation of zero-valent nanoparticles in groundwater is influenced by several physical phenomena. The
article shortly introduces preceding works in modeling of aggregation of small particles including influence of
sedimentation, velocity profile of water, heat fluctuations, and surface electric charge. A brief description of
inclusion of magnetic forces into the model of aggregation follows. Rate of influence of the magnetic forces on
the aggregation depends on the magnitude of magnetization of the particles, radius of nanoparticles, size of the
aggregates, and their concentration in the solution. Presented results show that the magnetic forces have
significant influence on aggregation especially of the smallest iron particles.
Introduction
Zero-valent iron nanoparticles (nZVI) composed of
iron and its oxides are spherical particles with diameter approximately 50 nm and with a large specific
surface. These particles are used for the decontamination of groundwater and soil and especially for the
decontamination of organic pollutants such as halogenated hydrocarbons [1]. Nanoparticles migrate through
the soil and can reach the contamination in-situ. Properties of the nZVI and remediation possibilities depend
on methods of production [2]. At the Technical University of Liberec, experiments with iron nanoparticles
TODA produced by the company Toda Kogyo Corp.
[3] and with the nanoparticles NANOFER, produced
by the company NANO IRON s.r.o. [4], are made.
During a remedial intervention, transport of the iron
nanoparticles is slowed down due to rapid aggregation
of them. The rate of aggregation increases with growing concentration of particles in solution and with
growing ionic strength of the solution [5]. For the preservation of the transport properties, it is advisable to
stabilize the particles. A lot of methods of stabilization
were published [6-10]. We simulate the transport of
the iron nanoparticles and that is why we examine the
interactions among them causing the aggregation.
Models of aggregation of small particles were published in many articles (e.g. [11-13]). They are mostly
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based on the publications [14,15]. However, this generally used model is insufficient for our case. A surface
charge established on the surface of particles causes
repulsive electrostatic forces between them. The influence on the aggregation into the known aggregation
model was implemented [16]. The iron particles corrode in the water, and this process causes change of
the surface charge as well as the change of the rate of
aggregation [17]. Because the particles are made from
iron, they also have magnetic properties, which significantly affects the rate of aggregation [2,18-21]. That is
why we want to derive a mathematical model of magnetic forces among particles and to add it into the
aggregation model. There is shown a procedure of the
derivation of the model in this paper and there is
made also an evaluation of the rate of aggregation
influenced by magnetic forces here.
The extended model of the aggregation of iron nanoparticles will be included into a solver of particle transport in groundwater. It would allow to simulate the
transport of iron nanoparticles and to predict the efficiency of the remedial intervention. That could be useful
for the proposal of optimal remedial intervention, which
would enable to decontaminate an affected area efficiently and economically.

Aggregation of Colloids and Small Particles
in Groundwater
The particles in groundwater aggregate easily. They create clumps of particles up to the size of several μm [20]
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that cohere and decrease the possibility of migration of
particles through pores of the ground. The aggregation
of particles is proven by experiments described in many
articles. In [22], particle size, size distribution and surface composition were characterized by transmission
electron microscopy (TEM), X-ray diffraction, highresolution X-ray photoelectron spectroscopy, X-ray
absorption near edge structure, and acoustic/electroacoustic spectrometry. There are presented micrographs
of a single particle and aggregates of iron particles in
the article. In [3], characterization of iron nanoparticles
using TEM according to methods of its preparation is
done. In [20], a type of aggregation according to beginning concentration of iron nanoparticles is studied by
dynamic light scattering, optical microscopy, and sedimentation measurements.
The aggregation of the particles is caused by many
processes that generally occur during the particle migration. The decrease in the mobility can be formulated by
a rate of aggregation that is given by the mass transport
coefficients b [m3 s-1]. It was published in many papers
(e.g. [11,15]). The coefficients give a probability P ij of
creation of aggregate from particle i and particle j
together with concentrations ni, nj of particles i and particles j (1). Particle i means the aggregate created from i
elementary nanoparticles.
Pij =  ijn in j ,

(1)

 ij =  ij3 +  ij2 +  ij1.

(2)

The  ij3 is the mass transport coefficient of aggregation caused by the gravity,  ij2 is the mass transport
coefficient for the velocity gradients, and  ij1 stands for
the mass transport coefficient of the heat fluctuations.
The notation is adopted from [11].
The first process that causes the aggregation of particles is sedimentation. Due to the gravitation forces, the
particles fall. According to their size, the velocity of the
sedimentation is different for the different aggregates. It
implies that the particles have a chance to meet the
others and aggregate due to the attachment forces. Following [11], the mass transport coefficient for sedimentation is

in the middle of the pore the velocity of flowing is largest. Since the particles have different velocities, according to the place where they are in the pore, the particles
can meet each other and create the aggregate. Following
[11], the mass transport coefficient for the velocity gradients of particles is

 ij2 =

g
( p − )(d i + d j ) 2 | d i2 − d 2j |,
72

(3)

where g is gravity acceleration, h is viscosity of medium, ϱ is density of medium, ϱp is density of aggregating
particles, di is diameter of particle i.
The process that works similarly is water drifting. The
flowing water in a pore in soil has a velocity profile and

(4)

where G is the average velocity gradient in a pore.
In the case of the small particles, the heat fluctuation
of particles has a significant effect on the particle aggregation. Brownian diffusion causes a random movement
of the particles and again it facilitates the aggregation.
Following [11], the mass transport coefficient for the
Brownian diffusion is

 ij1 =

2
2 k B T (d i + d j )
,
d id j
3

(5)

where k B stands for Boltzmann constant and T
denotes absolute temperature.
A statistical assessment of the importance of the particular processes to the creation of the aggregates was
done. The Table 1 shows that for the smallest particles
the Brownian diffusion is most considerable. The sedimentation is most significant when the difference
between sizes of the aggregates is largest. It is a consequence of the fact that the difference between the velocities of the particles is largest. The velocity gradients
depend on the pore size. When the size of pores is
small, the aggregation is most influenced by the velocity
gradient, if the difference between the particles is large.
The mass transport coefficient for the velocity gradients is quantified for the case with a small size of pores
Table 1 The mass transport coefficients for Brownian
diffusion, velocity gradients, and sedimentation, for
different sizes of aggregates
i

 ij1

j

 ij2
-17

 ij3
-20

1

1

1.0 × 10

2.2 × 10

1

10

1.3 × 10-17

8.8 × 10-20

5.9 × 10-22

-17

5.0 × 10

-19

1.0 × 10-20

3.7 × 10

-18

2.0 × 10-19

2

1

10

3

1

 ij3 =

1
G(d i + d j ) 3 ,
6

10

1.9 × 10

-17

3.3 × 10

0

1
1

4

10
105

-17

6.5 × 10
1.3 × 10-16

-17

3.2 × 10
3.0 × 10-16

3.8 × 10-18
7.9 × 10-17

1

106

2.8 × 10-16

3.0 × 10-15

1.7 × 10-15

1

7

-16

2.8 × 10

-14

3.5 × 10-14

-19

0

10

6.0 × 10

-17

10

10

1.1 × 10

2.2 × 10

102

102

1.3 × 10-17

8.8 × 10-19

1.2 × 10-20

3

3

-17

2.2 × 10

-17

5.9 × 10-18

8.8 × 10

-17

0

10

4

10

10

4

10

1.1 × 10

-17

1.3 × 10
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and a large flux (flux = 3.67 × 10-4 ms-1, porosity = 0.39,
velocity gradient G = 50 s -1 ). In the other cases, the
mass transport coefficient would be much smaller than
the others.

particles. The total probability of the aggregation of a
particle i with a particle j is then

Electrostatic Forces Among Iron Nanoparticles
A mathematical model of aggregation for the case of
iron particles was compiled. The sedimentation, velocity gradients, and Brownian diffusion are not sufficient for the description of the process aggregation.
The surface of iron particles oxidizes. The ions on the
surface attract ions from the electrolyte and the electric double layer arises. Therefore, the influence of the
electrostatic forces was added in the mass transport
coefficients. The detailed derivation of it is published
in [16,23].
For sedimentation, the mass transport coefficient  ij3el
has the following form:

Values of mass transport coefficients for aggregates
with the sizes between 50 nm and 5 μm are computed. The surface charge depends on ζ potential (see
e.g. [24]). ζ potential depends on pH of the water. The
measured results of this dependence acquired using
the Malvern ZetaSizer are shown in the Figure 1.
Zero-valent iron provides alkaline reaction in water,
so the measurement was done for higher pH values
only.
The statistical assessment of the importance of the
electrostatic forces to the creation of the aggregates was
done in [16,23]. The results are that the mass transport
coefficient for Brownian diffusion is limited by the electrostatic forces mostly for large aggregates. The mass
transport coefficient for the velocity gradients is not limited by the surface charge for measured ζ potential. The
ζ potential would have to be minimally ten times larger
to affect the rate of aggregation. The mass transport
coefficient for sedimentation is limited by the surface
charge mostly for the small particles.

 ij3el =  ij3 −

 d i2d 2j  i j 1
1
−
,
di d j
12 0

(6)

where si and sj stand for surface charge on particle i
and particle j, respectively, ε0 is permittivity of the medium. If the term that reduces the mass transport coefficient is greater than the mass transport coefficient
without the influence of electrostatic forces  ij3 , the
probability of collision of particles i and j should be
equal to zero. That is why

 ij3el = max(0,  ij3el ).

Pij = ( ij3el +  ij2el +  ij1el )n in j .

(12)

(7)

For the velocity gradients, the mass transport coefficient  ij2el is equal to

 ij2el =  ij2 −

 d i2d 2j  i j 1
1
+
,
di d j
12 0

 ij2el = max(0,  ij2el ).

(8)

(9)

And finally, the Brownian diffusion gives the mass
transport coefficient  ij1el :

 ij1el =  ij1 −

 d i2d 2j  i j
3 0(d i + d j )

 ij1el = max(0,  ij1el ).

,

(10)

(11)

The probability of particle collision decreases quadratically with the quantum of the surface charge of

Figure 1 Dependence of ζ potential of nZVI on pH measured
with Malvern ZetaSizer.
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Magnetic Field of Iron Particles
The iron particles NANOFER that are used for the remedial intervention were measured by magnetometer MPMS
XL, an equipment based on the SQUID effect (Superconducting quantum interference device), owned by the
Palacký University Olomouc, Czech Republic. The iron
particles are ferromagnetic, a hysteresis loop of the iron
particles measured by SQUID is in Figure 2. That is the
reason why it is necessary to include the influence of the
magnetic forces among particles to the model of aggregation of the particles. However, it is a very complicated process which cannot be described analytically. That is why
only the description of the magnetic forces between two
particles is shown in this paper. Although it is not a sufficient model, it can be used for determination of something
what we could call “effective range” of the magnetic forces.
Also the limits of the sizes of the magnetic forces can be
determined. It can be used for the assessment of the aggregation of the particles depending on their concentration.
According to [25], the electromagnetic potential in the
point r near a permanent magnet is equal to
 (r ) =

∫
V

MR
dV ,
R3

Intensity of the magnetic field H can be subsequently
computed as
H(r ) = −grad((r )).

Finally, the magnetic force between the source of the
intensity of magnetic field H and a permanent magnet
with the vector of polarization M 0 at the point r is
equal to

∫

F(r ) = − (M 0 ⋅ grad)H(r )dV .

(15)

V

Magnetic Forces Between Two Spherical Iron
Nanoparticles

The scalar potential of the magnetic field around one
homogeneous spherical iron nanoparticle with radius a
located at the point [0, 0, 0] was determined:
2  a

(r ) = M

∫ ∫∫
0 0 0

(13)

where the vector M is the vector of magnetic polarization at the point dV, the vector R is the difference
between the source of magnetic field dV and the point
r, R is the length of R.

(14)

( x 3 − r ′cos( ))r ′ 2sin( )
dr ′d d ,
3 (x 2 + x 2 + x 2 − r′ 2)2
1
2
3

(16)

where a is the radius of the nanoparticle and [x1, x2,
x3] are the coordinates of the point r. The direction of
the vector of polarization M is set to the direction x3, M
is the magnitude of the vector M.
After integration, the magnetic potential around a ferromagnetic sphere is obtained:
(r ) =
⎛
⎛
 x 3 ⎜ a − arctan ⎜
⎜
⎜
⎝
⎝
4M

⎞
a
⎟ x12 + x 22 + x 32 − a 2
x12 + x 22 + x 32 − a 2 ⎟⎠
x12 + x 22 + x 32 − a 2

⎞
⎟ (17)
⎟
⎠.

According to (14), the components of the vector of
intensity of the magnetic field around a spherical ferromagnetic particle is
⎡ −4 ⎛
⎞⎤
⎛ a ⎞
H i (r ) =  i 3 ⎢
⎜⎜ a − arctan ⎜
⎟ C(r ) ⎟⎟ ⎥
C
(
r
)
C
(
r
)
⎢⎣
⎝
⎠
⎠ ⎥⎦
⎝
⎛ a ⎞⎞
4 x 3 ⎛ ax i
x
−
− i arctan ⎜
⎜
⎟ ⎟⎟
C(r ) ⎜⎝ r ⋅ r C(r )
⎝ C(r ) ⎠ ⎠
+

4 x 3x i
C(r ) 3

⎛
⎛ a
⎜⎜ a − arctan ⎜
⎝ C(r )
⎝

(18)

⎞
⎞
⎟ C(r ) ⎟⎟ ,
⎠
⎠

where δi3 stands for Kronecker delta and i = 1, 2, 3.
The symbol C(r) replaces
Figure 2 Hysteresis loop of the zero-valent iron nanoparticles
for temperature of 300 K measured with magnetometer MPMS
XL by Jiří Tuček at the Palacký University Olomouc.

C(r ) =

x12 + x 22 + x 32 − a 2 .

(19)

Rosická and Šembera Nanoscale Res Lett 2011, 6:10
http://www.nanoscalereslett.com/content/6/1/10

Page 5 of 6

The derived formula of the size of the magnetic forces
between two iron nanoparticles is very extensive; hence,
it is not presented here. Though, an example of the
numerical result is shown. In Figure 3, there is the
visualisation of a part of the vector field of the magnetic
forces between two nanoparticles. First nanoparticle is
in an arbitrary point near second nanoparticle with
radius a which is touching the center of the upper right
side of the figure. The figure is created by the software
Mathematica 5, copyrighted by Wolfram Research, Inc.
Magnetic Field Around an Aggregate

The aggregate of iron nanoparticles is in fact a clump of
many permanent magnets. It is impossible to establish an
analytical model of interaction of two such aggregates.
To analyze statistically the influence of the magnetic
forces on aggregation of two nanoparticle aggregates, a
script for the examination of the worst possibility (the
largest forces) and the averaged possibility of influencing
the aggregation by the magnetic forces was written down.
The statistical model of the aggregate is made so that
the volume of the aggregate is filled by uniformly distributed nanoparticles (small homogeneous magnets) with
randomly uniformly distributed direction of the magnetic
polarization. The magnitude of the magnetic polarization
of all nanoparticles is the same. The magnetic potential
of the aggregate is then the superposition of magnetic
potentials of all nanoparticles creating the aggregate:

 (r ) =

∑  (r − r ),
i

i

(20)

i

Figure 3 Visualization of the vector field of the magnetic
forces between two spherical particles of nZVI, using software
Mathematica 5, copyrighted by Wolfram Research, Inc. One
nanoparticle is in an arbitrary point near a nanoparticle with radius
a which is touching the center of the upper right side of the figure.

where i is potential of magnetic field of the nanoparticle located in the point ri.
The influence of magnetic forces in comparison with
the gravitational forces is investigated. It could be compared also with other affecting forces but the gravitation
force was chosen for the reason of small number of
variables. If one aggregate is in a fixed position and
another one is located somewhere vertically under it,
there should be a unique distance (“effective range”)
between them so that if they are closer than it, the
lower aggregate would attach to higher one by magnetic
forces. If they are more distant, they would sediment
separately. The distance is measured between the surfaces of particles.
In Figure 4, the dashed line characterizes the effective
ranges for interaction of chosen aggregates interacting
with a single nanoparticle. The solid line in the graph
characterizes the effective range for the interaction of
two aggregates of the same size. The absolute value of
the magnetic force and consequently also effective range
quadratically depends on the magnitude of the magnetic
polarization. The graph is plotted for the magnetic
polarization 170 emu g-1. More important information
than absolute values is the trends of the lines.
According to the results from the Table 1 in the Section 2, sedimentation influences the aggregation mostly
when the difference between sizes of the two aggregates
is large. Consequently, the dashed line in the Figure 4
gives a good information about the influence of magnetic forces on aggregation of aggregates of different
sizes. The solid line comparing the influence of magnetic and gravitational forces between two similar aggregates does not include the real information about the
influence of magnetic forces because another force than
gravitational governs the aggregation process in such a
case.

Figure 4 Effective range of the magnetic forces of chosen
aggregates. The dashed line characterizes the effective ranges for
the interaction of aggregates interacting with a single nanoparticle.
The solid line characterizes the effective ranges for the interaction
of two aggregates of the same size. The graph is plotted for the
magnetic polarization 170 emu g-1.
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On the basis of this result, it is obvious that the magnetic forces among particles have significant effect on
the rate of aggregation of the particles. On the basis of
the effective range, concentration of particles uniformly
dispersed in solution can be computed. According to
distances between particles, the concentration would
have to be very small (about 15 mg l-1) to be possible to
neglect the influence of the magnetic forces.

Conclusion
The influence of the magnetic forces among iron particles on the rate of aggregation in terms of the “effective
range” was assessed. The effective range is a distance in
which the magnetic forces outweigh the gravitation
force that causes the aggregation. To assess the magnetic field around more interacting aggregates, it should
be made a model using the Finite Element Method
(FEM) or another numerical method. The next steps in
the studying of nanoparticle aggregation due to magnetic forces can be the evaluation of the effective range
in comparison with other forces indicated in this paper
and/or building a FEM model of nZVI aggregate.
Acknowledgements
This result is realized under the state subsidy of the Czech Republic within
the research and development project “Advanced Remediation Technologies
and Processes Center” 1M0554—Program of Research Centers PP2-DP01
supported by Ministry of Education and within the research project FR-TI1/
456 “Development and implementation of the tools additively modulating
soil and water bioremediation”—Program MPO-TIP supported by Ministry of
Industry and Trade. Kind thanks to Jiří Tuček from the Palacký University
Olomouc for granting of Figure 2.
Received: 21 June 2010 Accepted: 10 August 2010
Published: 24 August 2010
References
1. Zhang W-X: Nanoscale iron particles for environmental remediation: an
overview. J Nanopart Res 2003, 5:323-332.
2. Li L, Fan M, Brown CR, Van Leeuwen JH, Wang J, Wang W, Song Y,
Zhang P: Synthesis, properties, and environmental applications of
nanoscale iron-based materials: a review. Crit Rev Env Sci Technol 2006,
36:405-431.
3. Nurmi JT, Tratnyek PG, Sarathy V, Baer DR, Amonette JE, Pecher K, Wang C,
Linehan JC, Matson DW, Penn RL, Driessen MD: Characterization and
properties of metallic iron nanoparticles: spectroscopy, electrochemistry
and kinetics. Environ Sci Technol 2005, 39(5):1221-1230.
4. Filip J, Zboril R, Schneeweiss O, Zeman J, Cernik M, Kvapil P, Otyepka M:
Environmental applications of chemically pure natural ferrihydrite.
Environ Sci Technol 2007, 41:4367-4374.
5. Saleh N, Kim H-J, Phenrat T, Matyjaszewski K, Tilton RD, Lowry GV: Ionic
strength and composition affect the mobility of surface-modified FeO
nanoparticles in water-saturated sand columns. Environ Sci Technol 2008,
42(9):3349-3355.
6. Johnson RL, Johnson GO, Nurmi JT, Tratnyek PG: Natural organic matter
enhanced mobility of nano zerovalent. Environ Sci Technol 2009,
43(14):5455-60.
7. Kanel SR, Greneche J-M, Choi H: Arsenic (V) removal from groundwater
using nanoscale zero-valent iron as a colloidal reactive barrier material.
Environ Sci Technol 2006, 40(6):2045-2050.
8. Tiraferri A, Chen KL, Sethi R, Elimelech M: Reduced aggregation and
sedimentation of zero-valent iron nanoparticles in the presence of guar
gum. J Colloid Interface Sci 2008, 324:71-79.

Page 6 of 6

9.

10.

11.
12.
13.

14.
15.

16.
17.
18.

19.

20.

21.

22.
23.
24.
25.

Kanel SR, Manning B, Charlet L, Choi H: Removal of Arsenic(III) from
groundwater by nano scale zero-alent iron. Environ Sci Technol 2005,
39(5):1291-1298.
Song H, Carraway ER: Reduction of chlorinated methanes by nano-sized
zero-valent iron. Kinetics, pathways, and effect of reaction conditions.
Environ Eng Sci 2006, 23(2).
Buffle J, Van Leeuweh H, eds.: Environmental Particles, Lewis publishers.
1993, 2:353-360.
Somasundaran P, Runkana V: Modeling flocculation of colloidal mineral
suspensions using population balances. Int J Miner Process 2003, 72:33-55.
Garrick S, Zachariah M, Lehtinen K: Modeling and simulation of
nanoparticle coagulation in a high reynolds number incompressible
flows. Proceeding of the National Conference of the Combustion Institute
Oakland; 2001, 25-27.
Thomas B, Camp R: Velocity gradients and internal work in fluid motion.
J Boston Soc Civil Eng 1943, 30:4.
Smoluchowski MV: Test of a mathematical theory of coagulation kinetics
of colloid solutions [in German]. Zeitschrift f physik Chemie 1916,
XCII:129-168.
Rosická D, Šembera J: Mathematical model of aggregation of nanoscale
particles with surface charge. 2009, submitted.
Reardon EJ, Fagan R, Vogan JL, Przepiora A: Anaerobic corrosion reaction
kinetics of nanosized iron. Environ Sci Technol 2008, 42(7).
Horák D, Petrovský E, Kapicka A, Frederichs T: Synthesis and
characterization of magnetic Poly(Glycidyl Methacrylate) microspheres.
J Magnet Magn Mater 2007, 500-506.
Masheva V, Grigorova M, Nihtianova D, Schmidt JE, Mikhov M:
Magnetization processes of small γ-Fe2O3 particles in non-magnetic
matrix. Phys D Appl Phys 1999, 32:1595-1599.
Phenrat T, Saleh N, Sirk K, Tilton RD, Lowry GV: Aggregation and
sedimentation of aqueous nanoscale zerovalent iron dispersions. Environ
Sci Technol 2007, 41(1):284-290.
Zhang LY, Wang J, Wei LM, Liu P, Wei H, Zhang YF: Synthesis of Ni
nanowires via a hydrazine reduction route in aqueous ethanol solutions
assisted by external magnetic fields. Nano-Micro Lett 2009, 1:49-52.
Sun Y-P, Cao J, Zhang W-X, Wang HP: Characterization of zero-valent iron
nanoparticles. Adv Colloid Interface Sci 2006, 120:47-56.
Pelikánová D: Nanoparticle Aggregation Model [in Czech], Diploma
thesis, Technical University of Liberec. 2008.
Stumm W, Morgan JJ: Aquatic Chemistry. A Wiley-Interscience Publication,
New York; 1996.
Votrubík V: Theory of the electromagnetic field [in Czech]. Czechoslovak
Academy of Science Publication, Praha; 1958.

doi:10.1007/s11671-010-9753-4
Cite this article as: Rosická and Šembera: Assessment of Influence of
Magnetic Forces on Aggregation of Zero-valent Iron Nanoparticles.
Nanoscale Res Lett 2011 6:10.

Submit your manuscript to a
journal and benefit from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the field
7 Retaining the copyright to your article

Submit your next manuscript at 7 springeropen.com

