
Chapter 2
Characterisation of Colloidal Suspensions

Working with colloidal suspensions means to adjust or to monitor certain properties
of the single particles and of the whole disperse system. This may concern the
generation and modification of colloidal particles, the preparation and processing of
suspensions from such particles, or the observation of the colloids’ behaviour in
physiological and environmental media. Each of these tasks requires appropriate
techniques for the determination of the relevant particle or suspension properties.
There are various potentially interesting properties which may be classified as
follows (Polke et al. 2003; Stintz et al. 2010):

• particle morphology (size, shape, structure)
• particle properties based on hydrodynamics or specific interactions with external

fields that relate to morphology (e.g. diffusion, settling, scattering)
• surface area of the dispersed phase
• interfacial properties which depend on solvents (e.g. surface charge,

zeta-potential)
• concentration of particles (e.g. mass or number concentration, total or per size

fraction)
• suspension properties (e.g. turbidity, viscosity, stability)
• bulk properties of the dispersed phase and its interaction with the solvent (e.g.

solubility and dissolution kinetics)

Each point corresponds to numerous measurands and even more characterisation
techniques. In practice, however, only a few parameters are important for evalu-
ating process performance or product quality. This chapter will focus on charac-
terisation techniques that allow for a quantification of particle size and aggregate
structure, which are of fundamental importance in describing any colloidal sus-
pension. Besides this, relevant techniques for the quantification of interfacial
properties are presented.

© Springer International Publishing Switzerland 2016
F. Babick, Suspensions of Colloidal Particles and Aggregates,
Particle Technology Series 20, DOI 10.1007/978-3-319-30663-6_2

7



2.1 Particle Size Distribution

Particle size is one of the most important parameters when describing colloidal
suspensions. It is the only criterion for classifying a particle as a colloidal particle
or even nanoparticle, it changes during aggregation processes or during dispersion
and comminution and it is related to other properties like surface area or settling
velocity. For this reason, particle size serves as one of the fundamental parameters
when characterising colloidal suspensions.

However, the term particle size does not describe an unambiguous quantity, but
rather a variety of measurands which are related to the outer particle dimensions.
Indeed, particle size is always derived from a geometrical or physical property. If
the property is not a length, it is usually converted to a diameter of a sphere being
equivalent to the particle with regard to this property. The corresponding diameter
is called equivalent diameter (e.g. equivalency in volume V leads to volume
equivalent diameter xV). Table 2.1 lists some of these properties and the associated
equivalent diameters.

In general, particle properties vary within a particle system and the particle size
x should be regarded as a distributed parameter. Size distributions can be depicted
by the cumulative function Qr, the density function qr, or the transformed density
function q�r :

dQr ¼ qrdx ¼ q�rd ln x ¼
amount of particles in x. . .xþ dx

total amount of particles
; ð2:1Þ

where the index r characterises the type of quantity1 which is employed to weigh
the individually size fractions (Rumpf and Ebert 1964; Leschonski 1984; ISO
9276-1 2004).

The details of size distributions are frequently summarised in a few parameters
that reflect the “average size” or the polydispersity of the particle system:

• modal value(s) xmod,r or xmod*,r of the density functions qr and q�r , respectively
• median x50,r: of Qr

• mean size �xk;r ¼ ðR xkdQrÞ1=k requires complete knowledge of qr or Qr (im-
portant: k = −1, 0, 1, 2 → harmonic, geometric, arithmetic mean and rms value)

• percentile (or: quantile) xp,r: inverted cumulative distribution, Qrðxp;rÞ ¼ p%

• standard deviation: sr ¼
R ðx� �x1;rÞ2dQr

All three types of location parameters—modes, medians and means—are fre-
quently used in practice; yet their meaning and robustness is not identical.

The modal values are characteristic values of the density functions q and q*,
which appear to be the immediate result of most sizing techniques (e.g. line-start
disc centrifugation, spectroscopic techniques). Modal values represent the most

1A cumulable quantity like volume, number, or scattering intensity of a dilute particle system.
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frequent particle size(s) and, thus, bear a relatively low statistical uncertainty
(provided the sizing technique allows to resolve modal values). Moreover, they are
usually not affected by the relatively large measurement uncertainties of rare size
fractions or by a lacking sensitivity to very fine or very coarse particles. Note, that
xmod,r and xmod*,r are not identical and that the latter—derived from q�r—is usually
employed for very broad size distributions. Last but not least, modal values do not
offer an unambiguous characterisation, since a size distribution can consists of
several modes.

Median values split the particle population into a fine and a coarse fraction of
equal weight (in the selected type of quantity). They are obtained from the
cumulative function Qr, which commonly has to be computed from the originally
measured density functions q or q*. Only a few methods directly reflect the
cumulatively function Qr in their results (e.g. cuvette centrifugation). Unlike modal
values, the median is adversely affected if the weights of certain size classes, in
particular at the lower and upper end of the size distribution, are not accurately
quantified. However, the exact knowledge of, e.g., xmin or xmax is not required.
Medians are unequivocally defined and reliably reflect global changes in the size
distribution.

A mean particle size corresponds to the expectation value of a certain power k of
x, i.e. to a certain moment of the distribution function. It is affected by the main
modes of distribution as well as by the rare fractions at the ends of the size
distribution. In the case of arithmetic means all size classes are equally weighted
(with given type of quantity), whereas quadratic means (rms values) are more
sensitive to coarse particles, and harmonic means are more affected by the fine ones.
The accurate calculation of means values from a distribution function, therefore,
requires the exact knowledge of qr for the total size range including the size and
frequency of the finest and coarsest size fractions. The major advantage of mean
values is that they correspond to effective properties of the dispersed phase (e.g. to
its specific surface area, or to the suspension turbidity). They can, thus, be measured
directly without the necessity of resolving the size distribution. Such values (e.g. the
intensity weighted harmonic mean x−1,int or xcum in the case of dynamic light
scattering) can be measured with higher reliability and lower uncertainty than even
modal or median values.

Other characteristic size parameters of the distribution function are the per-
centiles (also: quantiles) other than x50,r. They are commonly used to quantify the

Table 2.1 Particle properties, in brackets the associated equivalent diameters (if existing)

Geometric properties Properties related to
mobility

Interaction with external fields

Volume (xV) Settling velocity (xStokes) Weight/inertia (xm)

Surface (xS) Translational diffusion
coefficient (xh,t)

Extinction cross section with regard
to light or sound

Characteristic length at 2D
projection (e.g. xFeret)

Acoustophoretic mobility
(xap)

Scattering cross section with regard
to light or sound
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polydispersity, either as indicators for the minimum or maximum particle size (e.g.
by x10,r and x90,r, respectively) or as the difference between high and low order
percentiles (e.g. x90,r–x10,r). In contrast, the standard deviation sr is rarely computed
for a size distribution qr. Yet, it may be employed as a regression parameter when
describing a given measurement result by means of an analytical distribution
function.

Note that all mentioned distribution parameters are subject to the specific type of
quantity in which the size distribution is weighted. Conversion between different
types of quantity requires (i) models that correlate the detected particle properties
with the types of quantity and (ii) the accurate quantification of qr over the entire
size range. Solving the two points is prerequisite for comparing measured size
distributions. They can be, therefore, considered as fundamental challenges to any
particle sizing technique.

2.2 Particle Sizing

The strict differentiation of particle size distributions with regard to the particle
property and the type of quantity is not just an academic issue but indispensable
when coping with the huge variety of particle sizing techniques. There are several
means and physical phenomena that allow for the determination of size distribu-
tions (e.g. imaging, sedimentation, extinction). A more general distinction of par-
ticle sizing techniques is based on how the weights of the individual size fractions
are determined (Fig. 2.1; cf. Stintz 2005; Stintz et al. 2010):

Fig. 2.1 Classification of particle sizing techniques
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• counting techniques (measuring particle properties at individual particles)
• fractionating techniques (measuring the amount or concentration of

size/property classes after fractionating the particle system)
• spectroscopic ensemble techniques (measuring the spectral or parametric

response of a representative particle ensemble of the total particle system)

Counting techniques inherently yield number weighted distributions (Q0) of a
certain particle property or of a physical quantity that is related to a certain particle
property (e.g. the average displacement as a measure of the diffusion coefficient).
They rely on the individualisation of the particle sample, which can be either
achieved by analysing microscopy images (e.g. from electron microscopes) or by
sufficient sample dilution.2 The number of detected particles per each size class is a
stochastic quantity that obeys a Poisson distribution. That means that the relative
uncertainty in class frequency is inversely proportional to the square root of particle
counts. The probed particle property may be either geometric (in particular for
image analysis), optical (e.g. scattering cross section), or related to mobility (dif-
fusion coefficient).

Fractionating (ensemble) techniques include the two steps of fractionation and
detection. The former can either result in a physical separation of the different size
classes or in the depletion of coarse or fine particles in the measurement zone. In the
case of colloidal suspensions, the fractionating effect is usually related to the mobility
of the particles (e.g. settling velocity). The detection systemmonitors the fractionation
process and, thus, serves for evaluating the class frequencies. It frequently employs
the phase shift, extinction, or scattering of some radiation (e.g. X-rays). The applied
detection system determines the type of quantity in which the size fractions are
intrinsically weighted (e.g. extinction of X-rays is mass proportional→ Q3).

The immediate result of a spectroscopic ensemble technique is a signal spec-
trum, i.e. the variation of the measured signal g over the spectral parameter s (time,
space or frequency). Each size fraction x possesses a characteristic spectrum kr(s,x),
which in general covers the whole spectral range. Assuming that each size fraction
contributes independently and linearly to the measured signal spectrum, the
determination of the size distribution requires the inversion of a linear integral
equation (Fredholm type):

gðsÞ ¼ b s; crð Þþ cr �
Z

kr s; xð ÞqrðxÞdx; ð2:2Þ

where cr is the particle concentration for the type of quantity r and b(s, cr) is a
size-independent baseline signal. When s is varied over a sufficiently wide range,
the spectrum can be normalised, which eliminates the concentration influence.3

2“Sufficient” means a vanishing likelihood of having two or more particles in the measurement
volume.
3Note that the impact of concentration cr is lost if g(s) refers to the phase shift rather than to the
magnitude of a measured quantity.
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Unlike counting or fractionating techniques, the intrinsic type of quantity is not
necessarily obvious. Indeed, Eq. (2.2) can be expressed and solved for any type of
quantity r. Yet, the intrinsic type of quantity of spectroscopic techniques refers to
the impact of a single particle to the integrated signal spectrum.

If the integral over the signal spectrum of one particle is proportional to the particle volume,
the intrinsic type of property is the volume (r = 3); proportionality to the partial scattering
cross section implies that the signal is intrinsically weighted by scattering intensity.

Ideally, if the value of the intrinsic type of quantity is kept constant, a variation
in size will only shift the spectrum g(s) along the s-axis without changing its height
or shape (Babick and Ripperger 2002). Note that in measurements only a limited
range of the spectral parameter s is covered, which may affect the real sensitivity to
certain size fractions. The probed particle property of the spectroscopic technique
can be easily described by the terms of Table 2.1. However, a profound correlation
to morphological parameters is much more complicated.

The inversion of Eq. (2.2) is an essential feature of spectroscopic techniques,
which requires appropriate numerical algorithms (e.g. Twomey 1977; Kandlikar
and Ramachandran 1999). Moreover, any measured spectrum bears only limited
information on the size distribution, i.e. only a few details of size distributions are
accessible by the measurement (Fig. 2.2). This results from the discreteness and the
restricted range of the spectral parameter s as well as from the uncertainty of the
measured signal g. The information content is further affected by the physics of the
measurement principle, which is expressed by the kernel function kr(s, x): the more
structured the shape of this function, the higher the achievable resolution of the size
distribution qr(x). The information content can be quantified, but just for a given set
of instrument parameters. Such data have only been published for a few techniques
(dynamic light scattering: Finsy et al. 1992; electroacoustic mobility spectroscopy:
Knösche 2001; ultrasonic spectroscopy: Babick and Ripperger 2002).

Fig. 2.2 Schematic representation of the meaning of resolution at the example of a tridisperse size
distribution: truth and possible measurement results; low resolution results from low information
content in the case of spectroscopic techniques
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Inversion is not an issue for most counting and fractionating techniques, where
the immediate measurement results can be ideally considered as scaled density and
sum functions of the size distribution. However, when counting techniques measure
a physical property that does not unambiguously correspond to size or when a
fractionation is not perfect, the integral Eq. (2.2) also has to be applied.

In summary, every particle sizing technique is characterised by the particle
property probed and its intrinsic type of quantity. Experimental size distributions,
which are commonly derived for the assumption of spherical particles, may bear
very different physical meanings and most often disagree (e.g. the volume weighted
distribution Q3 of the Stokes diameter xStokes differs from the number weighted
distribution Q0 of the hydrodynamic diameter xh). For the purpose of comparison, it
is in theory possible to recalculate measured distribution functions by converting
the particle properties and the type of quantity. However, such a conversion
requires models on the correlation between the different particle properties and the
different types of quantities, which are available only for few ideal particle shapes.
Moreover, the limited resolution of experimental size distributions and the uncer-
tainty in class frequencies affect the quality of such a conversion as well (e.g. the
uncertainty about the coarse particle fraction in a number weighted distribution is
over-proportionally magnified when converted to volume weighted size distribu-
tions, Witt et al. 2007). Last but not least, the comparability of differently measured
size distributions may be impeded by specific limitations of the covered size ranges.
Such limitations occur when signals of very coarse or very fine particles cannot be
separated from noise (e.g. negligible turbidity of non-absorbing nanoparticles may
set a lower limit of detection for particle sizing with analytical photocentrifugation).
Additionally, they can be related to a rapid migration of particles out of the mea-
surement zone (e.g. due to sedimentation in light scattering experiments). Hence, a
perfect agreement of experimental size distributions is illusory even after conver-
sion. Yet, the intrinsic differences between the measurement methods offer the
opportunity to study different aspects of particle systems (e.g. selective analysis of
coarse particles) or to derive quantitative information on the shape of particles and
structure of particle aggregates.

The inevitable imperfection of particle sizing compels a cautious interpretation
of measured size distributions. Any computation or any conversion increases the
uncertainty. Hence, data should be presented in a way that best resembles the
original measurement with regard to the particle property, the type of quantity, and
the distribution function (Qr; qr or q�r ). Highest accuracy can be expected for the
characteristic location parameters, like xmod,r or x50,r, whereas the values of mini-
mum and maximum particle sizes are least reliable. The polydispersity is generally
less accurately accessible than the location parameters. This holds particularly true
for spectroscopic (ensemble) techniques, where the details of the size distribution
(e.g. number of modal values/sizes) significantly depend on the employed inversion
algorithm and its parameterisation (Stock and Ray 1985; Riebel and Löffler 1989;
Koo and Hirleman 1992; Babick and Ripperger 2002).
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2.3 Selected Characterisation Techniques

This section gives a brief survey on characterisation techniques that can be used to
determine size distributions and interfacial properties of colloidal suspensions. They
are grouped according to the classification scheme in Fig. 2.1 (counting, fraction-
ating, and spectroscopy) and the main physical principle (e.g. imaging, scattering).
Some methods that are considered most relevant for colloidal suspensions are
discussed more extensively than others. The survey starts with the ultramicroscopy;
not only because it belongs to the counting methods, but because of its historical
relevance for colloid science. The section is concluded by a comparison of the
major characterisation techniques.

2.3.1 Ultramicroscopy

Fine colloidal particles are usually smaller than the spatial resolution of an ordinary
light microscope, which means that they are invisible with regard to an affine
projection. However, when colloidal particles are laterally illuminated by very
intense light against a dark background (dark field microscopy), it is possible to see
the scattering patterns with an optical microscope (Fig. 2.3). Since such an
instrument facilitates the indirect visualisation of fine particles beyond the optical
limit, it was named ultramicroscope.

The first ultramicroscope was developed by the Austrian-Hungarian physicist
Richard Zsigmondy and the German technician Henry Siedentopf. It was based on
an illumination with sunlight, which was focussed and collimated by using a pair of
fine slits (Siedentopf and Zsigmondy 1903; cf. Fig. 2.4). Later, Zsigmondy pro-
posed several optical modifications (e.g. immersion objectives) which increased the
illuminance and, thus, improved the resolution (Zsigmondy 1913; Zsigmondy und
Bachmann 1914).

The invention of the ultramicroscope finished a long debate of the nineteenth
century on the true composition of “colloidal solutions” as it eventually disclosed
their heterogeneous, disperse nature. For this reason, this technique attracted

illuminating 
light beam 

image of scattering patterns

microscope objectivecolloidal suspension

Fig. 2.3 Principal set-up of
the ultramicroscope
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attention by many scientists, in particular since the discontinuity of matter and the
statistical interpretation of thermodynamic phenomena had not yet been universally
accepted at that time (Bigg 2008).

The instrument soon became a basic tool for colloidal scientists; it raised colloid
science from a speculative theory to an independent academic discipline. The Nobel
prize that was awarded to Zsigmondy in 1925 explicitly acknowledges his
achievements “for elucidating the heterogeneous nature of colloidal solutions as
well as for the thus employed methods, which are fundamental to modern colloid
chemistry”.

Characterisation of Colloidal Suspensions by Ultramicroscopy

Already in the first publication on the ultramicroscope, Siedentopf and Zsigmondy
(1903) described its application to the characterisation of colloidal systems, specif-
ically of gold ruby, i.e. glasses in which colloidal gold particles are embedded. They
showed that neither the diameter nor the colour of the diffraction patterns correlated
to particle size. Instead, they estimated the size of the gold particles from the particle
number concentration (obtained by counting the illuminated particles within a
defined volume) based on the known mass concentration of gold. Reissig (1908),
however, pointed to the fact that there is a non-linear correlation between the gold
content and the detected particle number concentration. This results from the fact that
the scattered light of coarse gold particles completely surpasses the scattering signals
of neighbouring fine particles. For this principal reason it is difficult to accurately
determine the particle number concentration by this measurement technique.

When ultramicroscopy is used for particle sizing nowadays, one evaluates the
Brownian motion of the scattering centres (i.e. particles). According to Einstein
(1905), the mean square displacement Dr2 is proportional to the translational dif-
fusion coefficient Dt:

Fig. 2.4 Slit ultramicroscope (original drawing from Siedentopf and Zsigmondy 1903) and
advertisement for an commercial instrument by ZEISSWERK Jena from 1907 (© Zeiss Archiv,
Jena)
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Dr2 �Dt � t: ð2:3Þ

The diffusion coefficient, in turn, is inversely proportional to the translational
hydrodynamic diameter xh,t (Stokes-Einstein equation):

Dt ¼ kBT
3pgxh;t

: ð2:4Þ

Particle sizing, thus, involves the quantification of the trajectory lengths (Δr) of the
individual scattering centres for a given time step (Δt). This measurement principle is
called dynamic ultramicroscopy (DUM) or particle tracking analysis(PTA). It was
first employed by Perrin (1908, 1909) for the quantification of emulsion droplets.

While at Perrin’s time the particle trajectories were recorded by means of a
camera lucida, contemporary ultramicroscopes produce digital video sequences and
evaluate them by image analysis software. The immediate results of such mea-
surements are the average displacements Dr of the individual scattering objects per
time step (i.e. per frame). If averaging was conducted for an infinite number of time
steps, the mean displacement of a particle would be identical to the collective
average. In practice, however, only a finite number of time steps is evaluated and
the average displacement of particles of size xh,t is a stochastic quantity. The
measured frequency distribution of the average displacement is, therefore, a
“smeared” projection of the number weighted size distribution q0(xh,t):

p Dr
� � ¼

Z
P Dr; xh;t
� � � q0 xh;t

� �
dxh;t; ð2:5Þ

where the kernel function P depends on the number of time steps. Its shape can
usually be approximated by a normal distribution (Saveyn et al. 2010). The size
distribution q0(xh,t) can be derived from the distribution of mean displacement
p Dr
� �

) by inversion of Eq. (2.5).
The application limits of ultramicroscopy result from the requirements that the

particle distances should be much larger than the optical resolution limit of the
microscope and that the scattered light of all individual particles is sufficiently
strong for detection. While the former can be achieved by appropriate dilution, the
latter requirement is missed for particles below a material-specific size limit.

Additionally, there are principal difficulties in detecting weak scatterers in the
presence of strong scatterers. That means, though providing number weighted
distributions (similar to ordinary microscopy), the dynamic ultramicroscopy has a
bias to strongly scattering particles (similar to dynamic light scattering; cf.
Domingos et al. 2009). This concerns very broad size distributions as well as
multi-component particle systems. On the other hand, the method’s high sensitivity
to strong scatterers can be used to evaluate the homogeneity or the possible con-
tamination of a colloidal suspension.

16 2 Characterisation of Colloidal Suspensions



2.3.2 Imaging Methods

Images of the particle systems give a clear idea about their morphological char-
acteristic and are of the highest persuasiveness. Apart from a qualitative mor-
phology description, they can be employed for quantitative analyses of size, shape,
and structure as well. Particle images may be obtained from light, electron, or
scanning force microscopy.

Light microscopy is the oldest and the simplest imaging method. However, the
lower resolution limit for conventional light microscopy lies above 200 nm. Its
application to colloidal particles is, therefore, restricted to rather large colloids and
aggregates of them. Even though recent developments, like stimulated emission
depletion (STED) microscopy, have shifted the optical resolution limit below
100 nm (Hell 2007), light microscopy is not really relevant for the characterisation
of colloidal suspensions.

With regard to resolution, electron microscopy provides a powerful alternative
which even allows the detection of single atoms. First instruments were developed
in the 1930s by Ruska (e.g. Knoll and Ruska 1932), who later received the Nobel
Prize in physics for this achievement, and von Ardenne (1938). Two fundamental
types are distinguished:

• the transmission electron microscope (TEM), which is operated in wide-field
irradiation mode and for which the image results from the local disturbance of
the electron field when it passes through an ultra thin specimen, and

• the scanning electron microscope (SEM), which employs a very fine electron
beam that scans the surface of the specimen and creates the image from
backscattered primary electrons and emitted secondary electrons.

In principle, the TEM can be operated in a scanning mode, too—this modifi-
cation is called transmission scanning electron microscopy (TSEM).

Traditional electron microscopy is conducted in high vacuum, which imposes
specific efforts to sample preparation. Particles from colloidal suspensions have to
be deposited onto an appropriate substrate (e.g. on carbon or silica films) and dried.
Alternatively, the suspensions can be shock-freezed and particles are subsequently
excavated from the continuous phase by special cryo-preparation techniques
(Schmidt et al. 1994, pp. 694–705). The sample preparation can be considerably
reduced with environmental scanning electron microscopes (ESEM), which are
operated up to 1000 Pa and, thus, even facilitate the analysis of wet surfaces.
However, the ease in operation is at the expense of resolution (Danilatos 1993).

A further technique able to image colloidal particles is the scanning force
microscopy, which was developed by Binnig and his co-workers in the 1980s (e.g.
Binnig et al. 1986). The scanning force microscopy (or: atomic force microscopy)
and its related techniques are based on the interaction between a very fine probe tip
with the atoms or molecules at the surface of the sample (Giessibl 2003; Danzebrink
et al. 2006; cf. Fig. 2.5). This can be used to resolve surface morphologies or
particles on a substrate with lateral resolution of 0.1–10 nm (axial resolution: 10 nm).
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The SFM is usually employed for the characterisation of films and surfaces (e.g.
roughness), whereas the morphological characterisation of particles is of minor
relevance. Its real strength is the sensitivity to the forces between probe and sample,
which allows an evaluation of surface chemistry (e.g. functional groups,
hydrophobicity) and the quantification particle interactions, or interactions between
particles and surfaces (e.g. adhesion, friction; Heim et al. 1999; Butt et al. 2007).

The results of imaging methods are (mainly) number weighted distributions.
That means that the sample size (number of probed particles) should be sufficiently
high for ensuring low uncertainty in class frequencies. Moreover, the sample size
required to achieve a certain confidence level increases with polydispersity. The
accuracy of the measured particle properties depends on a variety of factors (e.g.
magnification or spatial resolution of the scanning mode, or image processing).
Most crucial, however, is the representativity of the imaged particles for the whole
particle system. That requires that the particle deposition on the substrate is neither
size-selective nor inhomogeneous (Fiala et al. 2011). In general, sample preparation
is a key issue for imaging methods.

2.3.3 Fractionating Sizing Techniques

Fractionating sizing techniques combine a size-related classification process with
the measurement of particle quantities. The classification may yield a physical
separation of differently sized particles (e.g. by sieving, cf. Fig. 2.1) or it may
successively deplete the disperse system of the coarsest or finest particles (e.g. in a
sedimentation column). Accordingly, the measured quantities, which can be
absolute amounts or concentration values, represent either a density or a cumulative
function of the size distribution. Anyhow, the type of quantification (e.g. weighing)
determines the type of quantity of the measured size distribution (e.g. mass),
whereas the classification defines the probed particle property. The classification
process should be ideal (i.e. with maximum selectivity) and well-defined by a
monotone correlation between the particle property (e.g. settling velocity) and the

laserphotodiode 

cantilever sample
surface 

scanning table 

contact mode 

non-contact mode 

intermittent 

Fig. 2.5 Schematic set-up of scanning force microscopy and modes of operation; variation in
surface properties are detected via the deflection of the cantilever with probing tip
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parameter(s) of the classification process (e.g. settling time). This relationship is
either known from first principle or has to be determined by means of calibration. If
both approaches fail to provide sufficiently accurate size information, the concen-
tration measurement can be supplemented with a spectroscopic sizing technique.
This notably increases the costs of analysis, yet finally provides accurate and highly
resolved particle size distributions. Even more, such a measurement setup—clas-
sification followed by particle sizing technique(s)—facilitates, in principle, the
experimental correlation between different particle properties and, thus, offers an
opportunity to quantify particle shape and structure.

This section addresses two basic principles of classification—sedimentation and
field-flow fractionation—and the corresponding sizing techniques. Additionally, a
chromatographic technique is briefly introduced. The focus lies on sedimentation or
centrifugation analysis, which corresponds to its practical relevance for the char-
acterisation of colloidal suspensions.

2.3.3.1 Analytical Sedimentation and Centrifugation

Analytical sedimentation counts among the most popular techniques of particle
sizing. To a major extent, this can be attributed to the good comprehensibility of the
employed classification principle: Isolated particles settle in a quiescent liquid with
a stationary velocity, which solely depends on their individual size, shape, and
density. The corresponding changes in local particle concentration, which are
observed along the settling path and over time, therefore reflect the size distribution
of the particle system (Edelmann 1962, pp. 74–86; Bernhardt 2010).

This basic concept can be varied with respect to the force field, the concentration
measurement, or the mode of operation. For that reason, several types of sedi-
mentation instruments have been developed (Leschonski 1982); those that are based
on centrifugation are of particular relevance for colloidal suspensions. The set-up of
an analytical centrifuge for colloids was first described by Svedberg and co-workers
(Svedberg and Nichols 1923; Svedberg and Rinde 1924). They called the instru-
ment “ultra-centrifuge” and successfully tested its performance for the size analysis
of colloidal gold sols. Nowadays, two fundamental types of centrifuges are dis-
tinguished: disc centrifuges and cuvette centrifuges.

Disc centrifuges consist of a hollow disc (“tyre”) which contains the suspension
medium. Upon rotation, the liquid forms a stagnant layer on which a thin layer of
the particle system is injected (line-start technique, cf. Fig, 2.6). The particles
migrate according to their settling velocity to the bottom of the disc.4 All particles
of a certain size (or settling velocity) move in a narrow band with growing distance
from the initial position. In the case of multidisperse particle systems, one can
observe several of such bands in analogy to chromatographic techniques. The radial

4For the sake of convenience only the case ρp > ρm is considered throughout this section.
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concentration profile is, hence, a distorted projection of the density function of the
size distribution (q(xStokes)). The line start technique requires a density gradient in
the suspension medium (e.g. by sugar) before the particles are injected; otherwise
there was a convective transport of particles within strands of the (heavy) sus-
pension layer. The density gradient sets some practical limits to the measurement
(e.g. duration) and has to be calibrated before conducting size measurements.

A different set-up and even mode of operation is found in cuvette centrifuges,
where the particle sedimentation is observed in small cuvettes that are fixed on a
rotating table. In this case, the particles are homogeneously suspended in the
continuous phase before the centrifugation starts (homogeneous technique). During
the centrifugation, all particles migrate towards the bottom of the cuvette, which
results in the formation of a sediment, in a steady decline of local particle con-
centrations above the sediment, and in a monotone decrease of particle concen-
tration in the direction from the sediment to the meniscus. These two types of
variation in particle concentration, the temporal evolution, and the radial profile,
can be considered as distorted projections of the cumulative function of the particle
size distribution (Q(xStokes)).

In order to quantify the changes in the local particle concentration, several
techniques can be employed. For instance, one can quantify the growth rate of the
sediment by means of a sedimentation balance. This indirect way of concentration
measurement was proposed by Odén (1916) in one of the earliest papers on ana-
lytical sedimentation. In contrast, modern analytical centrifuges directly probe the
concentration in the suspension phase. Four important principles of detection are
discussed below.
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Fig. 2.6 Principles of differential sedimentation (line-start technique) and integral sedimentation
(homogeneous technique); the former is employed for disc centrifuges, the latter for cuvette
centrifuges; below: the corresponding time-curves of local particle concentration
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(a) Optical extinction
The extinction of light is a characteristic behaviour of particle systems, which
is governed by particle size and concentration—apart from material properties.
For dilute, weakly scattering particle systems, the extinction obeys
Lambert-Beer law, which states a linear dependency between turbidity τ and
particle concentration:

s ¼ E=L ¼ � ln T ¼ cNCext; ð2:6Þ

where T denotes the transmission of the suspensions, E the natural extinction,
cN the particle number concentration, and Cext the (average) extinction cross
section of the particles. The latter is a function of particle size, shape, and
optical properties. In general, it is not possible to unambiguously relate the
light extinction in suspensions to a geometrical particle property. However, in
the case of very fine colloids at the nanoscale, one can apply the scattering
rules of the Rayleigh limit (Appendix B.2.2). When such particles absorb light
(e.g. soot particles or metal colloids), the extinction cross section Cext is
proportional to the particle volume and the turbidity is a multiple of the
particle volume concentration. Non-absorbing materials, on the other hand,
extinguish light according to the squared particle volume:

Rayleigh limit; absorbing particles : E� cNx
3 � cV ; ð2:7Þ

Rayleigh limit; non-absorbing particles : E� cNx
6 � cVx

3: ð2:8Þ

Thatmeans, an optical detection of sedimenting Rayleigh scatterers leads to either
volume weighted (q3 or Q3) or squared volume weighted distributions (q6 or Q6)
of the Stokes diameter xStokes. For the general case, one should prefer the term
extinction weighted size distribution (e.g. Qext(xStokes)), even though this term is
meaningless without additional pieces of information on the employed radiation
and the optical properties. Optical extinction is probably the most popular
quantification principle for analytical centrifugation. However, its sensitivity to
very fine particles is rather low for non-absorbing materials, which means that
these size fractions may be disregarded in the case of large polydispersity.

(b) Extinction of X-rays
The extinction of X-rays in a colloidal suspension follows the same funda-
mental rules as the extinction of light. Nonetheless, its separate treatment is
quite common, since the sensor techniques differ considerably. Besides this,
X-rays have much shorter wavelengths (approx. 0.01–0.1 nm) than visible
light and hardly interact with matter (|m-1| ≪ 1, cf. Sect. 2.3.4). The scattering
of X-rays with colloidal particles can, therefore, be considered as
Rayleigh-Debye-Gans scattering with significant absorption (van de Hulst
1981, p. 85), for which the extinction is proportional to volume concentration:
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extinction of X-rays at colloids : E� cNx
3 � cV : ð2:9Þ

Accordingly, X-ray sedimentometers yield volume weighted size distributions
(q3 or Q3). However, X-ray absorption is strongly affected by the subatomic
structure of the involved elements. The mass specific absorption cross section
grows approximately with the third power of the atomic number for light
elements (up to potassium), when typical X-ray sources (i.e. with emission
energies of several keV) are employed.5 An X-ray detection may, therefore, be
inappropriate for the characterisation of organic substances. Instrumental
aspects are, e.g., discussed by Conlin et al. (1967) and Enomoto et al. (1979).

(c) (Interferometric) determination of the suspension’s refractive index
The interaction of light with colloidal particles does not only affect the
intensity of the transmitted beam, but also its phase velocity, and, thus, the
refractive index of the suspension (msus). This quantity depends linearly on the
particle concentration for dilute suspensions (appendix B.2):

msus � mm � cV � @msus

@cV
� cm � @msus

@cm
; ð2:10Þ

where mm is the refractive index of the suspension medium. The increment
∂msus/∂cV (∂msus/∂cm) is, in general, a function of the particle size. Yet, the
size dependency vanishes for very fine, nanosized colloidal particles, in which
case the shift in refractive index is a measure of the change in particle volume
concentration and the detected size distribution becomes, therefore, volume
weighted (q3 or Q3). Interferometric detection systems are mainly employed
for analytical ultracentrifuges (e.g. Schilling 1999).

(d) Manometric determination of the hydrostatic pressure
The hydrostatic pressure results from the weights of the continuous and dis-
persed phase and can, thus, serve as a measure for the particle mass or volume
concentration. In the context of analytical sedimentation, it was already uti-
lised by Ostwald and Hahn (1922), who quantified the rate of sedimentation of
flocculated suspensions by means of a hydrostatic pressure gauge. More recent
papers report on the manometric determination of the hydrostatic pressure in
analytical cuvettes centrifuges with electronic pressure transmitters (Bickert
1997; Beiser 2005). In contrast to the detection systems portrayed above, these
manometer centrifuges do not measure a local particle concentration, but the
total mass of all particles that are suspended above the point of measurement.
The cumulative function of the volume weighted size distribution (Q3(xStokes))
can be, thus, computed from the time derivative of the hydrostatic pressure. In
that regard, the manometric detection shows similarity to the sedimentation
balance.

5Comprehensive tables on X-ray absorption are e.g. provided by Henke et al. (1993).
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The various analytical sedimentation techniques differ not only with respect to
the immediate measurement results (scaled density or cumulative function, type of
quantity), but also with regard to their practical limits of application. Cuvette
centrifuges, for instance, require sufficiently high particle concentrations, which
yield extinction signals well above the noise for finely resolving the steady decrease
in concentration. On the other hand, the particle concentration should be low
enough to exclude multiple scattering and hydrodynamic concentration effects.

A reasonable value for the initial sample transmission lies typically in the range between 5
and 95 %. Let us assume an illumination with red light (670 nm), a cuvette of 10 mm
thickness, and a suspension of silica particles. An initial particle concentration of 0.1 wt%
would then yield a size-dependent turbidity which is too high for particles >400 nm and
which is too low for particles <70 nm. While high turbidity can be easily dealt with by
dilution or utilisation of thinner cuvettes; analogous measures are restricted for the fine
particles. In particular, an increase in particle concentration at this level would inevitably
raise the significance of viscous coupling for the settling motion and eventually affect the
mean size and the width of the measured distribution function. Note that such limits are
material-specific; for titania suspensions, a lower size limit of 15 nm would be obtained for
the assumed conditions and concentration, while a colloidal gold sol would be completely
opaque then—irrespective of size.

The immediate result of centrifugation analysis is the temporal change or spatial
distribution of the particle concentration.6 Time and space then correspond to
values of the stationary settling velocity, which can be calculated via:

vsett ¼ acDq
18g

x2Stokes �
acDq
18g

x3V
xh;t

ðwith ac ¼ x2rÞ ð2:11Þ

for friction-dominated settling (i.e. Re < 1). This condition holds true for the
centrifugation of virtually all colloidal suspensions. The equivalent diameter of
settling is called Stokes diameter xStokes and is related to the volume and hydro-
dynamic equivalent diameters. Values of the settling velocity are meaningful only
when reference is made to the centrifugal acceleration. Alternatively, the settling
behaviour of particles can be described by the sedimentation coefficient according
to Svedberg:

s ¼ vsett
x2r

¼ Dq
18g

x2Stokes: ð2:12Þ

During centrifugation, the settling particles are steadily accelerated in the cen-
trifugal field. As a result, the sedimentation distance Δr grows exponentially with
time:

6An alternative to the analysis of time curves or radial profiles is to evaluate the shift of the radial
profile with time (e.g. Salinas-Salas 2007, pp.76–80; Paciejewska 2010, pp. 62–64).
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ln
r0 þDr

r0
¼ s �

Z
x2d t / x2t ð2:13Þ

and the fractional particle concentration at a given location steadily decreases
before the suspension level has reached this point. Moreover, the radial trajectories
of the settling particles result in depletion as well (Fig. 2.7).

The depletion effect occurs uniformly along the radial coordinate. It is a function
of the sedimentation coefficient (i.e. particle size)

ln
c
c0

¼ �2s �
Z

x2d t ð2:14Þ

and has to be considered, when converting concentration values to class frequen-
cies. Details can be taken from the literature (Kamack 1972; Leschonski 1982;
Detloff et al. 2006).

When dealing with the sedimentation of colloidal particles, it is principally
necessary to regard the Brownian motion of the particles, which results in diffusive
particle transport and, thus, acts against the migration in the gravitational or cen-
trifugal field. The relevance of the Brownian motion can be roughly estimated by
means of a Peclet-number:

Pe ¼ Dt

vsettx
¼ 6

p
kBT

acDqx4
¼ kBT

acDqxV
: ð2:15Þ

It is easily shown that for gravitational settling this Pe-number lies well above 1
for almost the complete colloidal size range (i.e. ≤ 1 μm), which means that
diffusion does matter. In centrifugal fields, the critical particle size is shifted to
lower values, yet even for centrifugal accelerations of 106×g this value would
remain above 10 nm. The particle diffusion broadens the sedimentation profiles and
leads to an overestimation of the distribution width, if not properly accounted for in
data analysis. However, its influence on the concentration profiles is decreasing
with ongoing sedimentation (Fig. 2.8) because the diffusive particle displacement

ac

Fig. 2.7 Particle depletion in
centrifugal fields due to radial
acceleration and radial
trajectories
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grows with the square root of the sedimentation time, whereas the settling distance
is linearly related to time.

After the sedimentation process has finished, the diffusion is still present and
leads to a fuzzy interface between the sediment and the particle-free supernatant.
The thickness of this layer depends on particle size. It may even extend over the
whole vessel (cuvette), which means that the particles are not separated, but obey an
sedimentation-diffusion equilibrium, which is characterised by an exponential
concentration profile (cf. Sect. 3.1.2):

c zð Þ ¼ cb � exp �z
�
lg

� �
with lg ¼ kBT

DqV�ac
: ð2:16Þ

where cb denotes the particle concentration at the bottom just above the sediment,
z the distance from the sediment and �ac the average centrifugal acceleration within
this distance. The evaluation of such concentration profiles offers a further
opportunity to quantify the (average) particle size via centrifugation.

2.3.3.2 Field-Flow Fractionation

The term field-flow fractionation (FFF) refers to a class of preparation techniques
which classify particle systems with regard to size in a laminar flow channel.
A subsequent quantification of the particle concentrations in the eluent transforms
FFF into an analytical tool for particle sizing.

Common to all FFF techniques is the application of an external “field” that acts
perpendicular to the direction of flow. Particles that are injected into the channel
migrate in this field and are, thus, accumulated at one wall of the channel. At the
same time, they are subject to Brownian motion, which counteracts the migration.
The two effects eventually cause size-dependent, stationary concentration profiles.
Typically, coarse particles are less evenly distributed across the channel than fine
particles. They accumulate near the channel wall, where the flow velocities are

Fig. 2.8 Impact of diffusion on the concentration profiles in sedimentation experiments for a
monodisperse particle system; left homogeneous technique, right line-start technique
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lower than at the channel centre. Hence, coarse particle need more time to leave the
channel than fine ones. Due to the size-dependency of the residence time distri-
bution, it is possible to effectively separate the different size fractions when the
injection occurs as an impulse function (Fig. 2.9).

The classification into different size fractions can be realised by gravitation
(sedimentation FFF), by centrifugal fields (centrifugation FFF), by thermophoresis
in temperature gradients (thermal FFF), by electric fields (electrical FFF), or by
hydrodynamic fields, i.e. crossflow through the wall(s) (flow FFF). Even though the
main fields of application are colloidal systems, one can also employ FFF for the
classification of micrometre particles (x > 1 μm). In that case, diffusion can be
usually neglected, yet hydrodynamic lift forces and steric effects counteract the
external field and cause a reversal of the size dependency.

The particle concentration of the eluent is normally measured by means of
infrared or ultraviolet photometers. Additionally, fluorescence photometer, inter-
ferometric measurements (for the refractive index), or mass-spectroscopic methods
(e.g. induced coupled plasma mass spectroscopy—ICP-MS, Plathe et al. 2010) are
employed. The combination of different detection systems offers an opportunity for
a detailed characterisation of multi-component particle systems. Note that the
classification by FFF is not ideal and the relevant material properties are not always
known; moreover, the calibration of FFF is rather difficult. The attribution of
particle size to residence time, thus, bears some degree of uncertainty. Recent
developments of FFF instrumentation, therefore, include a particle-sizing technique
additional to the flow channel and the quantity measurement (usually static and
dynamic light scattering, Wyatt 1998; Cho and Hackley 2010).

Fig. 2.9 Classification of
particle systems by field-flow
fractionation (FFF)
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Field-flow fractionation was introduced as a preparation and analytic technique
by Calvin Giddings (1966). In subsequent papers he and his co-workers intensively
explored the FFF with regard to its different modifications, the theoretical foun-
dation, data analysis, and possible applications (e.g. Giddings 1968; Grushka et al.
1974; Giddings et al. 1983; Yang et al. 1983). Numerous further publications by
different groups since the end of the 1980s have allowed for a good estimation of
the performance of FFF and the selection of optimum experimental parameters (e.g.
Mori et al. 1990; Schauer 1995). A particularly promising tool for colloidal particle
systems is the asymmetric flow field-flow fractionation (AFFFF, Fig. 2.10) which
can be applied to a very broad range of particle sizes—from macromolecules up to
micrometre particles (Cho and Hackley 2010; Laudan 2004). The classification is
very effective and facilitates the analysis of protein mixtures. The decisive particle
property is the hydrodynamic diameter (xh,t). Combination with other sizing tech-
niques, e.g. static light scattering—which delivers the diameter of gyration or the
molecular weight—potentially allow insight into the particle morphology.

2.3.3.3 Size-Exclusion Chromatography (SEC)

Field-flow fractionation is closely related to chromatographic techniques, which are
traditionally employed for the analysis of dissolved substances, yet can be used to a
certain extent for particle characterisation as well. An example of this is the
size-exclusion chromatography (SEC).

Any chromatographic technique is based on the flow through a porous medium—
the stationary phase. The flow in the pores is very slow and the transport of solutes
and particles is mainly diffusive. Adsorption/desorption, hydrodynamic or steric
effects specifically influence the residence time of the different species and, thus,
facilitate their separation. In SEC, one employs stationary media with very broad
pore size distributions. Since the particles can only move into those pores that exceed
their geometric dimensions, the penetrable pore volume decreases with increasing
particle size. Coarse particles, therefore, pass the column more quickly than fine ones
(Fedotov et al. 2011). SEC was originally developed for the separation of polymer

Fig. 2.10 Scheme of the asymmetric flow field-flow fractionation (AFFFF)
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solution, yet could be successfully applied to the characterisation of solid
nanoparticles, in particular to gold nanoparticles (Wei et al. 1999; Liu 2009).
Unlike FFF, the classification is related to geometric and not hydrodynamic particles
properties, whereas the quantification can be conducted with the same methods. Liu
(2009) cited several studies in which SEC was coupled with an optical extinction
measurement. This means that, for the characterisation of metal nanoparticles,
volume weighted size distributions are obtained (cf. with remarks to sedimentation).

Ideally, the particles should not interact with the stationary phase in SEC. In
reality, however, electrostatic interaction and adsorption exist and have to be
appropriately considered. Indeed, as these kinds of interactions are material-specific
it is difficult to find a universal analytical description or an appropriate way of
calibration. For that reason, it is highly recommended to supplement the classical
SEC set-up with a particle sizing technique (e.g. DLS, Yamaguchi et al. 2006).

2.3.4 Static Scattering Techniques

Scattering is the dispersal of radiation at an object (particle) that differs in the
relevant material properties from its environment (continuous phase). Static scat-
tering experiments record the scattering signal as a function of the angle of
observation θ or—more generally—as function of the scattering vector q:

q ¼ qj j ¼ 2k � sin h=2ð Þ; ð2:17Þ

where k is the wavenumber (k = 2π/λ). The resulting scattering function depends on
the concentration, the size and the shape of the scatterers. Basically, scattering
experiments can resolve morphological details with dimensions in the order of
magnitude of 1/q. By variation of the wavelength λ and the angle θ (Fig. 2.11) it is
possible to characterise disperse systems over a broad range of size levels, e.g. with
regard to interparticle distances, to particle shape, or to surface roughness).

incident radiation

scattering angle

particle
system

Fig. 2.11 Principal scheme
for static scattering techniques
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Scattering experiments can be conducted with any kind of radiation (e.g. sound,
electromagnetic waves, neutron radiation). This book will be confined to the
scattering of light and X-rays, as these two types are most frequently used for the
characterisation of colloidal suspensions.7 Both belong to electromagnetic radia-
tion, yet the mechanisms of interaction with matter are completely different. This
difference becomes manifest in the refractive indices, which deviate qualitatively.
For this reason, both types of radiation are separately discussed.

Silica particles have a refractive index of approximately 1.45 in the domain of visible light.
That is significantly different to the refractive index of water (1.33), which often serves as
suspension medium. In contrast, there is only a weak contrast between the two substances in
the domain of X-radiation. At a wavelength of 1 Ǻ, one finds a complex refractive index of
0.999997–1.7 × 10−8·i for silica and 0.999999–2.1 × 10−9·i for water (cf. Henke et al. 1993).

Moreover, light scattering measurements have been historically realised by two
different concepts of instrumentation which cover distinct size ranges. These are the
static light scattering (SLS), which is conventionally employed for fine colloids,
and the laser diffraction, which was originally used for micrometre particles only.
Even though the measurement ranges of both techniques have actually converged in
the recent past, there still remain qualitative differences in the sensor set-up and in
data analysis, which justify their separate treatment.

2.3.4.1 Analysis of Static Scattering Experiments

The various static scattering techniques rely on different types of interaction
between particles and radiation. Additionally, they are used for the determination of
rather dissimilar measurands (e.g. average molecular weight, particle size distri-
bution, shape parameters). This diversity of physical basis and experimental
objective has led to very specific ways of data analysis, yet all of them are based on
the following principal dependency of the scattering signal:

Isca qð Þ / Ssus q;uVð Þ � Sagg q; xagg
� � � P q; xp

� �
; ð2:18Þ

wherein Ssus and Sagg denote the static structure factors of the suspension and of
particle aggregates, respectively, and P is the form factor of the primary (i.e.
constituent) particles. The structure factor of the suspension Ssus equals 1 for dilute
suspensions, i.e. for very large interparticle distances. If aggregates are present, then
Sagg reflects their size and structure as q-dependency for relatively small scattering
vectors (q < 1/xp); otherwise Sagg is set to 1. The morphology (shape) of the primary

7Additionally, small angle neutron scattering (SANS) has some relevance for the characterisation
of colloidal particle systems, in particular for dense suspensions (Romer et al. 2001; Qiu et al.
2005). With regard to particle characterisation, SANS is mainly used for disclosing the structure of
particle aggregates (Hurd et al. 1987; Bugnicourt et al. 2007). A brief introduction to SANS is, for
example, given by Glatter and May (2006).
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particles is reflected in the form factor P and can be resolved for large q-values
(q ≥ 1/xp).

When employed for particle sizing scattering experiments are usually conducted
in dilute suspensions (Ssus = 1) and possible aggregates are typically ignored
(Sagg = 1). The spectral scattering signal Isca(q) of the suspension is then considered
as a linear superposition of all individual scattering signals:

Isca qð Þ ¼ Isca 0ð Þ �
Z

P q; xð ÞdQ0: ð2:19Þ

This is an inversion problem as defined in Eq. (2.2). Firstly, this means that its
solution requires specifically adapted numerical algorithms and, secondly, that
details of the size distribution can be resolved only to a certain extent.

2.3.4.2 Static Light Scattering

Static light scattering (SLS) is an established measurement technique in colloid and
polymer science. The time averaged angular distribution of scattered light is
commonly employed for the characterisation of macromolecules (molecular weight,
radius of gyration, the second virial coefficients), but can be used to study sus-
pensions of inorganic colloids as well (e.g. Poon et al. 1995; Heimer and Težak
2002; Wyss et al. 2004). However, the angular distribution of scattered light is
insensitive to particle size for very fine particles. In that case, it cannot be exploited
with regard to particle size distribution. Regardless, SLS instruments are frequently
combined with a fractionating sample preparation in order to determine the con-
centration and mean radius of gyration of the individual size fractions (cf.
Sect. 2.3.3).

The maximum scattering vector qmax primarily depends on the laser wavelength
and the refractive index of the solvent. The minimum q-value is additionally
affected by the minimum scattering angle θmin. A typical commercial SLS instru-
ment resolves an approximate angular range from 10° to 150°. Hence, for a HeNe
laser (wavelength: 632.8 nm) and an aqueous solvent, a q-range from 2.3 to
26 μm−1 can be covered. That corresponds to a resolution of structural properties
with size dimensions being not much smaller than 40 nm and not much larger than
400 nm.

The measured light intensity spectrum is usually expressed as excess Rayleigh
ratio Rq (e.g. Xu 2000, p. 92):

Rq ¼ Isus � Im
I0 � f � r2

Vmeas
; ð2:20Þ

which allows for comparison between different experimental setups
(Isus/m = measured intensities of the suspension and the blank medium, r = distance
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to measurement volume Vmeas, f = polarisation factor8). The excess Rayleigh ratio
Rq depends on the scattering behaviour of the single particles as well as on the
particle concentration. For dilute suspensions, one gets:

Rq ¼ cN
4p

Cpsca qð Þ
f

; ð2:21Þ

where cN denotes the particle number concentration and Cpsca the partial scattering
cross section. Alternatively, Rq can be related to the mass concentration cm, the
average molar mass M, and the form factor P(q) of very fine particles or
macromolecules:

Rq ¼ HMcm � P qð Þ; ð2:22Þ

H ¼ k4

4p2m2
FNA

� @msus

@cm

� �2

: ð2:23Þ

While the expression (2.21) might be more familiar to the particle sizing com-
munity, Eq. (2.22) is customary in colloid and polymer science. The contrast factor
H contains the refractive index increment ∂msus/∂cm, which is independent of size
and concentration for very fine particles.

The linear relationship between scattering intensity (excess Rayleigh ratio) and
particle concentration holds true only for extremely dilute suspensions. For fine,
colloidal particles, a declining concentration impact can be observed, which is
related to the osmotic pressure in the colloidal suspension and, therefore, depends
on the virial coefficients (Einstein 1910; Zimm 1945; Debye 1947):

Rq

HMP qð Þcm ¼ 4p fRq

cNCp;sca
¼ 1

1þ 2A2Mcm þ 3A3Mc2m þ . . .
: ð2:24Þ

Depending on the objective of SLS measurements, different methods of data
processing can be utilised. According to Eq. (2.18), the dependency between Rq and
q depicts the scaled structure or form factors of suspension, aggregates, or primary
particles. A better distinction is possible with log-log plots. Plots of log(Rq) versus
q2 are called Guinier plots—they allow for the determination of the radius of
gyration. Debye-plots show Hcm/Rq versus cm—they yield the average molar mass
M and the second virial coefficient A2. If measurements for different dilutions are
presented in a Zimm plot, i.e. as Hcm/Rq versus q

2 + K·c, the average Rg can also be
derived (Zimm 1948).

The calculation of the Rayleigh ratio Rq from Eq. (2.20) requires some knowl-
edge about the instrument’s optical configuration (measurement volume, detector
distance, polarisation), which is difficult to obtain exactly. Besides this, the

81 for vertical polarisation, cos²θ for horizontal polarisation, ½(1 + cos²θ) for unpolarised light.
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conversion from detector signals to intensity values depends on the detector
geometry and electronic settings. For this reason, SLS instruments are calibrated
with particle-free scattering standards (e.g. toluene, benzene, and cyclohexane).
And the result is calculated from Rq ¼ Isus � Imedð Þ=Istd � Rq;std (Istd is measured
intensity from standard). Since usually very fine, i.e. weakly scattering, particles are
measured, the SLS technique is very sensitive to contamination by coarse dust
particles or particle agglomerates. That requires careful sample preparation proce-
dures (e.g. filtration of solvent and colloidal suspension, sample preparation in
laminar flow box).

Like other optical characterisation techniques, SLS exhibits size-dependent
concentration limits. At high concentrations, the suspension may become opaque or
multiple scattering may occur which affects the angular intensity distribution.
Dilution may solve the problem, but then osmotic concentration effects (virial
coefficients, particle interactions) are not accessible. Conversely, very fine, weakly
scattering particles may require such a high particle concentration that the men-
tioned concentration effects cannot be neglected and will complicate the determi-
nation of morphological structure parameters.

2.3.4.3 Laser Diffraction Spectroscopy

The term laser diffraction (LD) spectroscopy comprises static light scattering
techniques, which are primarily designed to resolve the scattering pattern at small
scattering angles. Historically, LD instruments and software were restricted to the
characterisation of micrometre objects for which the scattering pattern is mainly
caused by diffraction and can be explained by Fraunhofer’s theory (1821). Yet,
considerable enhancements in instrumentation as well as in data analyses have
extended the applicability to the colloidal size range, where diffraction theory does
not apply. Even though the term laser diffraction “does no longer reflect the current
state of the art” (Xu 2000, p. 111) and may be replaced by small angle light
scattering or angular light scattering, it is still widely accepted by the international
particle sizing community.

The classical set-up of laser diffraction instruments is shown in Fig. 2.12 (left).
A monochromatic light beam—typically, but not necessarily from a laser source—
is passed through the particle sample and focussed on the centre of the forward
scattering detector by means of a (set of) positive lens(es) (ISO 13320 2009). All
light scattered in a specific direction is projected in one point of the focal plane
independent of the particle’s position in the measurement cell. For spherical par-
ticles, a typical diffraction pattern consists of concentric rings with outwards
decreasing intensity (Fig. 2.12, right), where the radius of the rings (e.g. first
minimum) depends on the sphere diameter. From a mathematical point of view the
diffraction pattern can be regarded as the Fourier transform of the particle’s pro-
jection image. It, therefore, reflects the particle size and shape.
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In the early stages of laser diffraction, the diffraction pattern was recorded by
photographic plates (Stromgren 1975, Büchtemann et al. 1982). Today
multi-element photodetectors of varying geometry are employed (Heuer and
Leschonski 1985, Xu 2000, pp. 135). That means that a discrete power spectrum is
measured which deviates significantly in shape from the continuous intensity
spectrum (spatial intensity distribution).

For instance, a detector array of concentric half-rings with steadily increasing ring widths—
as depicted in Fig. 2.13—yields a power spectrum with size-dependent, off-centre maxima
and a total signal strength which is proportional to the cumulated squared particle size.
Hence, for this detector configuration, the intrinsic type of quantity of measured size
distribution is the particle surface. Nevertheless, size distributions from laser diffraction
instruments are commonly calculated as volume weighted distributions. Note that such an
interpretation changes with the detector geometry and may become rather abstract when
additional detector arrays for collecting sideward and backward scattered light are installed.

The size obtained from laser diffraction is sometimes called diffraction equiva-
lent diameter. However, in contrast to the implication of that term, it is not possible

light source 

particle 
system 

beam 
processing 

collecting 
optics 

screen / 
detector 

Fig. 2.12 Classical set-up of laser diffraction instruments (left) and demonstration of laser
diffraction by illuminating a thin layer of monodisperse silica powder (© Benno Wessely 2004)

Fig. 2.13 Intensity
distribution and power
spectrum for a ring-detector;
cf. de Boer et al. (1987)
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to reconstruct the diffraction pattern of a non-spherical particle by that of a sphere.
Anisotropy in macro-shape (particle proportions) is clearly reflected by anisotropy
in the diffraction pattern. Averaging the diffraction pattern over all spatial orien-
tations of the particle (or obtained from an ensemble of randomly aligned
monodisperse particles) broadens and smoothes the intensity spectrum similar to the
way that a distribution in size does (Jones 1987; Gabas et al. 1994; Heffels et al.
1996; Stevens et al. 2007). In practice, the anisotropy of particles is commonly
ignored and the analysis assumes spheres. Size distributions of nonspherical par-
ticles, therefore, typically show a pronounced mode around the minor dimension
(e.g. rod diameter) and a long tail up to the size of the major dimension (e.g. rod
length; cf. Matsuyama et al. 2000; Tinke et al. 2008).

The analysis of the angular spectrum (from laser diffraction instruments) tradi-
tionally refers to either Fraunhofer’s diffraction theory (Fraunhofer 1821; van de
Hulst 1981, p. 108, 209) or to Mie’s scattering theory (Mie 1908; van de Hulst
1981, p. 114) for spherical particles. Since Fraunhofer diffraction is a limiting case
of Mie’s general solution, the latter is often preferred as first choice. However,
Mie’s theory as employed in standard instruments software firstly assumes
homogenous materials and secondly requires the knowledge of the complex
refractive index. Besides this, Mie calculation may run unstably for large particles if
not installed numerically in the appropriate manner (Stübinger et al. 2010). Hence,
for large, strongly scattering particles, Fraunhofer may perform better. However, for
the characterisation of colloidal suspensions, where the measured scattering pattern
is only partly due to diffraction, Mie theory should be compulsory.

First, laser diffraction instruments were developed in the 1960s (Lodi and
Osmolovskaya 1975; Stromgren 1975; Thompson 1977) and were accompanied by
corresponding improvements in data processing. Commercial instruments have
been available since the 1970s. Today, laser diffraction instruments belong to the
standard characterisation tools for particles systems. They can be applied to aero-
sols as well as to liquid dispersions. Measurements are quick and highly repro-
ducible. Moreover, laser diffractometers can be run at flowing media. Hence, they
offer a possibility for on-line or at-line monitoring of industrial processes. On the
other hand, the particle concentration is usually restricted to values far below 1 vol
% in order to avoid multiple scattering, which would affect the intensity spectrum.

The upper concentration limit depends on the particle system (size, refractive index) and the
instrument (detector, optics). Some authors state transmission values above which multiple
scattering can be neglected (e.g. Xu 2000, p.163: Tmin = 85 %, Yamauchi and Ohyama
1982: 75 %, Chigier 1984: Tmin = 40 %). Ludwig (2010) observed a weak linear correlation
between sample transmission and measured size distribution, which resulted in an impact of
3 % for mean particle sizes at transmission values of 40 % (for 30 μm glass beads). If we
assume an optical path of 1 mm and an aqueous solvent, then a transmission value of 40 %
coincides with a solid content of 0.03 vol% for 1 μm titania spheres or 0.09 vol% of 1 μm
silica spheres.

In the micrometre range, which is diffraction dominated, size distribution can be
determined with high accuracy and good resolution (Knösche 2001 pp. 40–42;
Mori et al. 2007; Witt et al. 2012). In order to extend the instrument applicability to
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colloidal particle systems, several modifications have been realised, e.g. variation of
wavelength and polarisation or inclusion of wide angle scattering (Xu 2000,
pp. 111–181; ISO13320). These modifications have evidently enhanced the sen-
sitivity to colloidal particles far below 1 μm, but not in a uniform way as inter-
laboratory comparisons prove (Mori et al. 2008, Kuchenbecker et al. 2012). Even
so, laser diffraction may serve as a useful tool for the characterisation of colloidal
suspensions, in particular for monitoring dispersion procedures or product changes.

2.3.4.4 Small Angle X-ray Scattering

Shortly after its discovery, X-radiation was already being employed to study the
inner structure of matter. This is possible because of the very small wavelengths of
X-rays (typically in the order of 1 Ǻ). In 1938, André Guinier proposed to evaluate
X-ray scattering at small angles (i.e. in the forward direction) in order to study
colloidal suspensions. He further related the intensity distribution to the radius of
gyration of the scattering objects (Guinier 1938). Today, small angle X-ray scat-
tering (SAXS) is an established technique for determining the size and shape of
colloidal particles, analysing the conformation of macromolecules, or studying the
structure of particle aggregates. Its applicability is typically limited to the range
below 100 nm (Dörfler 1994, p 554, Glatter and May 2006).

SAXS instruments are usually distinguished with regard to the X-ray source. In
(standard) laboratory instruments, X-ray tubes are employed which emit a broad
spectrum of X-radiation with characteristic lines (e.g. at 1.54 Ǻ for Copper anodes)
and which are usually coupled with a monochromator. The emitted beam is of
rather weak intensity and needs a collimation optic (e.g. pin-hole, slit, or block
collimation; cf. Ilavsky et al. 2002; Anderegg et al. 1955; Kratky and Stabinger
1984, respectively). In contrast, X-radiation from synchrotron beamlines allow for a
narrow adjustment of wavelengths and deliver highly intensive and well collimated
beams for the SAXS measurement. Unlike laboratory instruments, the smearing of
the measured spectrum is negligible and the structural parameter can be resolved in
detail. However, synchrotron instrumentation is not applicable to routine analysis.

Similar to data processing in SLS, the analysis of SAXS spectra requires pre-
liminary steps like background subtraction and—if necessary—extrapolation to zero
concentration. Additionally, the turbidity of the sample may have to be considered
(Kammler et al. 2004), but usually this effect is negligible. In general, the thus
obtained spectrum is still a smeared version of the true scattering curve. Smearing
results from the difficulty of collimating X-rays. In order to achieve sufficiently high
signal-noise ratios, the detection optics collects all photons over a two-dimensional
section of the scattering pattern, i.e. over a certain range of scattering angles
(Fig. 2.14). In case of polychromatic irradiation there is a further smearing contri-
bution. The knowledge of the detector geometry and the spectral distribution of the
X-radiation facilitate the de-smearing, which first includes a data smoothing pro-
cedure (Glatter and May 2006; Glatter and Kratky 1982, pp. 119–165).
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Eventually, the de-smeared, “true” scattering function can be used to assess the
morphological and structural properties of the colloidal suspension. Frequently, this
involves some bias, e.g. on the morphology the particles (spheres, rods, core-shell,
etc.) or on their size (when studying particle interactions). The algorithms of
de-smearing and inversion are manifold (Glatter and May 2006; Fritz and Glatter
2006). There are, however, integral parameters that can be determined without
specific assumptions on the particle shape. Based on Porod’s invariant parameter Q

Q ¼
Z

Iscaq
2dq ð2:25Þ

it is possible to calculate the total particle volume and the specific surface area
(supposing the particle surface is smooth):

V ¼ 2p2
I 0ð Þ
Q

; ð2:26Þ

SV ¼ p � B=Q; ð2:27Þ

where B is derived from the asymptotic form of Isca(q) at large scattering angles
(B ¼ lim

q!1 Isca
�
q4). The parameter B can be graphically obtained by plotting I × q4

versus q4, which yields the following expression: lim
q!1 Iscaq4 ¼ Bþ const � q4. Here,

const is supposed to be background and should, therefore, be zero for background
corrected data. A significant deviation of const from zero indicates a fractal or
porous particle surface (Schmidt et al. 1991).

De-smeared scattering curves of monodisperse particle systems are well struc-
tured (cf. Fig. 2.14) and allow for an accurate determination of size and shape. For
polydisperse systems, smooth spectrums are obtained. The resolution of size dis-
tributions is rather low (peak distance for bidisperse distribution approx. 25 %,

nominal slit positions
q1 … qn

X-ray scattering pattern

scattering vector q

log Isca

measured spectrum

real spectrum

Fig. 2.14 Illustration of smearing for point source illumination and a slit detection system
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Glatter and May 2006). If the particle shape is known, SAXS yields distributions of
geometric particle properties (e.g. rod length), otherwise it probes essentially the
radius of gyration. The distributions are intensity weighted, which typically means
that they are weighted by the particle surface (Isca ∝ x2).

When colloidal suspensions are probed by SAXS, the X-ray absorption in the
solvent has to be considered because it attenuates the scattered intensities.
Maximum scattering intensities are achieved for a sample transmission of 37 %,
which is approximately the transmission through a 1 mm sheet of water when a
typical copper anode (wavelength: 1.54 nm) is used. Because of this intrinsic
background turbidity, SAXS characterisation of colloidal suspensions has to be
conducted in relatively small measurement volumes.

While typical SAXS instrumentation works at scattering vector in the range of
approx. 0.05–2 nm−1, ultra small angle X-ray scattering (USAXS) instruments
cover the range from 0.001 to 4 nm−1 and can be, therefore, applied to larger
particles and particle aggregates up to the micrometre region (Ilavsky et al. 2002;
Kammler et al. 2004). Since they rely on the intense radiation of synchrotrons and
require special cameras they are not available as standard laboratory equipment
(Glatter and May 2006).

2.3.5 Dynamic Scattering

The time-averaged signals from a scattering experiment provide a powerful tool to
study the micro-structure of colloidal suspensions (i.e. size and shape of a particle
as well as the pair correlation), as was shown in the previous section. However,
scattering signals are not constant in time; they exhibit high-frequency fluctuations
which are due to the dynamics of the microstructure, e.g. to the Brownian motion of
the colloidal particles. Dynamic scattering techniques probe these temporal varia-
tions and, thus, add to the characterisation methods for colloidal suspensions. The
most popular of these techniques is dynamic light scattering (DLS), which will be a
focus of this section. In addition to this, diffusive wave spectroscopy, X-ray photon
correlation and fluorescence correlation spectroscopy are briefly introduced.

2.3.5.1 Dynamic Light Scattering

Dynamic light scattering (DLS) techniques evaluate the fluctuations in scattered
light (Fig. 2.15). These fluctuations may be caused by any changes in the
microstructure of the suspension, e.g. by particle motion or vibrations of particle
networks. For this reason, there are manifold applications for DLS, e.g. to particle
sizing (Finsy 1994), molecular weight determination (Jena and Bohidar 1993;
Siddiq and Wu 1996), studying particle aggregation (Bolle et al. 1987; Herrington
and Midmore 1991; di Biasio et al. 1994), monitoring phase transition in colloidal
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suspensions (Kroon et al. 1996; Ruzicka et al. 2004; Kätzel et al. 2007), or mea-
suring the strength of colloidal gels (Manley et al. 2005).

First, DLS measurements were conducted in the 1960s by analysing the intensity
fluctuations in terms of a frequency spectrum (frequency analysis—FA; Cummins
et al. 1964; Arrechi et al. 1967; Chu and Schones 1968; Dunning and Angus 1968).
The width of the frequency spectrum is a measure of the relaxation time of the
microstructural processes and can be employed for the determination of the particle
diffusion coefficients (Pecora 1964). An alternative for evaluating the fluctuation of
scattered light intensity is photon correlation spectroscopy (PCS), which has been
used for the characterisation of colloidal suspensions since the end of the 1960s
(Jakeman and Pike 1969; Jakeman 1970; Foord et al. 1970). PCS requires a dif-
ferent hardware than FA, but it can be shown that the results of both techniques are
equivalent (Jakeman 1970; Xu 2000, pp. 86–89).

Today, a large variety of commercial or “self-made” DLS instruments are used.
Apart from data processing (FA or PCS), they can be distinguished with regard to
laser optics and signal modulation. The latter refers to the question of whether the
scattered light is superposed with a reference (laser) beam. According to Fig. 2.16,
three principal set-ups can be distinguished9:

• direct or self-beating measurement: no reference beam; probes interparticle
distances, insensitive to mean particle velocity

• homodyne: reference beam with same frequency as incident beam, sensitive to
the absolute position of the particles

• heterodyne: reference beam with frequency shift to the incident light; facilitates
the measurement of particle migration velocities

The study of microstrutural processes is almost exclusively accomplished by the
self-beating and homodyne technique. The light scattering experiment may be
realised with conventional or fibre optics (Auwetter and Horn 1985; Bremer et al.
1993). Further differences exist with regard to scattering angle or the range of

small, rapid particles

Isca(t)

time

large, slow particles

Isca(t)

time

Fig. 2.15 Dynamic light scattering experiment and intensity fluctuation

9There is some confusion in the literature regarding the terms homodyne and heterodyne (cf. Xu
2000, pp. 84–86). The terminology used here agrees with the modern convention in laser tech-
nology (e.g. Paschotta 2008).
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scattering angles and with regard to cross correlation (i.e. conducting and corre-
lating two DSL experiments in parallel at the same sample volume).

The primary result of a DLS experiment is the power spectrum of the scattering
intensity which is obtained by FA (Ishii and Iwai 2008):

PI xð Þ ¼
Z 1

0
Idet tð Þeixtd t

����
����
2

¼
Z 1

0
Idet tð ÞIdet tþ sð Þh ieixsds ð2:28Þ

or the (normalised) intensity autocorrelation function as produced by PCS

g 2ð Þ sð Þ ¼ Idet tð Þ � Idet tþ sð Þh i
.

Idet tð Þh i2: ð2:29Þ

Both types of data analysis are equivalent because the spectral power function
PI (ω) is a Fourier transform of the corresponding autocorrelation function g(2)(τ)
(Wiener-Khintchine-theorem; Wiener 1930; Khintchine 1934). In the following,
only PCS will be discussed.

If the light fluctuation is caused by Brownian motion, one can relate the nor-
malised autocorrelation function of the detected light intensity g(2) to that of the
scattered field g(1) by the following equations (Siegert 1943; Xu 2000, pp. 86–89):

self-beating: g 2ð Þ sð Þ ¼ 1þ b g 1ð Þ sð Þ�� ��2; ð2:30Þ

homodyne: g 2ð Þ sð Þ ¼ 1þ 2Xb � g 1ð Þ sð Þ�� �� ¼ 1þ a � g 1ð Þ sð Þ�� ��; ð2:31Þ

where β is a factor describing the coherence of the light received by the detector
(β < 1), and X is the fraction of scattered to total light on the receiver/detector
(X ≪ 1).

The field correlation function g(1) directly reflects any changes in the
microstructure of the suspension. In the case of purely diffusive processes, i.e. when
the displacement of scattering objects follows Fick’s second law, an exponential
time dependency is found.

Fig. 2.16 Principal set-ups for detecting laser signals; the superposition with a reference beam
allows a control of signal phase, which means for DLS measurements that the absolute particle
velocity can be detected
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g 1ð Þ sð Þ ¼
Z1

0

exp �Csð ÞdQint Cð Þ; ð2:32Þ

where Γ denotes the decay rate and dQint the relative contribution of the corre-
sponding diffusion process to the scattering intensity.

In quiescent, dilute suspensions, the light fluctuations result essentially from the
Brownian displacement of the single particles. Thus, the decay rate Γ can be traced
back to the particles’ translational diffusion coefficient Dt:

C ¼ 1
�
sdecay ¼q2Dt: ð2:33Þ

For spherical particles, this parameter (Dt) is inversely proportional to the sphere
diameter (cf. Eq. (2.4)). Thus, Eq. (2.32) expresses an integral equation for the
particle size distribution (Finsy 1994). The reliable, meaningful, and robust
inversion of Eq. (2.32) has been tackled by several authors (e.g. Stock and Ray
1985; Finsy et al. 1989). Most often, regularisation approaches (Provencher 1982;
Maier et al. 1999) with a non-negative constraint on the weights dQint (Lawson and
Hanson 1995; Geers and Witt 2008) are employed.

The primary result of such a data analysis is the intensity weighted distribution
Qint of the translational hydrodynamic diameter xh,t. Instrument software usually
allows for conversion in volume or number weighted distributions, but this requires
a model on the relationship between xh,t and the scattering intensity. Furthermore,
distribution details that do no contribute significantly to the correlation function
(e.g. very fine size fractions) and that are consequently ignored in the measured Qint

also cannot be revealed by numerical conversion.
Alternative routes for data analysis that avoid the inversion of Eq. (2.32) are the

method of cumulants (Koppel 1972) and the Williams-Watts-analysis (Williams
and Watts 1970). The former is based on a series expansion of the logarithmised
autocorrelation function g(1), which is commonly stopped after the second term:

ln g 1ð Þ
� 	

¼ ln g 1ð Þ 0ð Þ � Ch i � sþ 1
2
PDI � Ch i2� s2: ð2:34Þ

The mean decay rate Ch i, which can be measured with high accuracy, corre-
sponds to the intensity weighted harmonic mean of the size distribution (xcum)

xcum ¼ const: � Ch i ¼
Z

x�1
h;t dQint; ð2:35Þ

while the polydispersity index PDI can be understood as the normalised harmonic
variance:
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PDI ¼ x2cum �
Z

x�1
h;t � x�1

cum

� 	2
dQint: ð2:36Þ

Hence, it offers an opportunity to quickly evaluate the distribution width.

PDI values below 0.05 indicate a very narrow, quasi monodisperse distribution, while
values above 0.2 usually imply a relatively broad, possibly multimodal distribution. Values
above 0.5 mean that the experimental data are poorly reproduced by Eq. (2.34). For
log-normal size distributions, one can easily relate the PDI to the geometric standard
deviation of the distribution function (Babick et al. 2012).

The method of cumulants performs rather weakly for very broad distributions of
the decay rate. In this case, the autocorrelation functions are better fitted by stret-
ched exponentials (Williams and Watts 1970). The Williams-Watts analysis is
mainly employed for phase transition in colloidal suspensions (Ruzicka et al. 2004;
Kätzel et al. 2007) and for polymer suspensions.

When applied to dilute solutions of macromolecules, DLS reveals the molar
mass M which is related to the diffusion coefficient Dt by a power-law
(Mark-Hoodwink-Kuhn-Sakurada equation):

Dt / M�e: ð2:37Þ

This relation reflects the conformation of the macromolecules and is, therefore,
specific for each molecule-solvent combination. For random coils, the exponent is
approx. 0.55, while for rigid rods and compact spheres it amounts to 0.85 and 1/3,
respectively (Jena and Bohidar 1993; Harding 1995).

During the last two decades, dynamic light scattering has evolved into a major
characterisation technique for colloidal suspensions. A recent interlaboratory study
into the characterisation of colloidal silica (Braun et al. 2011) showed that
state-of-the-art DLS instrumentation facilitate a highly reproducible and very reli-
able acquisition of correlation function and corresponding mean particle size xcum.

The study involved 17 participants from the EU and the USA, which provided 19 inde-
pendent data sets from 6 different commercial instruments covering sideward scattering
(90°) and backscattering. Suspensions of colloidal silica of spherical particles with a mean
diameter of approx. 19 nm and narrow distribution width were sent in several aliquots to
each participant and measured by uniform SOP. There was only one outlier with regard to
the mean particle size. The overall uncertainty of that parameter was expressed as 95 %-
confidence interval of ±3 %. A considerably higher amount of uncertainty exists with
regard to the mean values of the volume weighted distributions because of the twofold error
magnification by inversion (g(2) in Qint and conversion Qint in Q3). A parallel study with a
different test material essentially confirmed the high interlaboratory comparability
(Lamberty et al. 2011).

The study further confirmed high agreement with the results of electron
microscopy and centrifugation analysis. However, such agreement cannot be
expected for non-spherical particles. That is because the hydrodynamic diameter
deviates from e.g. Stokes diameter. Additionally, there is a significant contribution
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of the particle rotation to the intensity fluctuation, which increases with scattering
angle (Aragón and Pecora 1977; Hoffmann et al. 2009). DLS then measures an
apparent hydrodynamic diameter xh,app which is smaller than the translational one
(xh,t). The impact of rotation on the autocorrelation function can be computed
straightforwardly if the particles are very fine and their shape is known (Aragón and
Pecora 1977; Xu 2000, pp. 259). If a depolarised scattering multi-angle DLS
setup10 is employed, it may even be possible to separate the impact of rotation and
translation and to determine shape parameters (Nakamura et al. 2006; Hoffmann
et al. 2009).

Limits for the applicability of DLS are mainly set by size and concentration of
particles. First of all, the concentration should be low enough to avoid strong
multiple scattering. Multiple scattering reduces the signal coherence, i.e. the
signal-to-noise-ratio, affects the correlation function and contributes to depolari-
sation. It is of particular relevance for large particles with high contrast in the
refractive index. Multiple scattering can be effectively reduced by backscattering
techniques (Wiese and Horn 1991; Peters et al. 1998) and largely suppressed by
cross correlation techniques (e.g. 2-colour cross-correlation: Dhont and de Kruif
1983; Drewel et al. 1990; Segrè et al. 1995; 2-dimensional cross-correlation:
Phillies 1981a, b; 3-dimensional cross-correlation: Schätzel 1991; Aberle et al.
1998; Overbeck and Sinn 1999; Urban and Schurtenberger 1999), where two
simultaneous scattering experiments at the same sample volume are conducted. The
amplitude of the cross correlation function is proportional to the squared single
scattering fraction (Aberle et al. 1998). That means that cross correlation techniques
can be used as long as there is a significant portion of single scattered light in the
detected signal.

When multiple scattering is discarded from the measured signal, DLS can be
used to study the dynamics of concentrated suspensions, in which the Brownian
motion of individual particles (self-diffusion) differs from the diffusive mass
transport (gradient or collective diffusion), which causes local density fluctuations,
and where the diffusion on very short time-scales (τ < a2/D) deviates from those on
large time scales (τ ≫ a2/D; Jones and Pusey 1991; Banchio et al. 2000). These
different diffusion coefficients depend on the microstructure of the suspension, i.e.
on the particle concentration and on the interparticle forces. For an unknown sus-
pension it is not possible to state a priori which of them is probed by a DLS
experiment. For this reason, a further concentration limit must be obeyed when
DLS is used for basic characterisation tasks such as particle sizing. As a rule of
thumb, such concentration effects vanish below concentrations of 0.01–0.1 vol%,
but certainty can only be gained by experiment.

Apart from upper concentration limits, there is a further one at the lower edge,
where the intensity fluctuations start to become affected by the statistic variation of

10DLS instruments typically employ vertically polarised light (Ivv; Xu 2000, p. 230). Depolarised
scattered light (Ivh) results from anisometry or multiple scattering—signals are usually very weak.
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particle number in the measurement zone. According to Willemse et al. (1997),
a minimum of 100 particles should stay in the measurement zone. This is fulfilled
for most colloidal suspensions; problems may arise for micrometre particles (i.e.
≥1 μm).

Assuming a scattering volume of 106 μm3 (Willemse et al. 1997) and particles of 1 μm
diameter, then a minimum concentration of 0.01 vol% is needed for ensuring 300 scattering
particles. For strongly scattering particles of that size, such a concentration may already
exceed the upper limit set by multiple scattering (cf. Itoh and Takahashi 1991), which
means that there is no concentration range, in which the DLS measurement should be
conducted. The absence of such a range is the particularly likely for particles >1 μm.

Sedimentation sets a further limit to the detection of coarse particles because the
particle displacement of micrometre particles is governed by sedimentation rather
than by diffusion (cf. Sect. 2.3.3.1). This is of particular importance for polydis-
perse particle systems, where diffusion and sedimentation are coupled (Batchelor
1982; Batchelor and Wen 1982). Moreover, sedimentation may affect the size
distribution in the measurement zone. However, in the colloidal size range
(x ≤ 1 μm) there is virtually no impact of sedimentation on DLS results (e.g. Paul
and Pusey 1981). A lower size limit exits only inasmuch as the scattering intensity
of the particles should considerably exceed that of the fluid molecules. Xu (2000,
p. 241) proposes a minimum factor of 2.5; yet, for highly reliable DLS this value
should be multiplied by 10.

Occasionally, DLS is compared with the DUM (cf. Sect.2.3.1) because both
methods measure the diffusion of colloidal particles. However, the two methods are
not equivalent; thus, identical results cannot be expected.

Differences between the two methods exist with regard to particle property and type of
quantity: DUM only evaluates the translational diffusion (xh,t) and probes number fre-
quencies, whereas DLS is also sensitive to the diffusive rotation (xh,app) and yields intensity
weighted distribution functions. Furthermore, the methods usually differ in sample size:
Typical sample concentrations in DLS are in the range of 0.01 vol%. These are, for
instance, 50,000 particles á 100 nm in a measurement volume of 106 μm3, which are all
observed in the order of minutes (Willemse et al. 1997), whereas with DUM, the total
number of traced particles is smaller by factor 10–100, with an observation time in the order
of seconds for each. Last but not least, DLS allows for a temporal resolution in the range
from ns to ms, whereas DUM is subject to video processing, typically with 30 frames per
second, and is, therefore, not sensitive to very fast relaxation processes (like gradient
diffusion).

2.3.5.2 Diffusing Wave Spectroscopy

For the interpretation of DLS measurements, it is prerequisite that multiple scat-
tering has been avoided by sufficiently high sample dilution or even suppressed by
technical means. In contrast, diffusing wave spectroscopy (DWS) evaluates the light
fluctuations in the presence of strong multiple scattering. The decay of the
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autocorrelation function is then related to the loss of coherence by multiple scat-
tering, i.e. by the large number of scattering events a photon experiences when
travelling through the suspension. In DWS the autocorrelation function reflects the
Brownian motion of single particles (short-time self-diffusion) as well as the mean
free path of photon transport l*, which depends on the particle concentration and on
the suspension structure (Maret and Wolf 1987; Pine et al. 1988). Consequently,
DWS can be used for measuring average diffusion coefficients and mean particle
size (Scheffold 2002; Rochas-Ochoa et al. 2002), for investigating aggregation
processes and phase transition (Wyss et al. 2001; Alexander and Dalgleish 2007),
or for probing the microrheology of gels (Mason and Weitz 1995; Ruis et al. 2008).

2.3.5.3 X-Ray Photon Correlation Spectroscopy

In principle, there is no reason why dynamic scattering techniques should be
restricted to radiation in the visible domain of the electromagnetic spectrum.
However, practical limits are set by the requirement of coherent radiation (at least
for single particle detection) and low sample turbidity, as well as the availability of
appropriate radiation sources and sensor technique. In practice, only X-radiation is
employed as a further dynamic scattering technique, which is called X-ray photon
correlation spectroscopy (XPCS) or X-ray intensity fluctuation spectroscopy
(XIFS). In comparison to visible light X-rays allow for a greater spatial resolution
of suspension microstructures (larger q-values) and virtually avoid multiple scat-
tering because of the weak interaction of X-radiation with matter (cf. Sect. 2.3.4).
On the other hand, only third generation synchrotrons provide the necessary
X-radiation of high coherence and intensity. XPCS has been i. a. used to measure
diffusion processes of particles in solution, to study the dynamics of polymer
blends, or to characterise liquid-crystal membranes (see Sutton 2008; Nugent 2010
and references therein).

2.3.5.4 Fluorescence Correlation Spectroscopy

A further group of dynamic scattering techniques comprises such methods that
analyse the fluctuation of inelastic scattering events such as Raman scattering or
fluorescence. In particular, fluorescence correlation spectroscopy is widely used for
studying bio-molecules (e.g. nucleic acids, proteins) in vitro or in vivo (Elson and
Magde 1974; Magde et al. 1974; Krichevsky and Bonnet 2002). X-ray fluorescence
correlation spectroscopy has been employed for the characterisation of colloidal
suspensions, but is currently still in the stage of development and has not yet
attracted wide attention in the colloidal community (Wang et al. 1998; Leupold
et al. 2007).
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2.3.6 Further Spectroscopic Techniques

Static and dynamic scattering techniques are spectroscopic characterisation methods
in the sense of Sect. 2.2. These techniques evaluate the functional dependency of
measurement signals on a spectral parameter, i.e. on time, space, or classically on
wavelength or frequency. The major advantage of spectroscopic methods is the
reduced sample preparation (no fractionation), but they involve the inversion
problem. That is, the spectrum is a—most frequently incomplete and discrete—
nonlinear projection of the size distribution. Beside the scattering techniques, there
are further spectroscopic methods which are based on the extinction of radiation or
on any other response of the particle system to an external field. This section
describes optical, acoustic, and electroacoustic methods that have gained relevance
for the characterisation of colloidal suspensions.

2.3.6.1 Optical Spectroscopy

The term optical spectroscopy refers to the evaluation of the wavelength depen-
dency of transmitted light for the quantification of dissolved or dispersed matter
(Fig. 2.17, left). Optical spectrometers deliver transmission or turbidity spectra,
which commonly range from the ultraviolet (UV) to the near infrared
(NIR) domain. They are standard analytical tools which are mainly used to identify
solutes and to determine their concentration. The impact of particle size on the
shape of the transmission spectra has been known for long and was, for instance,
subject of Gustav Mie’s (1908) renowned paper on the theory of light scattering.
Accordingly, optical spectroscopy has been employed for the measurement of
particle size distributions in many experimental studies. It is mainly applied to fine
colloids, e. g to submicron polymer latices (Zollars 1980; Gulari et al. 1987, Celis
et al. 2008), to crystallisation processes (Crawley et al. 1997), to fine abrasive
particles in polishing slurries (Kuntzsch 2004, pp. 58–60) or to metal nanoparticles
(Haiss et al. 2007).
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Fig. 2.17 Principle of optical spectroscopy (left) and turbidity spectrum for 0.0001 vol% of
colloidal Ag in water (right)
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All these applications rely on the fact that the light transmission through a
colloidal suspensions depends on the morphology, the concentration and the optical
properties (i.e. the complex refractive index function) of the dispersed phase. In
dilute suspensions, the particles contribute independently to the extinction of light,
and the transmission T obeys the Lambert-Beer law:

T kð Þ ¼ exp L � cN �
Z

Cext x; k;m kð Þð Þq0 xð Þdx
� �

: ð2:38Þ

After conversion to turbidity τ and natural extinction E this leads to

s kð Þ ¼ E kð Þ=L ¼ cN �
Z

Cext x; k;m kð Þð Þq0 xð Þdx; ð2:39Þ

where L is the optical path, cN the number concentration, Cext the extinction cross
section, and q0(x) the number weighted density function. The specific shape of an
optical spectrum results from the general impact of wavelength λ on Cext as well as
from the material-specific wavelength dependency of the relative refractive index.
The particle size distribution is obtained by inversion of the two Eqs. (2.38) and
(2.39) (Elicabe and Garcia-Rubio 1989).

The optical spectroscopy is commonly applied to such colloidal suspensions that
obey the Rayleigh limit or the Rayleigh-Debye-Gans limit of scattering (cf.
Appendix B.2). In this case the spectra usually have a smooth and monotone shape,
from which only a few details of the size distribution can be deduced. Yet, for
metals with a surface plasmon resonance in the optical domain (e.g. Ag or Au), one
observes a distinct, size dependent maximum in the turbidity spectra of nanopar-
ticles (Fig. 2.17; cf. Njoki et al. 2007). The presence of such a maximum can clearly
enhance the information content of the spectrum.

Size distributions from optical spectroscopy actually reflect the distribution of
the extinction cross section Cext, which is a function of the particles morphology
and their optical properties. For very fine colloids <100 nm, i.e. for Rayleigh
scatterers, the total optical behaviour is determined by the particle volume.11 The
method then yields volume equivalent diameters. In order to identify the type of
quantity in which the different size fractions are weighted, one needs to determine
the impact of single particles to the total signal (i.e. the integrated spectrum). The
results depend on the covered frequency range and on the signal representation
(transmission or extinction spectrum).

It turns out that, in the case of absorbing colloidal particles, the total signal strength
correlates approximately with the third power of the particle size for both types, trans-
mission and extinction, of spectra. They are, thus, volume weighted. For non-absorbing

11with Cext being proportional to the particle volume for absorbing substances and to the squared
volume for non-absorbing ones.
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particles in the Rayleigh limit of scattering, the transmission spectra can be roughly con-
sidered as volume-weighted as well, whereas an ideal extinction spectrum is weighted by
the squared particle volume.

Optical spectroscopy requires that both transmission and extinction are well
above the electronic noise. This sets a lower size limit to the detection of
non-absorbing colloidal particles (Cext ∝ x6), since the maximum optical path is
usually defined by the instrument and the particle concentration should be suffi-
ciently low to avoid osmotic concentration effects (cf. Sect. 3.1.1). Such a problem
does not occur for absorbing particles, where measurements can be conducted at
volume concentrations in the order of ppm. However, for absorbing nanoparticles
below 10 nm, the spectra are solely affected by the mass concentration and the
influence of size vanishes (Njoki et al. 2007)—unless the optical properties change
with size as for quantum dots (Segets et al. 2009) or for metal nanoparticles <10 nm
(Römer and Fragstein 1961; Scaffardi and Tocho 2006; Santillán et al. 2013). Last
but not least, the data analysis has to adequately regard the contribution of solute or
adsorbed matter (ions, polymers) to the optical spectra, which is of particular rel-
evance in the UV domain (e.g. Gaffney et al. 1992).

Although several studies have demonstrated that optical spectroscopy reliably
measures the size and concentration of suspended nanoparticles, the method is only
of minor relevance for particle sizing. Recent developments try to considerably
increase the method’s sensitivity, precision, and resolution by employing pulsed
laser light with tuneable wavelength (Li et al. 2010) or to realise online-capable
instrumentation, e.g. by measuring at a few selected wavelengths, which usually
suffices to capture the shape of the spectrum (Melik and Fogler 1983; Gabsch et al.
2005; Steinke et al. 2009).

2.3.6.2 Ultrasonic Spectroscopy

Even though optical particle sizing techniques are very popular, most of them
require sufficiently dilute suspensions with less than 1 vol% solid content. That is
because dense suspensions are opaque or because light transmission and scattering
are subject to unwanted (i.e. poorly understood) concentration effects like multiple
scattering. In such situations, acoustic fields may serve as an alternative probe for
the state of dispersion. Ultrasonic spectroscopy is the generic term for all particle
sizing techniques that are based on the frequency dependent measurement of sound
velocity or attenuation in the ultrasonic domain (mostly within 100 kHz to
200 MHz). While velocity spectroscopy is mainly used for the study of inter- and
intramolecular processes, attenuation spectroscopy has found its major application
in particle sizing (McClements 1996; Kachanovskaya et al. 1996). The most
promising feature of acoustic characterisation techniques is their applicability to
highly concentrated particle systems (up to 70 vol%) under non-equilibrium con-
ditions (McClements 1991). That means it offers the opportunity to monitor the
state of dispersion of dense product streams (Scott et al. 1998), to control the
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deagglomeration of suspension or the homogenisation of emulsions, and to study
polymerisation or crystallisation processes (Hipp et al. 2000; Mougin et al. 2001).

All of these applications benefit from the size-dependency of sound-particle
interactions (Fig. 2.18), which result in sound scattering and dissipation. Scattering
is predominant for micrometre particles, but becomes of minor importance for
colloidal particles, which are usually much smaller than the sound wavelength (in
water: 15 μm at 100 MHz). In that case, sound propagation is governed by the
dissipation of sound energy due to momentum and heat exchange between the
oscillating and pulsating particles and the surrounding liquid. Additionally, there is
always size-independent absorption of sound in the particles and in the liquid
(Challis et al. 2005).

First instruments for the detection of ultrasonic velocity and attenuation were
built by Pellam and Galt 1946 and Pinkerton 1947 in the middle of the 20th century.
Andreae and his co-workers (Andrea et al. 1958; Andrea and Joyce 1962; Edmonts
et al. 1962) eventually realised the first spectrometer for measuring ultrasonic
attenuation. Today, there are several (commercial) suppliers of ultrasonic spec-
trometers (e.g. Hinze et al. 2000) that provide on-line instrumentation as well as
laboratory instruments.

The immediate result of such instruments is the frequency spectrum of the sound
velocity or the attenuation coefficient α, which is defined as the relative decrease of
sound pressure per an infinitesimally small distance. The latter is often presented as
ratio α/f versus the logarithm of frequency because such a spectrum has one or more
size-specific peaks and its total area depends on the volume concentration only. For
dilute suspensions, the data analysis reduces to a linear inversion problem (cf.
Sect. 2.2):

~a f ;uVð Þ ¼ a f ;uVð Þ=f ¼ ~aabs f ;uVð ÞþuV �
Z

k f ; xð Þ � q3 xð Þdx: ð2:40Þ

The kernel function k(f, x), which quantifies the influence of size and frequency
on attenuation, can be derived from the combined universal theory for the inelastic
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Fig. 2.18 Principle of ultrasonic attenuation spectroscopy (left) and kinds of particle-wave
interaction in sound fields (right)

48 2 Characterisation of Colloidal Suspensions



scattering of sound at spherical particles; the ECAH theory (Epstein & Carhart
1953; Allegra and Hawley 1972).12 However, this linear theory fails for dense
dispersions of colloidal particles because neighbouring particles affect each other
with respect to the acoustophoretic motion and to the thermal fluctuation. The
non-linearity is tackled by advanced multiple-scattering theories (Hipp et al. 2002),
by effective medium approaches (Isakovich 1948; Hemar et al. 1997), or by coupled
phase models (Dukhin and Goetz 1996; Babick 2005), but all of them keep
restricted to the colloidal size range (x ≪ λ).

In colloidal suspensions, the sound propagation is typically governed by the
acoustophoretic motion of particles. For monodisperse spheroids that do not deviate
too much from spherical shape (aspect ratio <10/1), the attenuation spectrum
essentially reflects the volume specific surface area of the particles13 (Babick and
Richter 2006). Similar results would probably be obtained for any convex particle
shape. For particle aggregates, the inner structure is decisive. Regarding the type of
quantity, acoustically measured size distributions are ideally volume weighted
distributions (see comments in Sect. 2.2).

It could be shown that the results of ultrasonic spectroscopy agree fairly well
with those of other characterisation methods and are hardly affected by the extent of
sample dilution (Dukhin and Goetz 1996; Babick et al. 1998; Babick 2005).
Moreover, an interlaboratory comparison showed excellent agreement for colloidal
particles (Dukhin et al. 2012). That is why ultrasonic spectroscopy is considered as
a powerful tool for monitoring colloidal processes. However, the method does not
allow for a very sharp resolution of size distributions in the colloidal size range
(Babick and Ripperger 2002). In addition, the analytical models contain a variety of
material parameters. This is of particular relevance for emulsions (14 properties),
whereas for aqueous suspensions only the viscosity and sound speed of liquid and
the density contrast have to be known (Babick et al. 2000). Lacking knowledge on
the model parameters can be coped with by simultaneously evaluating sound speed
and attenuation or by employing statistical data processing (e.g. neural networks; cf.
Li et al. 2004; Babick et al. 2006).

In summary, the great potential of ultrasonic spectroscopy is the reliable char-
acterisation of concentrated suspensions. For well-defined colloidal suspensions it
may be used for fast off-line determinations of the size distribution, although the
resolution is rather coarse. Its application to process monitoring is principally
possible, yet this may require the development of an appropriate data analysis for
the specific process. However, a sufficiently high sensitivity to relevant changes in
product quality or process performance can outweigh this additional effort.

12The same applies to the calculation of sound dispersion, i.e. frequency impact on sound speed.
13Even so, the spectrum can only be reproduced as sphere-spectrum by assuming polydispersity.
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2.3.6.3 Electroacoustic Mobility Spectroscopy (EMS)

The electroacoustic mobility spectroscopy (EMS) is a measurement technique that
allows for the simultaneous determination of the particle size distribution and the
effective zeta-potential of colloidal suspensions (O’Brien et al. 1995). Its primary
signal is the acoustic response of a colloidal suspension to a high-frequency
alternating electric field. It is called electrokinetic sonic amplitude (ESA) and is
directly related to the dynamic electrophoretic mobility of the colloidal particles.
The ESA signal results from the simultaneous electrophoretic motion of all charged
particles. The corresponding oscillatory flux of momentum is transferred to the
walls and subsequently transmitted as a sound wave (Fig. 2.19). Prerequisite for the
existence of an ESA-signal is a surface charge and a density contrast between
particles and continuous phase (O’Brien 1988).

The EMS can be applied to concentrated suspensions (>1 vol%) of particles
above 50 nm and below 10 microns (Hunter 1998). Exact analytical models are
available for solid concentrations below approximately 3 vol% and for thin double
layers. Although there has been considerable progress in theoretical treatment of
higher concentrated systems, empirical correction terms are usually used to account
for the hydrodynamic and electrostatic particle-particle interactions. Depending on
the quality of the data basis used for deriving these interpolating equations, very
satisfactory results can be obtained (Knösche 2001; Babick et al. 2001).

Even though the particle motion originates from the polarisation of the double
layer in the electric field, its magnitude and phase is decisively affected by the
density contrast and the hydrodynamic drag. Hence, from the point of particle
sizing, the dynamic electrophoretic mobility is closely related to the acoustophoretic
mobility. The latter has been shown to be governed by the volume-specific surface
when regarding spheroids with moderate aspect ratios (≤10/1, see above); acc. to
Loewenberg and O’Brien (1992), this also applies to first approximation to the
dynamic electrophoretic mobility.

Since the ESA signal indicates the momentum flux that is related to particle
oscillation, mobility spectra are intrinsically volume weighted functions. However,
size analysis is conducted at the frequencies at which a volume unit of coarse
particles contributes less to the ESA signal than one of fine particles. This may lead
to an underestimation of coarse size fractions. The size distribution is obtained by
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transmitted sound 
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Fig. 2.19 Generation of the
ESA signal in highly frequent
electric fields
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inversion of the mobility spectrum, yet in contrast to other spectroscopic methods,
the spectral signal is a complex (i.e. two-parametric) quantity and does not only
depend on the size distribution, but also on the zeta-potential. A profound analysis
by Knösche (2001) revealed that, for typical measurement situations, one can
extract up to 7 independent pieces of information on the size distribution. However,
the ESA signal looses its sensitivity to particle size beyond the size range inidicated
above (50 nm to 10 μm).

EMS has the potential advantage of being applicable in highly concentrated
suspensions, which opens the way for on-line applications (Carasso et al. 1995;
Hunter 1998). It delivers reliable analysis data in many circumstances, in particular
for solid particles with thin diffuse layers and low polarisabilities. However, the
interpretation of mobility spectra requires detailed knowledge of the particulate
system, e.g. of particle shape and material properties (like dielectric constant) and
sometimes of surface conductance.

2.3.7 Zeta-Potential and Interfacial Properties

When colloidal particles are dispersed in a liquid solvent, it is very likely that they
acquire a surface charge (cf. Sect. 3.1.5) which has to be compensated for by a
corresponding countercharge in the vicinity of the surface. Both regions, charged
surface and counter-charged solvent, form the electric double layer (EDL). The
charge separation between the two layers creates an electric potential between the
particle surface and the bulk solvent, which is responsible for attractive or repulsive
interactions between the colloidal particles.

Important measurands for the characterisation of the EDL are the surface charge
density and the electrokinetic potential or zeta-potential. The zeta-potential is the
electric potential at a hypothetical shear plane, which separates the mobile solvent
from solvent molecules that adhere to the particle surface. The zeta-potential can be
probed by imposing a relative motion between bulk solvent and particle (Delgado
et al. 2007).

Such a relative motion can be induced by external electric fields or by pressure
gradients or bulk forces (e.g. gravity). It is possible that particles move in a qui-
escent solvent or that the solvent flows through a fixed bed of particles. A detailed
description on electrokinetic phenomena is e.g. given by Hunter (1988).
Zeta-potential measurements on colloidal suspensions are frequently conducted via
electrophoresis or by means of electroacoustics. Besides this, there are recent
techniques based on non-linear optics that are sensitive to interfacial changes.

2.3.7.1 Electrophoretic Zeta-Potential Measurement

If an electric field is applied to a suspension of charged colloidal particles, the
mobile ions within the double layer become spatially separated according to the
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sign of their charge (double layer polarisation), and the particles start to move along
the lines of the electric field (Fig. 2.20). This electrophoretic motion is characterised
by the electrophoretic mobility:

lep ¼
v
E
; ð2:41Þ

which is a function of the zeta-potential ζ and the Debye-Hückel-parameter κ (the
inverse double layer thickness 1/κ):

lep ¼
2
3
� eme0f

g
� f ja; fð Þ ð2:42Þ

with j2 ¼ F2

eme0 � RT �
X

z2i c
1
i : ð2:43Þ

The double layer thickness is decisive for the retarding impact of double layer
polarisation on the electrophoretic motion. Equation (2.42) yields simple linear
relationships only for the two limiting cases of very thin double layers (κa → ∞)
and infinitely thick ones (κa → 0). The correction function f(κa) then simplifies to a
constant value of 3/2 and 1, respectively (Fig. 2.21; von Smoluchowski 1903;
Debye and Hückel 1924; O’Brien and White 1978).
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Fig. 2.21 Nonlinear relationship between zeta-potential and electrophoretic mobility acc. to
O’Brien and White (1978)
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The electrophoretic motion is either measured microscopically or by light
scattering. The former way is called microelectrophoresis and usually employs
ultramicroscopes when dealing with colloidal particle systems. The optical instru-
mentation can be identical to that of DUM, while the software has to be modified
because only the displacement in the direction of the electric field is relevant. The
method yields a number weighted distribution of zeta-potentials. Similar to DUM, a
sufficiently large number of trajectories has to be evaluated in order to keep the
statistical uncertainty within an acceptable level. Moreover, the method may be
insensitive to weak scatterers within a polydisperse colloidal suspension.

An instrumental alternative to microelectrophoresis is electrophoretic light
scattering (ELS). The light scattering at migrating particles leads to phase shift
(Doppler effect), which can be detected by a heterodyne DLS set-up (i.e.
reference-beating with frequency shift). The method yields an intensity weighted
distribution of the zeta-potential.

The electrophoretic motion of colloidal particles is superposed by their
Brownian motion. Ideally, both can be separated because of their different
space-time correlations, in practice however, diffusion broadens the measured
zeta-potential distribution. In microelectrophoresis, the Brownian contribution can
be minimised by long observation times (t ≫ Dt/vep

2 ). For ELS, diffusion is least
pronounced at small scattering angles (Xu 2008).

2.3.7.2 Electroacoustic Zeta-Potential Measurement

Electroacoustic techniques are either based on the acoustic response of a suspension
to an alternating electric field or on its electric response to a sound field. The former
signal is the electrokinetic sonic amplitude (ESA), which can be employed for
particle sizing (cf. Sect. 2.3.6.3) and for the determination of the zeta-potential. The
latter signal is the colloid vibration potential (analogously the colloid vibration
current), which is defined as the alternating electric potential between two elec-
trodes that are separated by the half acoustic wavelength. This potential arises from
the particle oscillation in the sound field (acoustophoretic motion) which coincides
with a polarisation of the double layer (Fig. 2.22) (Dukhin and Goetz 2001).

The existence of the colloidal vibration potential (CVP) was predicted in the 1930s
(Debye 1933; Hermans 1938a, b; Rutgers 1938) and intensively investigated—both
experimentally and theoretically after the SecondWorldWar (Rutgers 1946; Enderby
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1951; Booth and Enderby 1952; Yeager et al. 1953). The discovery of the elec-
trokinetic sonic amplitude (ESA) occurred comparatively late, in the 1980s (Oja et al.
1985), yet this effect was soon employed in commercial instruments for zeta-potential
measurements. Subsequent theoretical treatments showed that both signals can be
traced back to the dynamic electrophoretic mobility and that they form a reciprocal
couple of the Onsager type (O’Brien 1988; O’Brien et al. 1994).

The electroacoustic techniques provide a powerful means to measure the
zeta-potential in concentrated suspensions that are optically opaque (Hunter 2001,
Dukhin et al. 2001, Greenwood 2003). Thus, laborious sample preparation, which
aims at conserving the state of double layer during dilution, can be avoided. Yet,
modelling electroacoustics for dense suspensions is not straightforward, since the
hydrodynamic interaction and double layer overlap has to be adequately considered
(e.g. Dukhin et al. 1999; Rasmussen 2001; O’Brien et al. 2003). Available models
are based on several assumptions (e.g. on particle shape and the suspension
structure) and require model parameters like particle size or surface conductance.
Since the electroacoustic raw signals do not only depend on the suspension prop-
erties, but are affected by the acoustic coupling between suspension and sensor and
by the instrument geometry, calibration is typically required (Hunter 1998; Dukhin
et al. 2001). Last but not least, it should be noted that electroacoustic signals are
essentially volume weighted. That means they provide a better sensitivity to very
fine colloidal particles than an optical detection system and may be more appro-
priated for the electrokinetic characterisation of multi-component suspensions
(containing weak and strong scatterers).

2.3.7.3 Surface Characterisation with Second Harmonic Generation

The zeta-potential, which is traditionally measured with electrokinetic and elec-
troacoustic techniques, is an important parameter for the computation of
particle-particle interactions and the corresponding electroviscous effects. However,
it does not reveal the complete structure of the electric double layer, in particular its
immobile part (Stern layer). New arising techniques that are sensitive to the real
interface without affecting the double layer equilibrium may facilitate a comple-
mentary characterisation.

One such technique is the second harmonic generation (SHG), which relies
on the effect that a minute portion of light is scattered with twice the frequency
(i.e. energy) of the incident radiation (Fig. 2.23). This can be understood as the
spontaneous re-emission of one double-energy photon after the simultaneous
absorption of two normal photons (Hollis 1988). In contrast to fluorescence, there is
no phase lag. Hence, the SHG is a coherent scattering event, which—like Rayleigh
scattering—would be completely cancelled by destructive interference in a
homogenous medium with randomly aligned molecules for any direction besides
forwards. At interfaces with symmetry breaks and molecule orientation, the second
harmonics superpose constructively and produce a corresponding scattering field
(prerequisite that the interface curvature is not much smaller than the wavelength).
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In order attain measurable SHG signals, pulsed femtosecond lasers with large
intensities are usually employed (Yan et al. 1998; Schneider et al. 2007). It was
possible to show that the SHG scales with surface potential and the independently
measured zeta-potentials can be reproduced by adopting appropriate models for the
electric double layer (Yan et al. 1998). More generally, SHG is directly related to
the surface excess of adsorbate as shown for malachite green on polystyrene
(Eckenrode et al. 2005). This technique offers the opportunity for online and in situ
characterisation of colloidal suspensions with particle sizes considerably larger than
5 nm (Schneider and Peukert 2007; Schürer and Peukert 2010).

SHG is far from being a mature characterisation technique of colloidal inter-
faces. But with regard to the on-going developments in instrumental set-up and the
growing number of application experiences its potential benefits seems very
promising.

2.3.8 Final Remarks on Particle Sizing

This chapter introduced import characterisation techniques for colloidal suspen-
sions. The focus was on particle sizing methods, which are specified by the particle
property employed to distinguish the different size fractions as well as by the type
of quantity intrinsically used to quantify the size fractions. Additionally, they differ
in the degree to which details of size distributions can be resolved and in their
sensitivity to certain parts of the size distribution (e.g. sensitivity towards coarse,
contaminant particles). Further differences concern the ranges of particle size and
concentration in which sizing is possible. Table 2.2 summarises the discussed sizing
methods with regard to the mentioned aspects.

The differences between the various sizing techniques mean that a measured size
distribution is inevitably affected by the employed characterisation method. That
frequently causes confusion on the correctness of measurements when deviations
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between differently determined size distributions are observed. Again, apart from
uncertainties due to sample preparation and measurement, there are intrinsic dif-
ferences between particle sizing techniques. It is, therefore, necessary to ask for the
most appropriate characterisation technique for a specific characterisation task. For
that purpose, one has to clarify the objective(s) of measurement in advance (cf.
Polke et al. 2003):

• which property defines the quality of the suspension or its process behaviour
(particle volume, particle diffusivity, …)?

• which parameters of the size distribution are required (mean size, modal values,
amount of nanoparticles, …)?

• where will the measurement be conducted (at process line, in laboratories, …)?
• what level of accuracy and precision is required?

The answers to those questions define the requirements on the measurement
instrument and reduce the list of applicable characterisation techniques. It might be
even possible that the characterisation aims at the quantification of two or more
independent or weakly correlating parameters of the size distribution (e.g. maxi-
mum size and average size). In that case, it is quite likely that at least two methods
have to be employed.

Ruscitti et al. (2008) reported on the performance of different sizing techniques with regard
to the qualification of product quality after comminution. The product quality was described
by a set of three macroscopic suspension properties, two of which correlate with “average”
particle size (below 1 μm) and one with the maximum size (above 1 μm). The outcome of
this study was twofold: On the one hand, it was not possible to determine average and
maximum particle size with one inline-capable sizing technique. On the other hand, the
authors significantly improved their understanding of the process, in particular with regard
to the interdependency between the quality parameters.

In general, by combining different characterisation techniques, one can benefit
from their specific characteristics, e.g. probed particle property, and gain (more)
comprehensive insight into the microstructure of colloidal suspensions.
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