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Key messages 

1.  Heteroäggregation and deposition are a key fate 
process 

2.  Surface Affinity is a useful, easily measured, 
characterization parameter for predicting fate and 
reactivity and perhaps biological interactions 

 
  



RISK 

Hazard 

Nanoparticle 
Properties 

Exposure 

•  Composition 
•  Bandgap 
•  Size… 

•  Production amounts 
•  Ambient 

Concentrations 
•  Effective dose… 

•  Mortality 
•  Development 
•  Population 
•  Nutrient cycling… 



RISK 

Hazard 

Nanoparticle 
Properties 

System 
Properties Social Properties 

Exposure 

•  Product life cycles 
and value chains 

•  Product use 
behaviors 

•  ENM production 
magnitudes 

•  pH, NOM, Ionic 
strength, … 

•  Surfaces (biotic, 
mineral, organic…) 

•  Fluid flow, 
temperature… 

•  Composition 
•  Bandgap 
•  Size… 

•  Surface affinity  
•  Surface charge/ 

potential (ζ-potential) 
•  Aggregation rate 
•  Hydrophobicity… 



RISK 

Hazard 

Nanoparticle 
Properties 

System 
Properties Social Properties 

Functional 
Assays 

Exposure 

•  Measurement in 
prescribed system 

•  Quantifies a 
meaningful process 
for exposure, hazard 
or both 

 



Functional Assay Focus – Fate & Transport Example 

• Precipitation 
• Bioproduction 
 

• Settling 
• Aggregation 
• Deposition 

• Sulfidation 
• Complexation 
• Hydroxylation 
• Oxidation/ Reduction … 
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Key functional Assays: 
•  Surface affinity 
•  Dissolution rate 
•  Transformation rates 
•  Bioüptake/ depuration 
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What parameters are needed to 
predict transport and fate of 

nanoparticles/ 



“Real World” Transformations 
Wastewater Treatment Plant 

Freshwater Wetland 



Affinity of nanoparticles for 
various surfaces 

deposition & heteroäggregation 

homoäggregation 



Aggregation, Transport and Surface 
affinity 

Aggregation: 
 Dissolution 
 Reactivity 
   Photo-catalysis 
   Molecular Adsorption 
 transport (settling) 

Deposition: 
  Environmental dispersal 
 Biouptake 
 Translocation in organisms 

 

+/- breakup –settling – dissolution… 

Hotze et al., Langmuir 2010, 26(13), 11170–11175 
Jassby et al., Environ. Sci. Technol. 2012, 46, 6934−6941  

Depends on 
Aggregate size 

2. Background

Aggregation is the phenomenon through which objects collide and
stick to each other to form larger clusters. Mathematical models consid-
er aggregation of particles in a fluid as the combination of transport
mechanisms leading to the collision of two particles, and of an attach-
ment mechanism between these two particles (O'Melia, 1980). The
loss of rate of single particles from an initiallymonodisperse suspension
in the earlier stages of homoagreggation can be expressed as:

dn1
dt

¼ −α11β11n1n1 ð1Þ

where n1 is the number concentrations of single particles in size class 1,
β11 is the collision frequency between two particles coming from size
class 1, i.e. a measure of the transport mechanisms leading to collisions
between two particles, and α11 is the attachment efficiency, i.e. the per-
centage of those collisions leading to attachment, which is therefore a
measure of the affinity of two size class 1 particles to attach to one an-
other. Simultaneously the creation rate of aggregates composed of two
particles is:

dn2
dt

¼ þ1
2
α11β11n1n1: ð2Þ

As these aggregates and particle attach, they generate larger aggre-
gates, and ultimately a distribution of aggregates of different sizes. The
evolution of this distribution over time is the result of the interactions
between all aggregates, hence the following relationship between the
rate of change in the number of aggregates of a given size and the num-
ber of aggregates of all sizes in the system:

dnk
dt

¼ 1
2

X

iþ j→k

αijβijnin j−nk

X∞

i¼1

αikβikni ð3Þ

where βij the collision frequency between two aggregates containing i
and j particles, respectively. The first summation term in Eq. (3) de-
scribes the generation of aggregates containing k particles (or size k
aggregates) from the aggregation of smaller size aggregates, while the
second term corresponds to the loss of size k aggregates due to their at-
tachment to any other size aggregate. The theory described by Eq. (3)
was first proposed by Smoluchowski (1917) under the assumption
that all colliding aggregates would attach (α = 1). The development
of DLVO theory (Derjaguin and Landau, 1941; Verwey and Overbeek,
1948) later provided a context for interpreting values of the attachment
coefficient that are less that unity by combining the effects of short-
range attractive and repulsive forces (van der Walls and electrostatic,
respectively) dependent on the medium properties (ionic strength,
pH,…) that may generate an energy barrier that must be overcome for
attachment to occur. Thus, Eq. (3) describes aggregation rates as a func-
tion of the characteristics of the particles (e.g. size, density, surface
charge, and concentration) and the system (e.g. temperature, fluid
flow, ionic strength), and leads to a distribution of aggregates of differ-
ent volumes, which evolves over time towards fewer, larger aggregates.

There are three common strategies to computing the collision fre-
quencies βij (Thill et al., 2001). In one ideal case, aggregates are assumed
to have no influence on the flow field and streamlines approach and
pass in parallel directly through the aggregates. Simple analytical solu-
tions to the particle collision rate kernel, βij are easily derived for the
rectilinear model. The curvilinear model (Adler, 1981) considers the
more complicated case of where compression of streamlines between
two approaching solid spheres greatly reduces the frequency of colli-
sions compared with the rectilinear model. In fact, some fluid may
pass through porous aggregates (Adler, 1981). The intermediate
model for the collision rate kernel (Veerapaneni and Wiesner, 1996)
takes this into account, calculating the collision rate kernel as a function

of the fractal dimension of the aggregates. In all three cases, βij are cal-
culated as the sum of collisions due to Brownian diffusion (βij

ER), differ-
ential settling (βij

DS), and shear flow (βij
SH). Both the curvilinear and the

permeable approaches use correcting expressions (Veerapaneni and
Wiesner, 1996; Han and Lawler, 1992) applied to the equations describ-
ing rectilinear collisions:

βBR
ij ¼ 2kBT

3μ
1
ri
þ 1
r j

 !
ri þ r j

! "
ð4Þ

βDS
ij ¼ π ri þ r j

! "2
Ui−U j

###
### ð5Þ

βSH
ij ¼ 4

3
ri þ r j

! "3
G ð6Þ

where kB is the Boltzmann constant, T is the temperature, μ the viscosity
of the fluid, ri the average radius of aggregates in size class i (accounting
for the fractal dimension), Ui the settling velocity of aggregates in size
class i, and G a characteristic velocity gradient. In all cases, the collision
rate kernel βij is assumed to depend on the size of the colliding aggre-
gates and solving Eq. (3) for the case of homogeneous aggregation
reduces to integrating a system of differential equations with fixed
parameters.

However, the system of equations described by Eq. (3) only de-
scribes the aggregation of one kind of particles. The more complicated
case of tracking the multitude of interactions between aggregates com-
posed of two or more types of particles, such as heteroaggregation
between nano- and background particles requires solving the
Smoluchowski system of equations so that it also accounts for the na-
ture and proportions of each of the particle types constituting the aggre-
gates. The objective of this work is to present such a numerical
aggregation model that can accommodate two different kinds of parti-
cles in a given system. It considers the size, density, and attachment ef-
ficiency of each kind of particles, as well as the attachment efficiencies
between particles of different kinds. We use this model to explore the
relative importance of hetero- and homo-aggregation in systems of en-
vironmental relevance.

3. Material and methods — numerical model

3.1. Simplifications

In addition to the classical assumptionsmade inmodeling homo-ag-
gregation of particles, such as hard spherical particles in the smallest
primary particle size class, the following key simplifications were
made inmodeling heteroaggregation to reduce the computational com-
plexity of the problem:

a) A single fractal dimension can still be applied to describe the mor-
phology of a heterogeneous aggregate;

b) The fractal dimension of an aggregate depends neither on its size nor
on its composition;

c) Both types of particles are considered evenly distributed within the
volume of mixed aggregates.

3.2. Size gridding

Aggregate size distributions may span several orders of magnitude.
The use of a discrete model such as that implied by Eq. (3) requires a
“binning” procedure that reduces computational effort associated with
such aggregate size distributions (Landgrebe and Pratsinis, 1990). We
approximate the continuous size distribution by a finite number of sec-
tions evenly distributed on a logarithmic scale as originally described by
Friedlander (1977), where each increase in size class increases the solid
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Transport: Particle collision 
mechanisms 

Brownian Diffusion

vw

Velocity gradients (shear) Differential
Sedimentation

dc

dp

gravity

interception

Brownian

β 

η0 

Aggregation 

Deposition 



Aggregation and deposition both 
depend on surface affinity 

Aggregation rate proportional to   

Deposition rate proportional to   

αβ	


αη	


Settling rate dependent on (hetero)aggregation rate 



Simulating heteroäggregation 

2. Background

Aggregation is the phenomenon through which objects collide and
stick to each other to form larger clusters. Mathematical models consid-
er aggregation of particles in a fluid as the combination of transport
mechanisms leading to the collision of two particles, and of an attach-
ment mechanism between these two particles (O'Melia, 1980). The
loss of rate of single particles from an initiallymonodisperse suspension
in the earlier stages of homoagreggation can be expressed as:

dn1
dt

¼ −α11β11n1n1 ð1Þ

where n1 is the number concentrations of single particles in size class 1,
β11 is the collision frequency between two particles coming from size
class 1, i.e. a measure of the transport mechanisms leading to collisions
between two particles, and α11 is the attachment efficiency, i.e. the per-
centage of those collisions leading to attachment, which is therefore a
measure of the affinity of two size class 1 particles to attach to one an-
other. Simultaneously the creation rate of aggregates composed of two
particles is:
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As these aggregates and particle attach, they generate larger aggre-
gates, and ultimately a distribution of aggregates of different sizes. The
evolution of this distribution over time is the result of the interactions
between all aggregates, hence the following relationship between the
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where βij the collision frequency between two aggregates containing i
and j particles, respectively. The first summation term in Eq. (3) de-
scribes the generation of aggregates containing k particles (or size k
aggregates) from the aggregation of smaller size aggregates, while the
second term corresponds to the loss of size k aggregates due to their at-
tachment to any other size aggregate. The theory described by Eq. (3)
was first proposed by Smoluchowski (1917) under the assumption
that all colliding aggregates would attach (α = 1). The development
of DLVO theory (Derjaguin and Landau, 1941; Verwey and Overbeek,
1948) later provided a context for interpreting values of the attachment
coefficient that are less that unity by combining the effects of short-
range attractive and repulsive forces (van der Walls and electrostatic,
respectively) dependent on the medium properties (ionic strength,
pH,…) that may generate an energy barrier that must be overcome for
attachment to occur. Thus, Eq. (3) describes aggregation rates as a func-
tion of the characteristics of the particles (e.g. size, density, surface
charge, and concentration) and the system (e.g. temperature, fluid
flow, ionic strength), and leads to a distribution of aggregates of differ-
ent volumes, which evolves over time towards fewer, larger aggregates.

There are three common strategies to computing the collision fre-
quencies βij (Thill et al., 2001). In one ideal case, aggregates are assumed
to have no influence on the flow field and streamlines approach and
pass in parallel directly through the aggregates. Simple analytical solu-
tions to the particle collision rate kernel, βij are easily derived for the
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more complicated case of where compression of streamlines between
two approaching solid spheres greatly reduces the frequency of colli-
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where kB is the Boltzmann constant, T is the temperature, μ the viscosity
of the fluid, ri the average radius of aggregates in size class i (accounting
for the fractal dimension), Ui the settling velocity of aggregates in size
class i, and G a characteristic velocity gradient. In all cases, the collision
rate kernel βij is assumed to depend on the size of the colliding aggre-
gates and solving Eq. (3) for the case of homogeneous aggregation
reduces to integrating a system of differential equations with fixed
parameters.

However, the system of equations described by Eq. (3) only de-
scribes the aggregation of one kind of particles. The more complicated
case of tracking the multitude of interactions between aggregates com-
posed of two or more types of particles, such as heteroaggregation
between nano- and background particles requires solving the
Smoluchowski system of equations so that it also accounts for the na-
ture and proportions of each of the particle types constituting the aggre-
gates. The objective of this work is to present such a numerical
aggregation model that can accommodate two different kinds of parti-
cles in a given system. It considers the size, density, and attachment ef-
ficiency of each kind of particles, as well as the attachment efficiencies
between particles of different kinds. We use this model to explore the
relative importance of hetero- and homo-aggregation in systems of en-
vironmental relevance.

3. Material and methods — numerical model

3.1. Simplifications

In addition to the classical assumptionsmade inmodeling homo-ag-
gregation of particles, such as hard spherical particles in the smallest
primary particle size class, the following key simplifications were
made inmodeling heteroaggregation to reduce the computational com-
plexity of the problem:

a) A single fractal dimension can still be applied to describe the mor-
phology of a heterogeneous aggregate;

b) The fractal dimension of an aggregate depends neither on its size nor
on its composition;

c) Both types of particles are considered evenly distributed within the
volume of mixed aggregates.

3.2. Size gridding

Aggregate size distributions may span several orders of magnitude.
The use of a discrete model such as that implied by Eq. (3) requires a
“binning” procedure that reduces computational effort associated with
such aggregate size distributions (Landgrebe and Pratsinis, 1990). We
approximate the continuous size distribution by a finite number of sec-
tions evenly distributed on a logarithmic scale as originally described by
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• the total number concentration nT3 of purely background particles
aggregates,

• the total number concentration nT4 of purely nanoparticles
aggregates,

• and the equivalent number concentration nT5 of nanoparticle
aggregates in the mixed fraction.

We can immediately observe that nT1 is the quantity nk in Eq. (3),
and is equal to the sum of the mixed, pure background, and pure nano
aggregates (nT2, nT3, and nT4, respectively) in each size class and at all
times. Replacing ni, nj, and nk by the corresponding nT2 + nT3 + nT4 in
Eq. (17), expanding the right-hand side of the equation, and putting to-
gether the terms leading to respectively mixed, purely background, and
purely nano aggregates, yields the following three subsystems of differ-
ential equations:

dnT2k
dt

¼ 1
2

X

iþ j¼k

α f i; f j
! "

β ri; r j; f i; f j
! "

nT2inT2 j

þα f i;0ð Þβ ri; r j; f i;0
! "

nT2inT3 j þ α 0; f j
! "

β ri; r j;0; f j
! "

nT3inT2 j

þα f i;1ð Þβ ri; r j; f i;1
! "

nT2inT4 j þ α 1; f j
! "

β ri; r j;1; f j
! "

nT4inT2 j

þα 0;1ð Þβ ri; r j;0i;1
! "

nT3inT4 j þ α 1;0ð Þβ ri; r j;1;0
! "

nT4inT3 j

0

BBBBBBBB@

1

CCCCCCCCA

− nT2k

X

i

α f k; f ið Þβ rk; ri; f k; f ið ÞnT2i þ α f k;0ð Þβ rk; ri; f k;0ð ÞnT3i

þ α f k;1ð Þβ rk; ri; f k;1ð ÞnT4i−nT2k
U rk; f kð Þ

h
ð18Þ

dnT3k
dt

¼ 1
2

X

iþ j¼k

αBBβ ri; r j;0;0
! "

nT3inT3 j

−nT3k

X

i

α 0; f ið Þβ rk; ri;0; f ið ÞnT2i þ αBBβ rk; ri;0;0ð ÞnT3i

þαNBβ rk; ri;0;1ð ÞnT4i−nT3k
U rk;0ð Þ

h

ð19Þ

dnT4k
dt

¼ 1
2

X

iþ j¼k

αNNβ ri; r j;1;1
! "

nT4inT4 j

−nT4k

X

i

α 1; f ið Þβ rk; ri;1; f ið ÞnT2i þ αNBβ rk; ri;1;0ð ÞnT3i

þ αNNβ rk; ri;1;1ð ÞnT4i−nT4k
U rk;1ð Þ

h
:

ð20Þ

The rate expression dnT5k
dt is expressed in a similar fashion as dnT2k

dt with
each term under the first summation sign weighted by the fraction of
nanoparticles within the considered colliding aggregates.

The rectilinear expressions for βij
BR, βij

DS, and βij
SH remain the same

as in Eqs. (4), (5), and (6), respectively, with Ui and Uj functions of
both the average size and density of the colliding aggregates. We cal-
culated the curvilinear collision frequencies βcurv using the correc-
tion coefficients and correction parameters proposed by Han and
Lawler (1992), and the permeable collision frequencies βperm with
the modified expressions proposed by Veerapaneni and Wiesner
(1996) but we used only the permeability model proposed by
Happel (1958) and evaluated by Veerapaneni and Wiesner (1996)
as the closest to experimental data over the whole spectrum of po-
rosity values.

3.6. Numerical integration

In order to solve Eqs. (18), (19), and (20), the rates of change for
every size class must be evaluated at each time step to determine a sta-
ble step size appropriate for all size classes. Each derivative is then inte-
grated using the Euler method. All simulations were performed with
100 size classes.

The model was coded in Matlab (Matlab R2010a, the MathWorks
Inc., Natick, MA, USA) for its simplicity to program and debug, and de-
spite its relative inefficiency at running loops and is composed of
three sections. The first section sets up the system by generating all

the parameters the simulation will need (settling velocities, collision
frequencies, fragmentation kernel) and stores them in N × N × P × P
four-dimensional matrices with N the number of considered size classes,
and P the number of relative nanoparticle content classes. This section
also generates two N × N matrices describing the size of the aggregates
created by the aggregation of two smaller aggregates and the re-
distribution of aggregate mass between adjacent classes such that:

• the row and column indices of these matrices are the size classes of
the two colliding aggregates;

• the corresponding value in the first matrix is the size class of the
resulting aggregate;

• the modulus of the second matrix value indicates the proportion of
that aggregate which actually remains in that size class;

• and the sign of the second matrix value determines whether the re-
maining mass of that aggregate goes in the size class directly above
or directly below.

The second section of the program describes homoagreggation of
particles that may enter the system as a continuous inflow or an initial
spike that evolves to an equilibrium size distribution over time. This fea-
ture allows, for example, the generation of a size distribution of aggre-
gates in a natural system prior to the introduction of nanoparticles.
This section of the program is a close translation into the Matlab envi-
ronment of previous codes we have created for homoagreggation writ-
ten in FORTRAN (Wiesner, 1992) or C (Thill et al., 2001). This section of
the program only uses the first layer of the N × N × P × P matrices de-
scribed above as all aggregates in the system are only composed of
one kind of particle.

The third section introduces nanoparticles in the system, again ei-
ther as a continuous input or as a spike. This section of the program
solves Eqs. (18), (19), and (20), handling heteroaggregation of back-
ground particles and nanoparticles, tracking the coalesced volume
fraction of nanoparticles in all size classes, and following the loss of ag-
gregates that settle out of the water compartment.

4. Analytical model evaluation

The numerical code was tested by comparing computations
with calculations from closed-form solutions to the Smoluchowski
equation (Eq. (1)) that rely on simplified cases for the collision rate ker-
nel,βij (Broide, 1988; Broide and Cohen, 1990; Broide andCohen, 1992).
Three such particular values are referred to as the constant kernel (βij=
β11), the sum kernel (βij = β11(i + j)/2), and the product kernel (βij =
β11 ⋅ i ⋅ j). The analytical solutions to these particular cases for a mono-
meric initial concentration spike are the following (Broide, 1988; Broide
and Cohen, 1992):

Nk tð Þ ¼ N0

α
2 β11N0t
# $k−1

1þ α
2 β11N0t

# $kþ1 for the constant kernel ð21Þ

Nk tð Þ ¼ N0
k!

1−bð Þ k % bð Þk−1e−kbwith b ¼ 1−e−
α
2β11N0t for the sum kernel

ð22Þ

Nk tð Þ ¼ N0
k % k! kaβ11N0tð Þk−1e−kaβ11N0t for the product kernel: ð23Þ

These solutions only describe the aggregation of one kind of parti-
cles, however, we can perform several simulations for each particular
kernel in order to test the various sections of the model. Four sets of
simulationswere run for each expression of βij, each for a total duration
ttotal = 24 h, with N0 = 1011 particles initially in size class 1 to test var-
ious portions of the code:

• simulations using thefirst section onlywith all the particles defined as
background;
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Surface affinity includes effects 
from: 

•  Nanoparticle composition, composition of surface, intervening 
fluid 

•  Adsorbed macromolecules 
•  Proteins 
•  Engineered surface treatments/ stabilizers 
•  Humic materials, polysaccharides… 

•  Ionic composition  
•  Ionic strength, charge screening 
•  Specific adsorption of ions (e.g., Ca, PO4…) 
•  pH 

•  Surface modifications due to redox transformations, 
dissolution… 

•  Electro-steric interactions (interface between macromolecules 
and ionic environment) 

•  Surface reactions/ electron sharing / protein binding 
 



Challenges in calculating surface affinity from 
theory (and intrinsic nanoparticle properties) 

1. DLVO- role of ionic strength, 
ionic composition… 

2. Role of macromolecules, 
electro-steric stabilization, and 
hydrophobicity 
 
3. Complex geometry of 
aggregates and surfaces 
  

qualitatively 
useful but, not 
quantitatively 
predictive in real 
systems 
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Measuring surface affinity in 
complex systems 

dnk
dt

=
1
2
α β i, j( )ninj

i+ j→k
∑ −αnk β i,k( )

i
∑ ni − breakup

ln γB+1( ) =αβ n,B( )Bt
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settling, and shear, and varies as a function of the diameters of
nano- and background particles, mixing conditions, temper-
ature, fluid viscosity, and particle densities. If the forward and
reverse reactions come to a steady state and all of the back-
ground particles (including the heteroaggregation products)
are removed from suspension without disturbing the re-
maining un-aggregated NPs, measurement of the distribution
coefficient c would be expected to yield a value equal to the
ratio of the forward and reverse reaction rate constants:

c(steady state)¼
(n0 " n)

CB

n
# ab

kBMB
(5);

where CB is the mass concentration of background particles
(number concentration, B, multiplied by the mass of a single
background particle). In other words, at a steady state, the
distribution coefficient should be proportional to the affinity

coefficient by a factor b
kBMB

.

The time-variable solution to Equation (4) yields

n¼ n0e" (abBþ kB)tþ kBn0

abBþ kB
(1" e" (abBþ kB)t) (6)

Subtracting n from n0 and dividing by n · CB yields an ex-
pression for the instantaneous distribution coefficient, c(t):

c(t)¼ 1

cB

1

(e" (abBþ kB)tþ kB

(abBþ kB) (1" e" (abBþ kB)t))
" 1

 !

(7)

During the early stages of heteroaggregation, breakup can
be assumed to be negligible, and Equation (7) can be simplified
and rearranged to yield the following method for relating the
affinity coefficient and c(t) during early time periods:

ln (c(t)CBþ 1)¼ ab(n, B)Bt (8)

Thus, from the experimentally determined c(t) values and
knowledge of the concentration of the background particles, a
plot of ln (c(t)CBþ 1) versus the heteroaggregation time can
be obtained. This plot is predicted to yield a linear relation-
ship where the slope of this plot, abB is a measure of the
relative affinity of the NPs for the background particles.

By performing experiments in which a known quantity of
NPs is introduced to a suspension of background particles,
and enabling heteroaggregation to proceed with mixing for a
series of programmed times, values for the instantaneous
distribution coefficient can be calculated by measuring the
NPs remaining in solution after mixing is halted and back-
ground particles are allowed to settle from the suspension.
Plotting the resulting data versus heteroaggregation (mixing)
time as described by Equation (8) enables the calculation of
the relative affinity of NPs for the background particles.
Absolute values of a can be obtained by dividing the value of
the slope by the mass concentration of the background par-
ticles and a calculated collision frequency. Alternatively, the
product bB for a given system (background particles, mixing
conditions, etc.) can be obtained by altering the chemical
conditions (such as ionic strength) to favor aggregation
analogous to Equation (1):

ahetero¼
bB

bBfav
(9)

or by calibrating the system to a known value of ahetero de-
termined, for example, from column experiments.

Computational verification

Equation (4) and the subsequent solution presented earlier
approximate the heteroaggregating suspension as consisting
of only two particles classes, monodisperse NPs and back-
ground particles. A more complete description of hetero-
aggregation accounts for all possible combinations of NP and
background particle aggregates and must be solved numeri-
cally. This more precise description of heteroaggregation was
coded in Matlab (Matlab R2010a, the MathWorks, Inc.,
Natick, MA) and is expressed as a system of m differential
equations, each of which describes the change in number
concentration of particle aggregates in one size class k, such
that k = 1 to m. If NPs of radius rNP occupy the smallest size
class (the subscript NP indicating k = 1), the rate of change in
the number concentration of NPs, nNP (assuming no break-
up), is equal to the rate at which they aggregate with them-
selves and with particles in all other size classes, such that

dnNP

dt
¼ " nNP

X
k
aNP( fsk) % b(rNP, rk, fSk) % nk (10);

where nk is the number concentration of size k aggregates, b
(rNP, rk, fSk) is the collision rate kernel describing the rate
at which an NP comes in contact with a particle or aggregate
in size class k accounting for porosity of the aggregates based
on their fractal dimension (Wiesner, 1992), and ak is the
attachment efficiency between an NP and a size k aggregate
with an average fraction of NPs fSk on its surface. In these
simulations, attachment efficiencies between size classes
evolve as a function of fSk in each size class, modifying
the initial affinity coefficient between nano- and back-
ground particles, aBN as the average surface of background
particles is modified by the heteroaggregated NPs. For k > 1,
the remaining m - 1 differential equations include a term
describing gains in aggregate number concentration due
to aggregation from smaller-sized classes, as well as the
losses to larger-sized classes such as those shown for NPs in
Equation (10).

Numerical solution of the system of m differential equa-
tions over time yields an aggregation between NPs and an
evolving distribution of background particles and aggregates
distributed through these m size classes. These simulations
were performed to test the validity of the approximating
the heteroaggregation process as occurring between just two
size classes as described by Equation (4). The simulation
parameters covered ranges similar to those of the experi-
mental measurements described further, with a fixed initial
concentration of background particles (CB = 4 g/L), initial
concentrations of NPs of 10 and 50 mg/L, initial background
particle diameters ranging from 2 to 15 lm, initial NP di-
ameters ranging from 5 to 20 nm, and attachment efficiencies
between background particles and NP ranging from 0.001 to
1. By varying simulation time for heteroaggregation and
following the total amount of NPs associated with back-
ground particles over time, simulated values of c(t) were
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Surface affinities for several 
nanomaterials and activated sludge 

greatest extent (95–100%), followed by ZnO and poly-
vinylpyrrolidone (PVP)-functionalized Ag NPs (*90%),
citrate-functionalized CeO2 NPs (85%), and gum arabic
(GA)-functionalized Ag NP (*70%). Percent removals were
similar at the two concentrations evaluated. Removal in-
creased up to mixing times of 10 min, after which point re-
movals tended to stabilize.

Removal differed based on surface functionalization. For
example, in the case of CeO2, the citrate surface modifica-
tion exhibited a lower f potential ( - 17.9 – 4.5 mV) as pre-
pared in nanopure water at pH 5.6 compared with the
pristine NPs (32.2 – 4.1 mV), thereby increasing the stabil-
ity of the functionalized NPs. However, it is not clear
whether changes in removal (85% vs. 98%) can be directly
attributed to changes in the zeta potential, as the complex
mixture of solutes present in the wastewater would be ex-
pected to alter NP surface charge. Similarly, in the case of
PVP- and GA-stabilized Ag NPs of a similar size (6 vs. 8 nm
in mean diameter), these two surface treatments imparted
different surface charges as well as possibly different steric
properties. The f potential of 6 nm GA-functionalized Ag
was measured at neutral pH to be - 38.3 – 0.9 mV, while the
f of the 8 nm PVP-Ag NPs was - 8.19 – 0.6 mV. As with the
CeO2 NPs, a higher (negative) electrophoretic mobility
(from which the f is calculated) was associated with less
removal to the settled material. These data were in agree-
ment with trends of removal reported by Hendren et al.
(2013) in batch studies, where the authors found that PVP-
coated NPs were removed to a greater extent compared with
GA-Ag NPs. Other researchers have reported high levels of
removal of Ag NPs (99%) after 2 h of mixing without any
impact of size (Kiser et al., 2010; Kaegi et al., 2011; Kaegi
et al., 2013).

From Equation (5) (for any arbitrary time, rather than at a
steady state), the relationship between the time variable
distribution coefficient (values presented in Supplementary
Table S2) and removal after a mixing period t is given by

c¼ r(t)
c0

c(t) " CB
(11);

assuming that all background particles are removed by set-
tling (an assumption that was verified to hold within at least
1%). Distribution coefficients calculated from removal by
settling, observed following programmed mixing at various
times t and plotted as ln (cCB + 1) plotted versus time [or
equivalently, ln (rC0/C + 1) versus time] yield a trend line
with a slope of abB.

An example of one such plot is shown in Fig. 2 for 50 mg/L
of TiO2 and GA-Ag NPs mixed with activated sludge. The
linear portion of this plot, consistent with Equation (8), is
apparent for mixing times between *0 and 10 min. At longer
periods of time, the plot reaches a plateau due to an increasing
importance of breakup, modifications to heteroaggregate
chemistry, or both. This linear range between 0 and 10 min of
mixing was observed for all of the NPs investigated with R2

values ranging from 0.85 to 0.98. The values of the slopes are
presented in Table 2. The trend in the magnitude of the slope
matches the trend in removals after 1 h of mixing.

Estimates for the heteroaggregation affinity coefficient, a,
for these combinations of NPs and activated sludge were
obtained by dividing the measured slope, abB, by bB, ob-
tained from measurements of the activated sludge (B) and
calculated from theory (b). The mass and concentrations of
background particles were from measurements of the sus-
pended solid concentration and particle size distribution of
the activated sludge. The mass concentration of the sampled
wastewater was measured to be *4 g/L, and a value for the
density of the activated sludge of 1050 kg/m3 was assumed
(Sears et al., 2006). The number average diameter of the
background particles was determined to be 2.3 lm as ob-
tained from static light scattering measurements (Malvern
Mastersizer 3000; Malvern Instruments), which was similar
to values reported by others (Snidaro et al., 1997; Schmid
et al., 2003).

FIG. 2. Representative plot
for TiO2 and GA-Ag NPs
interacting with secondary
sludge to illustrate the initial
linear behavior that is used to
determine abB. GA, gum
arabic; NPs, nanoparticles.
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The collision frequency, b, describes particle collisions
resulting from Brownian motion, differential settling, and
velocity gradients and was calculated using theory describing
these interactions between porous aggregates (Veerapaneni
and Wiesner, 1994; Thill et al., 2001). For the calculation of
b, a value for the velocity gradient G of 20 s - 1 was assumed,
and the density of the NPs was assumed to be the density
of the metal core (Ag = 10,500 kg/m3, Ce = 7650 kg/m3,
Ti = 4230 kg/m3, and Zn = 5610 kg/m3). At the beginning
of heteroaggregation experiments, there exists a dominant b
associated with a single type of interaction, which corre-
sponds to the interaction between an average-sized NP and an
average-sized background particle. The experimental con-
ditions for this study inspected the initial, fast stage of het-
eroaggregation, where changes in b and breakup could be
assumed negligible.

Discussion

Trends in calculated estimates of the affinity coefficients,
a, were similar to those observed for both the relative affin-
ities (abB) and settled removal of NPs after 60 min of mixing
with 40 nm PVP-Ag > TiO2&ZnO > pristine CeO2 > 8 nm
PVP-Ag& citrate-functionalized CeO2& 25 nm GA-Ag > 6
nm GA-Ag. The calculation of a was found to be sensitive to
the assumed properties of the background particles and the
mixing conditions. However, the value of *0.01 calculated
for the affinity coefficient for the 40 nm PVP Ag NPs by this
method is close to the value of a previously reported by Xiao
and Wiesner (2013) of 0.01 for a biofilm determined from
column studies using the same PVP-functionalized Ag NPs
used in this work.

In the case of Ag NPs, where size was also a variable, the
data suggested a possible size dependence for a. While the
mechanism that accounts for this phenomenon is unknown,
we speculate that differences in a with size may be an artifact

of silver dissolution. Dissolution kinetics in pure water have
been shown to be size controlled such that smaller particles
result in increased dissolution of Ag (Ma et al., 2012). If
the smaller Ag NPs dissolved to a greater extent, more sil-
ver would have remained in the supernatant. Since only to-
tal silver was measured (as opposed to particulate and
dissolved fractionation), this would give the appearance of
less heteroaggregation, and therefore a smaller value for a.
Size-dependent changes in surface charge density and com-
plexation of ligands in the wastewater as well as different
initial values in the f potential may have also played a role.
This method enables the determination of a fundamental NP
property in wastewater from a time-dependent parameter that
dictates removal. Both a and removal are useful for indicating
NP behavior in environmental systems.

Summary

A simple method for quantifying the relative affinity of
NPs with a complex mixture of larger particles has been
shown to yield results that are consistent with theory and with
observed trends in NP removal. The method serves as a
functional assay for NP behavior in aquatic systems that are
sensitive to differences in NP composition, including dif-
ferent surface functionalizations. Improvements to research
would be an analysis of the impact of background sludge
sampled from different locations due to the high variability of
the wastewater matrix. In addition, further application of this
work to other NPs and aged samples can provide important
information on NP behavior in the environmental matrix of
wastewater sludge. Estimates of surface affinity obtained by
this method should be useful in predicting heteroaggregation
and deposition of NPs and in enabling calculations of NP
transport, bioavailability, and bio-uptake.
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Examples of nanoparticle reactivity 

Effect Underlying reaction 

Toxicity to plants and fish by nano Ag Nano silver dissolution 
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Conclusions 
1.  Heteroäggregation/ deposition is a key fate process 

2.  Surface Affinity in complex media can be measured using 
programmed mixing procedure 

3.  Limitation- for practical purposes, only varies over 4 orders of 
magnitude 

4.  Surface affinity appears to be important for some aspects of 
nanoparticle reactivity and perhaps bioavailability 

5.  Need reference systems 

 
  


