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Abstract
Nanoparticles and colloids in the ground aggregate. In case of simulation of nanoparticle and colloid
transport and reactions, dynamics of the aggregation is necessary to be described. Most important causes of
the nanoparticle aggregation are heat fluctuation, sedimentation, and drifting of nanoparticles in the medium.
In the ground, particles moving in electrolyte may have a nonzero surface charge that affect the rate of
particle aggregation. In case of magnetic nanoparticles, attractive magnetic forces have great importance in
assessment of the particle aggregation rate.
In the paper, it is presented how to simulate the aggregation of nanoparticles in case of magnetic
nanoparticles with nonzero surface charge. Influence of magnetic and electrostatic forces is derived,
dynamics is describe by the help of mass transport coefficients giving the probability of aggregation, and the
mass transport coefficients are modified for nanoparticle size clusters. That helps to compute reactions
among all aggregates during aggregation process.
Keywords: magnetic nanoparticles, magnetic force, electrostatic force, mass transport coefficient,
aggregation, clustering system
1.

INTRODUCTION

In case of some colloids or nanoparticles, simulation of transport of the nanoparticles is needed. In
environmental science, experiments and simulations with zero-valent iron nanoparticles (nZVI) are done.
Iron nanoparticles are magnetic nanoparticles used for decontamination of groundwater and soils, especially
for decontamination of organic pollutants such as halogenated hydrocarbons [1.]. During a remedial
intervention, transport of the iron nanoparticles is slowed down due to rapid aggregation of them. Since the
particles are made of iron, the aggregation is caused mainly by the long range attractive magnetic forces [2.6.]. In electrolyte, a surface charge is established on the surface. Zero-valent iron provides alkaline reaction
in water and that induces mainly negative value of the ζ potential of nZVI [7.]. That is why the repulsive
electrostatic forces and attractive magnetic forces had to be added into the aggregation model. In our
previous papers, the model based on a limit distance between aggregates was presented [8.]. In the
submitted paper [9.], mass transport coefficients giving rate of aggregation are modified with use of the limit
distance. In this contribution, method of using of the mass transport coefficients for simulation of magnetic
nanoparticle aggregation is presented. Aggregates (particles) are divided into groups (clusters) with similar
size and transport properties. Mass transport coefficients are modified to describe aggregation dynamics
between clusters. That allows us to simulate the aggregation of magnetic nanoparticles during a migration.
2.

METHODS AND MODELS

2.1.

Model of aggregation of nanoparticles

The particles in groundwater aggregate easily. They create clumps of particles up to the size of several
[5.] that cohere and decrease the possibility of migration of particles through pores of the ground. The
aggregation of the particles is caused by processes that generally occur during a particle migration. The
decreasing of mobility can be formulated by a rate of aggregation given by mass transport coefficients
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[10., 11.]. The coefficients give a probability
with concentrations

of particles

of creation of aggregate from particle and particle

, respectively (1). Particle (aggregate)

means the aggregate

created from elementary nanoparticles.
(1)
(2)
The coefficient (2) is given by sum of mass transport coefficients of Brownian diffusion
, and sedimentation

, velocity gradient

. The notation is adopted from [10.]. The mass transport coefficients are equal to:
(3)

(4)
(5)
where

stands for Boltzmann constant,

diameter of particle ,
medium, and

denotes absolute temperature,

is an average velocity gradient in a pore,

is viscosity of medium,

is gravity acceleration,

is

is density of

is density of aggregating particles.

2.2. Magnetic and electrostatic properties of iron nanoparticles
Every nanoparticle has a nonzero vector of magnetization. For TODA iron nanoparticles, the saturation
magnetization and average diameter was measured [5.]: saturation magnetization
diameter

, average

. For simplicity we suppose the same magnitude of vector of polarization for all nanoparticles.

Our model of magnetic field around the iron nanoparticle is based on the model of magnetic field around a
magnet. [12.]
The magnetic force between the source of the intensity of magnetic field and a permanent magnet of volume
with the vector of polarization

at the point

is equal to
(6)

where

is the vector of magnetic polarization at the point

source of magnetic field

and the point ,

, the vector

is the difference between the

is the length of .

Electrostatic forces among iron particles are given by the surface charge. The surface charge density of
particle

is related to the potential

as follows [13.]
(7)

is molar gas constant,
of electrolyte,

is absolute temperature,

is charge number,

is dielectric constant of water,

is Faraday's constant, and is ionic strength.

is molar concentration
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which corresponds to value of ζ potential

We calculated the limit distance for the surface charge
and for the surface charge
value

which corresponds to value of ζ potential

. For the

surface charge of particles is close to the iso-electric point, electrostatic forces have small

influence, and the particles aggregate. For the value of

, surface charge causes stabilization of

aggregating particles.
2.3. Limit distance
The influence of magnetic forces on the rate of aggregation was assessed by one number – the limit
distance

. This dimension expresses a range of magnetic forces between particles. The definition of this

quantity follows: up to this distance from centre of an aggregate, attractive magnetic forces cause the
aggregation between the aggregate and a particle placed in the range. Hence, in a range larger than the limit
distance, other forces outweigh the magnetic forces.
The limit distance

can be defined as the distance of the point in which gravitation

and magnetic forces

effecting on the aggregate are equal
(8)

.
The limit distance has the form

(9)
Magnetic force between two single magnetic nanoparticles falls with the power of 4. In the case of
aggregates, the fall depends on the structure of aggregates and the iteration of limit distance computation is
needed [14.].
(10)
Including electrostatic forces, we define the limit distance as the distance where the repulsive magnetic
forces is equal to the sum of attractive forces

and

.

As influence of electrostatic forces fall with power of 2, inclusion of electrostatic forces into equilibrium of
force can be done by following way [14.]

(11)

(12)

The values of the magnetization vector and surface charge were selected the following way:

;

. We used these selected values for all the computations of interaction energy and mass
transport coefficients.
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2.4.

Inclusion of the limit distance into mass transport coefficients

Inclusion of the limit distance into mass transport coefficients was done in the submitted paper [9.]. The basic
model of aggregation in the section 2.1 indicates rate of aggregation caused by collision of particles (in
proximity, attractive forces outweigh the repulsive ones).
Mass transport coefficients (3), (4), (5) were derived on the basis of flux of nanoparticles trough observed
volume or circle area around a particle. The area had radius equal to sum of radii of both particles. That
means that particles collide and aggregate.
In the section 2.3, the limit distance in which attractive forces outweigh the repulsive ones is established. The
magnetic forces attract particles close to each other and then they aggregate due to attractive van der Waals
forces. According to this idea, the particles do not have to be in proximity to aggregate when attractive
magnetic forces acting between them. Therefore, the mass transport coefficients are computed as flux
trough sphere or circle area around a particle with diameter equal to limit distance:
(13)
(14)
(15)

where

,

,

stand for mass transport coefficient of Brownian motion, velocity gradient, and

sedimentation, respectively, with inclusion of magnetic forces among particles.
3. RESULTS AND DISCUSSION
In this section, it is shown how to use derived mass transport coefficients (13), (14), (15) for simulation of
magnetic nanoparticle transport. In the transport solvers that compute reactions between species in water,
aggregation can be seen as reaction between aggregates, since two particles interact and one new particle
(aggregate) arises. During the aggregation process, millions of different sizes of aggregates with different
transport properties should be considered. Because it is not possible to compute the reactions among
millions species, we generated a system for the clustering of particles into several sections according to their
size.
3.1.

Clustering of nanoparticle sizes

System of clustering of nanoparticles according to their size is based on splitting of aggregates into groups
(clusters) containing aggregates with similar size and transport properties. Solver of transport then computes
reaction among the clusters instead of among the aggregates. That gives the dynamics of aggregation
during transport processes and helps to predict worsening transport possibilities of nanoparticles in time with
ongoing aggregation.
The mass transport coefficients had to be reformulated so that they correspond to probabilities of particle
aggregation between the clusters. The choice of cluster size is not arbitrary, but the rule of geometric
limitation has to be satisfied:

, where

is an amount of nanoparticles that create the largest

aggregate in the cluster . It means that aggregate created by the collision of particles from a cluster pertains
into the same or immediate following cluster.
Probabilities of aggregation of particles are divided according to the final cluster of created aggregate. It
depends on the sizes of aggregating particles, whether the created aggregate stays in the cluster of larger
aggregating particle or pertains to the following cluster.
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Let the cluster

be the observed cluster. An aggregate created from particles

which are smaller than or equal to
lower limit

and

from clusters

and

will belong to the cluster if the sum of particle sizes is greater than the

of the cluster and lower than or equal to the upper limit

collision of particles from clusters

and

concentration of particles from clusters

of the cluster . Total probability of

that create a particle from cluster

and

per one second with unit

is

(16)

where the function

stands for a condition. If it is fulfilled, the value of the condition is 1, otherwise it is 0.

Decrease of particles from the cluster

is given by aggregation of two particles whereof at least one particle

is from the cluster . The average probability of collision of a particle from cluster with a particle from cluster
per one second and unit concentration of particles is
(17)

and consequently the decrease of particles in the cluster due to collisions with particles from cluster

is
(18)

An overview of all the formulas for computation of these coefficients is presented in Tab.1.
Tab. 1: Summary of the mass transport coefficient for clusters of aggregates in the discrete form

We usually observe a change of numbers of particles in clusters. Symbols

and

in Tab.1 are useful when

we are interested in change of the surface of particles (important for reactivity) or in change of the volume of
particles. The change of volume of particles should be equal to zero because of mass conservation law, so it
could be good method for verification of calculation accuracy. For computation of change of number of
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particles in the cluster :

; for change of volume:

for change of particle surface:

.
Let us denote

the concentration of particles from the cluster

(19)

The change of

in time is equal to

(20)

, where

is the number of clusters.

In the equation (20), the first and the third term are multiplied by

because the double sums add the same

reactions twice.
4.

CONCLUSION

We developed a theoretical model of aggregation of electrically charged magnetic nanoparticles during their
transport through a porous medium. This model gives probability of aggregation between two aggregates
(particles). For efficiency of computation of aggregation among all aggregates, simplification had to be done.
Clustering model divided aggregates into groups and aggregation is computed between these groups. For
this system, mass transport coefficients giving the probability of aggregation had to be modified.
In this paper, the theoretical model of aggregation of electrically charged magnetic nanoparticles is
presented. The system of clustering of particles into section according to their size is shown, as well as
computation of aggregation rate with using the clustering system.
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