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Abstract Surface charge distribution has great impact on
interactions between sediment particles, which is essential
for flocculation studies. In this paper, the micro-morphology
and surface charge distribution of quartz sand are measured
using the electrical force microscope. Then, the statistical
relationship between micro-morphology and surface charge
distribution is obtained. Results show that quartz sand pos-
sesses a complex surface morphology, which has great impact
on the charge distribution. Positive and negative charges
mostly concentrate in the saddle, convex, and concave parts
of the surface, while their distribution is less in the groove,
ridge, and flat parts. A fitting equation between surface charge
and non-spherical curvature is also obtained. The surface
charge distribution on a mathematical sediment particle is then
reproduced according to these relations, and the effect of
charge heterogeneity on interactions between different parti-
cles is quantified and analyzed, indicating that surface charge
distribution has a dramatic effect on interactions between
sediment particles, and local surface potential is more impor-
tant than the average surface potential. This study provides a
newmethod for understanding the processes of flocculation in
coastal and estuarine zones.
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1 Introduction

With the rapid development of the social economy, agricul-
tural nonpoint source pollution and industrial point source
pollution have led to serious river pollution in recent years.
Strong physical, chemical, and biological interactions occur
between sediment particles and contaminants, which greatly
influence sediment surface properties. Flocculation of sedi-
ment in natural and engineered systems is still a subject of
debate and utmost concern. Complex factors such as surface
roughness, surface charge, and surface potential make it
difficult to give a clear interpretation of this phenomenon
(Taboada-Serrano et al. 2005).

Surface charge properties have great impact on interactions
between sediment particles. Sediment in water acquires sur-
face charge in many ways. Stumm (1992) figured that solid
particle surfaces could develop an electrical charge by three
principal means: (1) chemical reactions at the surface, (2)
lattice imperfections and isomorphous replacement, and (3)
adsorption of a hydrophobic species or a surfactant ion.
Experiments on the measurement of sediment charge density
have been addressed (Wang et al. 1997; Tang et al. 2000;
Borgnino et al. 2006). These determined the average charge
state mainly based on electrokinetic phenomena such as elec-
trophoresis, electroosmosis, sedimentation, electroviscous
flow, etc., or titration (Yin and Drelich 2008; Tan et al. 2005).

However, complex surface characteristics such as crystal-
line structure, mineral composition, and surface roughness
always result in non-uniform charge distribution, which plays
a key role in the behavior of sediment particles in the aquatic
environment. So the direct observation of surface charge dis-
tribution is essential for flocculation study. Feick et al. (2000)
used translational electrophoresis and electrophoretic rotation
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to measure the average value and standard deviation of zeta
potential on colloidal particles, respectively. Taboada-Serrano
et al. (2005) measured surface charge heterogeneity of a silica
plate by measuring a 2D array of force-versus-distance curves
in electrolyte solutions via atomic force microscopy (AFM).
Yin’s group (2008) proposed a new technique, surface charge
microscopy and measured the charge distribution of a multi-
phase volcanic rock, especially across the boundary between
adjacent phases. The bitumen–water interface was also studied
(Drelich et al. 2007). However, direct measurement of the
surface charge distribution of sediment has rarely been reported.

The stability of a colloidal system is mostly described by
the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory
based on the electrical double-layer (EDL) structure, as
shown in Fig. 1a (Taboada-Serrano 2005). It is assumed that
the particle is a symmetrical sphere with a smooth surface
and uniform charge distribution. For natural sediment parti-
cles, there are many complex micro-structures and pores of
various scales on the surface. So a similar EDL structure can
be supposed for these particles as shown in Fig. 1b. In
contrast to the DLVO theory, surface roughness results in
selective ion adsorption on the surface. The charge may
concentrate in some regions, and excessive adsorption would
even cause charge reversal (Taboada-Serrano et al. 2005).
Based on this EDL structure, the classical theory could be
modified to describe the behavior of sediment particles in
aquatic environment more exactly.

A number of studies have been carried out to calculate the
interactions between heterogeneously charged particles.
Numerical methods, such as boundary element or finite
difference techniques, are widely used (Grant and Saville
1995; Carnie et al. 1994). These methods can attain any
desired accuracy, whereas they require a significant amount
of numerical computation. Therefore, simple analytical for-
mula would be more useful. Based on the Hogg–Healy–
Fuerstenau model (Hogg et al. 1966), Velegol and Thwar
(2001) proposed an analytical model for the effect of charge
heterogeneity on colloidal interactions. Sennato et al. (2009)
analyzed the interparticle potential of a liposome using
Velegol’s model and described the formation of large equi-
librium aggregates. However, this model characterizes
charge heterogeneity with only the average value and stan-
dard derivation of surface potential. Much detailed informa-
tion is ignored. Sader et al. (1998) presented another analyt-
ical model expressed in terms of the moments of surface
charge distribution and compared with the results of bound-
ary element method. This model is based on the superposi-
tion approximation and can calculate interactions between
two spheres with embedded point charges, which satisfy our
need of the interaction calculation in this paper. However,
these studies are mostly based on unreal charge distribution.

Quartz is an important composition of sediment. For ease
of measurement, quartz sand was taken as an example in this
paper to measure its micro-morphology and surface charge
distribution. The charge heterogeneity due to surface rough-
ness was studied by analyzing the relations between surface
charge distribution and micro-morphology. The surface
charge distribution on a mathematical sediment particle is then
reproduced according to these relations, and the effect of
charge heterogeneity on the interaction free energy between
two mathematical sediment particles is estimated using
Sader’s model. These studies enhance our understanding of
surface charge distribution and its impact on interactions
between sediment particles, providing a foundation for further
flocculation study at a micro-level.

Fig. 1 Electrical double-layer structure for a the ideal particle
(Taboada-Serrano 2005) and b natural sediment

1114 Ocean Dynamics (2013) 63:1113–1121



2 Experiment

The experimental method and the working principle of mea-
suring instruments have been explicitly described by Huang
et al. (2012). Here, only a brief introduction is given. Quartz
sands were collected from natural rivers with a size range of
0.3∼0.5 mm and stored in a clean glass dish. Experiments
were completed by using a DI 3100 atomic force microscope
in the Department of Physics at Tsinghua University.

The surface morphology image was obtained by DI300
using a contact mode in ambient conditions. The scanning
range is 10 μm×10 μm, and the storage array is 256×256.
Surface charge distribution was measured by the electrical
force microscope (EFM) with a phase mode (Han 1999;
Yang and Tang 2005; Dianoux et al. 2003; Zhao et al.
2007), and a phase image was subsequently obtained. The
phase image shows the phase angle shift (Δ∅0, hereafter
referred to as phase shift) between the piezoelectric actuator
driving signal and actual cantilever oscillation (Li et al. 2006),
which is in proportion to surface charge. So the phase image
provides a map of charge distribution on the sample surface
(Huang et al. 2012; Magonov et al. 1997). The phase shift is
positive when the electrostatic force acting on the tip is repul-
sive and negative when the force is attractive. Particularly, the
greater the phase shift is, the greater the charge density is.

2.1 Surface morphology

Figure 2 is the morphology image of quartz sand obtained by
AFM, which shows the morphology characteristic in nano-
scale. The left is the top view, and the right is the 3D image.
Brighter regions imply higher elevation. Units of the x- and
y-axes are both micrometers. Surface elevation difference is
up to 300 nm. The superiority of an AFM image is that it not
only has a high resolution, but also can directly give the
surface height of quartz sand, providing convenience for data
analysis. It can be concluded from these pictures that quartz
sands have extremely complex morphology, which may
greatly impact charge distribution (Huang et al. 2012).

2.2 Surface charge distribution

Figure 3 shows the results of EFM measurement with a
scanning range of 5.0 μm×2.5 μm and a storage array of
256×128. The distance between different scanning points is
about 20 nm, providing a detailed description of surface
morphology and charge distribution of quartz sand. The left
one is a morphology image, in which bright regions and dark
regions imply high and low elevation, respectively. The right
one is the corresponding phase image, where bright regions
represent positive phase shift, implying repulsive electrostatic

force acting on the tip. In contrast, dark regions represent
negative phase shift, implying an attractive electrostatic force
is acting on the tip. The sign of the phase shift characterizes
the sign of the charge while the magnitude of the phase shift
can determine the strength of charge.

The right phase image was obtained when a +5 V bias
voltage was applied to the conductive tip. As stated above,
the bright regions imply positive phase shift and repulsive
force acting on the tip, so charge distributed in these regions
should be positive, and brighter regions imply stronger pos-
itive charge. In contrast, dark regions imply negative phase
shift and attractive force acting on the tip, so the charge there
should be negative, and darker regions imply stronger neg-
ative charge. The existence of both bright regions and dark
regions in the phase image implies that both positively charged

Fig. 2 a, b AFM images of quartz sand
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and negatively charged regions exist on the surface of quartz
sand. It can be concluded that surface charge distribution has a
strong correlation with morphology comparing the right phase
image and the left morphology image. Regions with more
complex morphology have a greater charge density. When
no bias voltage was applied on the tip, only few information
of charge distribution was obtained. When −5 V bias voltage
was applied, a similar conclusion to that of +5 V bias voltage
was drawn.

2.3 Statistical analysis of charge distribution
and morphology

To further analyze the relations between charge distribution and
micro-morphology, a statistical analysis is conducted. A similar
analysis has been done in our previous study (Huang et al. 2012),
and the conclusion is directly referenced here. Particle surfaces
are classified into concave, convex, groove, ridge, flat, and
saddle parts according to the local value of Gaussian curvature
K and mean curvature H (Fang et al. 2009). Two groups of
quartz sands (more than 100 particles in each group) are chosen
for the analysis. For each particle, at least three different positions
are observed to enhance the representativeness. Statistical anal-
yses show that positive and negative charges mostly concentrate
in the saddle, convex, and concave parts of the surface, with
percentages of 53.26, 22.80, and 22.03 %, respectively, while
their distribution is less in the groove, ridge, and flat parts.

Furthermore, the relation between surface charge and non-
spherical curvature T is analyzed. Non-spherical curvature is
defined as (Chen 2008)

T ¼ 1

2
k1−k2ð Þ ð1Þ

where k1 and k2 are the principal curvatures, namely the
maximum curvature and minimum curvature, respectively.

On the surface of a sphere, the maximum curvature and
minimum curvature are always equal, so T=0 at every posi-
tion. A greater non-spherical curvature implies more complex
morphology. To eliminate the impact of particle size and
improve the universality, the curvature is normalized by di-
viding by the maximum value of T. Statistical analyses show
that surface charge corresponds well with non-spherical
curvature, and the fitting result is

Δϕ0 ¼ sgn qtip
� �

⋅ 0:20þ 0:27e−15:06T−0:38e−1:80T
� � ð2Þ

where qtip is the surface charge of the tip. The sign function is
defined as

sgn qtip
� �

¼
−1 ; qtip < 0
0 ; qtip ¼ 0
1 ; qtip > 0

8<
: ð3Þ

The sign of phase shift changes with the sign of qtip.
However, for the surface charge of the particle, it does not
depend on the sign of qtip. The same results will be obtained
no matter if positive or negative bias voltage is applied.
Equation (2) represents the impact of surface morphology
on the charge distribution. Combined with the calculation of
non-spherical curvature, the charge distribution on the parti-
cle surface can be estimated.

3 Calculation

The traditional approaches to sediment transport calculations
assume the particle to be a sphere, which is reasonable and
feasible to a certain extent. However, with the increasing
requirement of understanding the chemical transport and

Fig. 3 Surface morphology
(left) and phase image (right) of
quartz sand
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biological transport, the studies on geometry and surface
morphology of sediment particles become increasingly impor-
tant. Fang’s group (2009) is devoted to the development of a
research platform of mathematical sediment analyses, using
mathematical equations to characterize the geometry and sur-
face morphology of sediment. They observe numerous natural
sediment particles using a scanning electron microscope and
establish a sample space by combining a large number of
sediment particle profiles. Each profile corresponds to a math-
ematical equation. New profiles thus can be randomly gener-
ated using the distribution law of the sample space, and
different profiles can be combined at different angles to re-
construct a 3D sediment particle. This particle is a mathemat-
ical sediment particle in a statistical sense. Figure 4 shows a
generated mathematical sediment particle with a radius of
10 μm (the median size of the sediment particles in the
Yangtze River, China). In this section, the previous conclusion
is cited to reproduce the surface charge distribution of a
mathematical sediment particle, and the effect of charge het-
erogeneity on interactions between different particles is
analyzed.

3.1 Surface charge distribution of mathematical sediment
particles

In theory, any complex surface can be approximated to
arbitrary accuracy with high-order polynomials (Mei and
Huang 2008). Also, the surface morphology of sediment
particles can be described with quadratic polynomials. Due
to the discontinuity of surface morphology, the block

processing method is used. Suppose each point on the
surface with eight surrounding neighborhood points
form a micro-surface. Based on the theory of surface
in differential geometry (Tang et al. 2005), the surface
equation is set as Z=Z (x, y), where x, y represents the
coordinates in the image matrix. So the Gaussian curvature K
and mean curvature H can be calculated using the following
relations:

K ¼ k1k2 ¼ rt−s2

1þ p2 þ q2ð Þ2

H ¼ k1 þ k2
2

¼ 1þ q2ð Þr−2pqsþ 1þ p2ð Þt
2 1þ p2 þ q2ð Þ3=2

8>>><
>>>:

ð4Þ

where the physical meanings of p, q, r, s, and t are shown in
Fig. 5. The elevation values Z(x, y) can be directly obtained by
the generated mathematical sediment particle, which is an
M×N matrix. Using K and H, the non-spherical curvature is
formulated as:

T ¼ 1

2
k1−k2ð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
H2−K

p
ð5Þ

For the mathematical sediment particle in Fig. 4, its
surface charge distribution is reproduced with the scale
of nanometer by applying the distribution law of Eq. (2)
after the calculation of non-spherical curvature. Then,
average calculation is carried out for the convenience of
calculation. Figure 6 shows the top view of the surface
charge distribution on the particle after local averaging.
The surface is divided into several regions with a length
scale of L, which cannot be too large in order to ensure
accuracy. Here, the length scale of each region is
1 μm×1 μm. Each region is uniformly charged, and variances
between different regions are expressed by different gray
values.

It can be seen from Fig. 6 that the reproduced charge
distribution of mathematical sediment is non-uniform, and
both positive and negative charges exist on the surface,
which is consistent with our previous experimental results.
So this paper provides a method for modeling the non-
uniform charge distribution of sediment particles. After sur-
face charge distribution is known, we can estimate the effect
of charge heterogeneity on interactions between different
particles.

3.2 Interactions between mathematical sediment particles

A superposition formula for the electrical interaction be-
tween two heterogeneously charged spherical particles is
proposed by Sader et al. (1998), which is a simple analytical
formula expressed in terms of the moments of the surfaceFig. 4 Mathematical sediment (Fang et al. 2009)
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charge distribution of each particle. In this section, the su-
perposition formula is applied to calculate the interactions
between mathematical sediment particles.

For the derivation, the electrical potential ψi throughout
the electrolyte for a single particle is first required, which
takes the well-known form (Kirkwood 1934)

ψi r; θ;ϕð Þ ¼
X
n¼0

∞ X
m¼0

n

αm;ncos mϕþ βm;nsin mϕ
� � Kn κrð Þ

Kn κað Þ
a

r

� �nþ1
e−κ r−að ÞPm

n cosθð Þ ð6Þ

where a is the radius of the particle, (r, θ, ϕ) represents the
position in the spherical coordinate system of the particle,

Pn
m(cosθ) are the associated Legendre functions (Abramowitz

and Stegun 1972), andKn(x) is theKirkwood function defined by

Kn xð Þ ¼
X
s¼0

n 2sn! 2n−sð Þ!xs
s! 2nð Þ! n−sð Þ! ð7Þ

and the coefficients αm, n, βm, n are the moments of the surface
charge distribution. In the case where the particle has a total of N
discrete point charges imbedded in it, and each charge qi is
located at (ri, θi, ϕi) in the spherical coordinate system of the
particle, these moments can be calculated as follows:Fig. 6 Surface charge distribution of mathematical sediment particle

Fig. 5 Calculation flow chart of non-spherical curvature
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αm;n ¼ 1

4πεea
n−mð Þ!
nþ mð Þ!

X
i¼1

N

qi ri=að ÞnPm
n cosθið Þcos mϕi

Knþ1 κað Þ
Kn κað Þ −

n

2nþ 1
1−εi=εe
� �� �

γm

ð8Þ

βm;n ¼
1

2πεea
n−mð Þ!
nþ mð Þ!

X
i¼1

N

qi ri=að ÞnPm
n cosθið Þsin mϕi

Knþ1 κað Þ
Kn κað Þ −

n

2nþ 1
1−εi=εe
� � ð9Þ

where εi and εe are the permittivities of the interior of the
particle and of the electrolyte, respectively. γm equals 1 when
m=0; otherwise, it equals 1/2. These moments are intimately
related to the spherical coordinate system, so they may vary
as the orientation of the particle is altered. Then, the electri-
cal potential surrounding the two interacting particles is
obtained by summing the individual contributions of the
particles, that is

ψ ¼ ψ1 þ ψ2 ð10Þ
Equation (10) is expected to be valid when the double

layers of the two particles are weakly interacting. With the
electrical potential throughout the electrolyte known, the
interaction force between the two particles can be evaluated

using the Maxwell stress tensor. And the interaction free
energy ΔF then directly follows by integrating the force with
respect to the separation between the particles.

ΔF ¼ 4πεe
a1a2
R

e−κh
X
n¼0

∞ X
m¼0

n Xm
i¼0

ði≤n�mÞ

γm2
m−in!m!

n−m−ið Þ! m−ið Þ!i!
Ω Að Þ

m;n−m−i þΩ Bð Þ
m;n−m−i

κRð Þn
 !

ð11Þ

where

Ω Að Þ
m;n ¼

X
i¼0

n n!

n−ið Þ!i! f
1ð Þ
m;mþi f

2ð Þ
m;mþn−i;

Ω Bð Þ
m;n ¼

X
i¼0

n n!

n−ið Þ!i! g
1ð Þ
m;mþig

2ð Þ
m;mþn−i;

f sð Þ
m;n ¼

X
i¼n

∞ 2 i−nð Þi! iþ nð Þ!
i−nð Þ! 2ið Þ!n!

κasð Þi
Ki κasð Þ α

sð Þ
m;i;

g sð Þ
m;n ¼

X
i¼n

∞ 2 i−nð Þi! iþ nð Þ!
i−nð Þ! 2ið Þ!n!

κasð Þi
Ki κasð Þ β

sð Þ
m;i; m≥1

0 otherwise

8>>>>>><
>>>>>>:

(12)

where s=1, 2 correspond to particles 1 and 2, respectively. R
is the center-to-center distance between the particles, and h is
their distance of closest approach, i.e., h=R−a1−a2.

Equation (11) is used to evaluate the interactions between
two identical mathematical sediment particles, the surface

charge distribution of which is reproduced in the previous

Fig. 7 Change of the interaction free energy with the separation be-
tween two particles

Fig. 8 Relations between the interaction free energy and the rotate
angle with a fixed separation of kh=5
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section and shown in Fig. 6. Statistics show that the particle

takes an average surface potential of −1.55 mV, denoted as Φ .
Suppose there are two identical mathematical sediment par-

ticles with a1=a2=10 μm=10−5m and Φ1 ¼ Φ2 ¼ −1:55mV .
For pure water, εe=εrε0=80×8.85×10

−12=7.08×10−10F/m.
The ratio of the permittivity of the electrolyte εe to that

of the particle εi is taken to be 20. So κ ¼ 2e2n0Z2

εekT

� �1=2
¼

2� 1:6�10−19ð Þ2�6:02�1024

7:08�10−10�1:38�10−23�300

	 
1=2

,and Debye length κ−1=3.08 nm.

Substituting the above parameters into Eq. (11), we can
obtain the variation of the interaction free energy with the
separation between two particles, kh, as shown in Fig. 7. The
solid line represents the interaction free energy of the two
identical mathematical sediment particles, and the dashed
line is the results of two uniformly charged particles with
surface potential of −1.55 mV, which is calculated by

ΔF ¼ 4πεe
a1a2
R

Φ1Φ2e
−κh ð13Þ

Results show that the interaction free energy decays rap-
idly with the separation and only survives in a few kh for
both heterogeneously and uniformly charged particles. This
can be easily found in Eqs. (11) and (13), which indicates
that the interaction free energy would decay exponentially
with the separation. However, for the case of heterogeneous-
ly charged particles, a much greater interaction free energy
exists than the case of uniformly charged particles.

To further analyze the impact of surface charge distribu-
tion on interactions between sediment particles, a dynamic
calculation is carried out. In the calculation, one particle is
held stationary, and the other horizontally rotates an angleΘ,
ranging from 0 to 2π. The variation of the orientation results
in the change of the moments of the surface charge distribu-
tion, as discussed above. Then, the interaction free energy
varies. Figure 8 shows the relations between the interaction
free energy and the rotate angle with a fixed separation of
kh=5. Here, ΔF is normalized by the interaction free energy
of two uniformly charged particles, that is

ΔF ¼ ΔF

4πεe a1a2=Rð ÞΦ1Φ2e−κh
ð14Þ

For uniformly charged particles, ΔF equals unity at any
rotate angle. It can be seen from Fig. 8 that the interaction
free energy varies greatly at different orientations with an
average value of about 15. Particularly, it takes negative
values at some rotate angles, which implies that attractive
electrical interactions even exist between the two particles at
some orientations. This calculation is a significant modifica-
tion to the classical DLVO theory, indicating that surface
charge distribution has a dramatic effect on interactions

between sediment particles, and local surface potential is
more important than the average surface potential.

4 Conclusion

In this paper, quartz sand is taken as an example to measure
its micro-morphology and surface charge distribution with
EFM, and analyze the statistical relations between them.
Subsequently, surface charge distribution is reproduced on
a mathematical sediment particle, and the effect of charge
heterogeneity on the interaction free energy between two
particles is estimated. Conclusions are drawn, as follows:

1. Quartz sand particles have extremely complex morphol-
ogy which influences surface charge distribution greatly.
Surface charge mostly concentrates in the saddle, con-
vex, and concave parts of the surface, with percentages
of 53.26, 22.80, and 22.03 %, respectively, while less
distribution is found in the groove, ridge, and flat parts.

2. Both positively charged and negatively charged regions exist
on the surface of quartz sand. Statistics show that surface
charge corresponds well with non-spherical curvature.

3. The interaction free energy decays rapidly with the sep-
aration between two particles for both heterogeneously
and uniformly charged particles. However, for the case
of heterogeneously charged particles, a much greater
interaction free energy exists than the case of uniformly
charged particles.

4. The interaction free energy varies greatly with the ori-
entation of sediment particles, and local surface potential
is more important than the average surface potential.
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