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This article reviews recent advances in coagulation rate measurements of colloidal dispersions, with
emphasis on the turbidity method. For turbidity method, measurement of the coagulation rate relies
upon the turbidity change resulting from the coagulation process, and the measuring sensitivity
significantly depends on particle size and the wavelength used. There exists a “zero sensitivity” blind
point for measurement at a specific wavelength, suggesting that such measurements should be
performed at a wavelength some distance from the blind point. The major difficulty in determining
absolute coagulation rate constant (CRC) by light scattering and turbidity measurements is how to
theoretically solve the scattering problem of 2-particle aggregates. The T-matrix method accurately
solves this problem, showing its superiority over various earlier theoretical approximations (applicable
only to small particles). Results from studies on effects of forward scattering, multiple scattering, etc.,
provide guidelines for choosing proper particle size and volume fraction for the allowed margin of
measurement error. Most of these findings on turbidity methods are also valid or applicable to other
scattering methods. Finally, we introduce a new microscopic approach to assess the colloidal stability at
individual particle levels, by means of directly observing artificially induced collision with the aid of
optical tweezers.
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One of the core aspects of colloid science is investigating colloidal
stability and coagulation kinetics. It is thus said that the subject
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matter of colloid science can be organized around the idea of
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stability.! All the characteristics of colloidal systems change
remarkably in the transition from the dispersed state to the
aggregated state. Even within aggregated systems, the degree of
aggregation varies tremendously. The coagulation rate constant
(CRC) is an important parameter for characterizing the stability
and coagulation kinetics of colloidal systems, enabling one to
efficiently manipulate the states of dispersion for particular
applications.

Experimental determination of the coagulation rate is required
for various purposes, ranging from purely theoretical to very
practical. Absolute CRCs are usually needed for comparing the
theoretical predictions of aggregation kinetics with the experi-
mental results, or for deriving information on interactions
between particles.> In many applications, on the other hand, the
relative coagulation rates are sufficient.>”

There are basically two different approaches to measuring
coagulation rate; namely, direct and indirect measurements. In
direct measurement,® particles are directly counted, and
different particle sizes can be distinguished by employing various
technical means. For indirect measurements,'* the coagulation
rate is achieved by measuring some suspension property changes
which occur due to the coagulation of particles. In this article,
instead of discussing all methods of determining coagulation
rate, we shall concentrate only on some new developments of this
topic.

The following portions of this paper are organized as follows:
Section 2 presents a brief overview of light scattering; Section 3
outlines recent progress relating to turbidity methods; Section 4
provides additional comments on light scattering methods.
Section 5 introduces a new microscopic approach for evaluating
colloidal stability. Finally, a summary is given in Section 6.

2 Light scattering methods

Since discussion of various light scattering techniques has been
given in the literature,>’'° we present here only a brief overview.

To discuss the coagulation rate, we start with the simplest case
of a dispersion, initially consisting of identical spherical particles.

At the very early stage of the coagulation process, only colli-
sions of single particles which form doublets need to be consid-
ered. Therefore, the change of particle number concentrations
can be approximately expressed as:'»2

avy ,
(?),:o_ e, (1)
dn, _anl2
(W),; 2 @

where Ny and N, are the number concentration of single particles
and doublets, 7 is time and k; is the CRC.

When light beam I, is passing through a colloidal suspension,
a portion of the light will be scattered in all directions (see Fig. 1).
The characteristics of the light scattered by the particles depend
on their size, shape, refractive index, the light wavelength, the
detection angle, etc.'* Various light-scattering methods for
measuring the coagulation rate, including turbidimetry, are
based on probing changes in characteristics of the light scattered
by particles as a result of the coagulation.
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Fig.1 Measurement of transmitted and scattered light. The distribution
of scattered light by single particle is schematically shown by the length of
the arrows.

2.1 Static light scattering

At the early stage of aggregation, the total scattering intensity 7
(¢, at scattering vector ¢ at time ¢ can be written as:®

l(q,1) = Nili(q) + N2Ix(q) 3)

where 7,(¢) and I,(g) are the scattered intensity of single particles
and doublets, and g = (47t/A)sin(#/2) in which A is the wavelength
of incident light and @ is the scattering angle. Therefore,

dl(q, t) _ dN1 dN2
o = @+ h) 4

After inserting eqn (1) and (2), eqn (4) becomes:
[dI(q.0)/dely = —k1 1 NiTi(q) + ki1 Nilx(q)/2 (5)

As a consequence,

| ldl(q.)/dy/1(0.0) ©
[2(q)/21(q) — 1]N,

where 1(¢,0) is the total scattering intensity at = 0, and (¢,0) =
N1I,(g) because there are only single particles in the system.®

In order to calculate k;; using eqn (6), the value of I,(¢g) and
Ii(g) are also needed. Since the light scattering properties of
spherical particles and doublets are determined by the relative
refractive index (the refractive index of scattering particles rela-
tive to the medium, which has nonzero imaginary part when
there is absorption) and size parameter o = 27al/A, I,(q) and 11(q)
can be evaluated from theory when these parameters are
known ®13-14

A classical approximation for dealing with the scattering
problems of particles is the Rayleigh-Gans-Debye (RGD)
theory.'>'* As it is developed from Rayleigh theory, the RGD
theory is only valid for small particles. In the study of colloidal
coagulation, the colloidal suspension is usually dilute, so that the
structure factor S(g) can be neglected.’® The instrument resolu-
tion function is also generally ignored.®'*'” Therefore, by using
the RGD theory, the scattered intensity of aggregates can be
expressed as:®

I{q) < ViP{q) (7)

where V; is the volume of aggregate of i primary particles, and
P{q) is the so-called form factor,'*'”'*® which is equal to
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I(¢@)/1{0). By using RGD approximation, the form factor of the
i-fold aggregate has the form:**

Pi(q) = Pll-gq)

sin(r,“,q)
26 } ®

where r,, is the distance of particle u and v in the aggregate, and
Pi(q) is:

P1(g) = —[sin(qa) — gacos(qa)]’ )
(qa)

From eqn (8) and (9), using RGD approximation,'*'s one can

find that [Ix(¢)/2I,(q) — 1] is approximately equal to
[sin(2aq)/2aq]. Therefore, eqn (6) can then be expressed as:

. 141(g,1)/dd]/1(q,0)
! [sin(2aq)/2aq] N,

(10)

where « is the radius of a primary particle. Eqn(10) can then be
used to evaluate the CRC ky, after quantity [d1(q,?)/dt]o/1(¢,0) is
measured by static light scattering method at single ¢ (or 6).

To improve the accuracy of measurement, multi-angle light
scattering has been adopted (see the literature’), in which the
fitted lines of [dl(q,?)/df]o/l(¢q,0) ~ sin(2aq)/2aq are used to
determine kqj.

For further simplification, small-angle light scattering is
proposed in measuring the coagulation rate.?®*! In this case, the
value of ¢ is close to 0, so that the term [sin(2aq)/2aq] in eqn (10)
is approximately 1.

2.2 Dynamic light scattering

In dynamic light scattering (DLS),?*** also known as photon
correlation spectroscopy, particle size is linked to Brownian
motion and Doppler shift of light scattered by particles. The
photon counter can be used to detect the scattered light, and it
measures the fluctuations in light intensity due to the Doppler
shift; this shift is related to particle sizes, because their diffusion
coefficients are different. The particle coagulation causes changes
in particle sizes, and the change of the average hydrodynamic
radius can be used to evaluate k.

At the early stage of the aggregation, the average of the
diffusion coefficient D measured by dynamic light scattering can
be expressed as:®

N I(q)Dy + N2L(q) D

b= Nili(q) + Na2ba(q)

(In

where D; and D, are the diffusion coefficients for single particle
and doublet, respectively.

According to the Stokes—Einstein equation, the hydrodynamic
radius of the particle ry, is related to the diffusion coefficient as:*'®

_ keT
~ 6mnD

I (12)
where kp is the Boltzmann constant, 7 is the temperature, and 7
is the viscosity coefficient.

Then, eqn (11) can be rewritten as:®

L:NIII(Q)/VM + NoLh(q) /12 (13)
ru(t) NI (q) + N2L(q)

where ry, ; and ry,, are the hydrodynamic radii for single particle
and doublet, respectively, and r(¢) is the average hydrodynamic
radius at time z.

Therefore,
ru(?) _ NI (q) + N2 L(q)
m(0)  Nidi(q) + Naba(q)(rn1/1h2)
=1 17"1—-‘> L) Ak 14
R
1 h,2

Here r,(0) = 1, because only primary particles exist at the
beginning of aggregation. Considering N> = 0 at r = 0 and eqn
(2), after differentiation of eqn (14) with respect to 7, one can get:®

[d(ra(2)/ra(0))/d1],
(1= rna/m2)[R(q) /21 (9)IN,

Similar to the static light scattering method, when RGD
approximation is applicable, eqn (15) becomes:

ky = [d(ru(#)/r4(0)) /dd],
(I = rny1/r2)[sin(2aq) /2aq + 1]N,

ki = (15)

(16)

The hydrodynamic factor (1 — ry, ;/r2) is also needed to get
the coagulation rate constant k; from eqn (16). Calculated from
the hydrodynamic forces of two spheres in a low Reynolds
number fluid,®**** the relationship of ry; and ry, is rpp =
1.38ry,.1, as is shown in ref. 8. If the two spheres are free to rotate,
then Ty = 1.35}"]1’1.8

2.3 Simultaneous static and dynamic light scattering (SSDLS)

It can be seen that both static and dynamic light scattering need
the evaluation of a quantity of 15(¢)/2I;(g), which can be done by
using RGD approximation, but that can be difficult for large-
sized particles when RGD approximation is not applicable. To
bypass this problem, Holthoff ez al.® suggested an approach in
which eqn (6) and (15) are combined so that I(q)/2I;(q) is
cancelled out. Therefore:

kyy = {[d(ra(0)/ra(0)/deJo/[1 — raa/ra 2] — [dM(g,0)/de]o/1(q,0)}/
N (17)

Now, eqn (17) is not restricted only to small particles, because
there is no need to calculate the quantity of I,(¢)/2I,(q) by
appealing to RGD or other approximations in the measurement
of the absolute coagulation rate.>>*®

2.4 Improved approaches to calculating the form factor

Since the RGD approximation is no longer applicable for large
particles, several different theoretical approaches have recently
been tried in order to ‘lift’ the restriction on particle size. These
theoretical methods include the discrete dipole approximation
(DDA),* modal analysis (MA)**3® and the T-matrix method.'-**
The capabilities of DDA and MA in dealing with large particles
were verified in CRC measurements by comparing the form
factors calculated using DDA and MA methods with those
resulting from the SSDLS method.**

The T-matrix method*** has great capabilities for accurately
computing electromagnetic scattering by single and compounded
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spherical particles, without limits of size or shape. Galletto ez al.”
have compared the experimental form factors with calculations
derived respectively by the T-matrix method and RDG approxi-
mation. Their measurements of form factors based on the SSDLS
method were performed on dilute aggregating aqueous suspensions
comprising asymmetric particle doublets composed of oppositely
charged polystyrene latex particles. They found that the RDG
approximation is reliable only up to particle diameters of about
250 nm, while the T-matrix method is very accurate for all types of
doublets which they investigated. Their results confirmed the suit-
ability of the T-matrix method for accurately estimating the optical
properties of colloidal particles in the micrometre range. As a highly
efficient and cost-effective approach, the T-matrix technique has
been used in determining absolute CRC by light scattering.'®?

3. Progress in turbidity method
3.1 Turbidity method

Turbidity is a measure of light loss of the transmitted beam
caused by the scattering effect of particles. (For simplicity sake,
zero absorbance is assumed here). Therefore, the information on
particle aggregation can be extracted from the change in
turbidity, which is associated with the change in characteristics of
the light scattered by particles due to the coagulation.

Turbidity measurement of the coagulation rate has been
extensively adopted®*® because of its simplicity and ease of
implementation.

If a monochromatic incident light beam of intensity I,
traverses a suspension of length (/) without any absorption, and
its transmitted intensity becomes Ii;.,s, then the suspension’s
turbidity (t) can be expressed as:'?

T= (1/1)1[1 (IO/IKrans) (18)

At the early stage of the aggregation, only single particles and
doublets exist, and the turbidity can be expressed as
t = NC; + N,C,, where C; and C, are the extinction (or
attenuation) cross sections for single particle and doublet,
respectively, and 7 is the turbidity.’** What we are concerned
with is the time-dependent change of the turbidity, because it is
this change which reflects how quickly particles of the system are
aggregating. The turbidity measurement becomes possible only
when the turbidity change of the system has some connection
with the aggregation process. If the suspensions are not stable,
then in the early stage of the aggregation only one process
basically exists: two primary particles are combined to form
a doublet. In this case, if 2C; # C,, there will be a corresponding
change in extinction sections for the suspension resulting in the
turbidity change of the system. The change rate of turbidity due
to the aggregation of single particles can be written as:'>33

%: Cl%+ Cz% (19)

Combining eqn (1), (2) and (19), the CRC can be connected
with the rate of turbidity change in the turbidity measurement by
the following equation:**

_ [d(e/70)/dd],
= [epc) - In 0

where 1q is the turbidity at the coagulation starting time ¢ = 0.
Assuming the denominator in eqn (20) can be taken to be
a constant, the coagulation rate will be proportional to the
quantity of R = [d(t/7¢)/dt]o, the relative rate of the turbidity
change, which is the slope of the (t/tg ~ ) curve at t = 0. Thus, |R|
is usually used to represent the relative coagulation rate. It has
been shown'? that even for the same dispersions, the slope of the
line of t versus t may be positive or negative, depending on the
wavelength A used. Fig. 2 gives two typical curves of /1 versus t
at two different wavelengths, for suspensions consisting of
polystyrene (PS) spheres with radius ¢ = 250 nm. According to
this type of plot, R can be evaluated by linear fitting techniques
for its linear portion near ¢ = 0.

The plot in Fig. 3 shows the dependence of R on A (as well as
the dimensionless size parameter oo = 2ma/A) for suspensions
consisting of PS particles (¢ = 250 nm).

Usually, the size parameter is used to define particle size as
measured by the operating wavelength. However, the charac-
teristics of light scattering vary with the relative refractive index
of the particle and the medium and, in general, the relative
refractive index changes with the operating wavelength.3¢-38
Therefore, the properties of turbidity depend on both particle
size and wavelength. Using the size parameter alone to describe
the properties of turbidity may cause error. This is the reason
why two parameters (particle size and wavelength) are needed,
instead of the size parameter alone.

From Fig. 3, we can see that R varies dramatically with A: not
only is its magnitude very different at different A, but its signs
may also change from negative, through zero, to positive. When
two primary particles are combined to form a doublet during the
coagulation, there will be a corresponding change in their
extinction sections. If (2C) < (Cy), (dt/d¢f) > 0 (namely R > 0); if
(2C)) < ((Gy), R < 0. That the case of R = 0 corresponds to the
extinction section of two singlets is, by coincidence, exactly equal
to that of one doublet (2C; = C,). If the measurement is per-
formed at the A with R = 0, then R will have no response to the
actual coagulation process (the “blind point” for measurement).
This means that in the zone of the A with R = 0, the change in the
turbidity during coagulation completely loses its sensitivity to the

o A =785nm
= A =250nm

0 20 40 60 80 100 120
Time (second)

Fig. 2 Plot of the turbidity t versus time ¢ for suspensions of particles
with radius ¢ = 250 nm at incident wavelengths.'?
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Fig. 3 The relative rate of the turbidity change at 1 — 0, R = (1/70)(d/
dr)g, versus wavelength A and the size parameter «.'?

change in particle number N of the suspensions. That is, there is
a zero-sensitivity zone (or the blind zone) for the turbidity
measurement around A = 320nm, where R, the magnitude of the
slope of t — ¢ curve at r = 0, is too small to distinguish (the signal
is covered by noise).’? Thus, to enhance the signal-to-noise ratio
and reduce the uncertainties of the measurement, one should
perform the turbidity measurement at a proper incident light
wavelength A, where the magnitude of R is sufficiently large.'?
As discussed above, at the initial stage of coagulation, we have
k o R for turbidity measurement. If its coefficient of pro-
portionality has a constant value, R has a connection with the
stability ratio W, which is typically used to describe the degree of
stability of a colloidal system. The stability ratio W is commonly
estimated by the ratio of the diffusion-controlled rapid coagu-
lation rate (krapia) to the coagulation rate (k) of the system in

consideration:?%3%#

W= krapid/k = Rrapid/R (21)

The reciprocal of the stability ratio 1/W is the so-called
“sticking probability” or “collision efficiency”. We can see that to
obtain ¥, one needs not only a measurement of R for the sample
itself, but also must prepare an additional sample to acquire
R .pia- For an unknown suspension, this is not always easy to do.
On the other hand, the absolute rates do not need two
measurements, and therefore are more desirable if they can be
derived accurately from the turbidity measurement.

To determine the absolute coagulation rate constant (CRC)
from turbidity measurements, one of the most difficult
problems is how to achieve the dimensionless parameter
F =[(Cy/2Cy) — 1], which is referred to as the optical factor, in
the denominator of eqn (20). R can be obtained from the
turbidity measurement, but the optical factor has to be quanti-
tatively calculated by means of light scattering theory.

The calculation of the optical factor is involved in the evalu-
ation of extinction cross sections for single particle and doublet.

The Mie theory is valid for calculating the cross sections of
spheres without size limit.**** It therefore has no difficulty

accurately calculating C;. The Mie theory, however, cannot
evaluate C, correctly, because it is associated with the extinc-
tion cross section (or scattering cross section, for a non-
absorbing particle) of a doublet composed of two spheres. One
way to deal with this problem is to adopt the coalescing
assumption for a doublet, in which the aggregated doublet is
considered to coalesce into a spherical particle with the same
volume of the two separated particles. Apparently, the coales-
cence does not actually take place (probably, liquid droplet is
the only exception), so the error associated with this coales-
cence assumption is unavoidable in the calculation of the
optical factor. We will refer to this approximation method as
Mie(coalescence), below.

Similarly to as discussed in Section 2.1, the RGD approxi-
mation can also be used to evaluate the extinction cross sections
of a single particle and real doublet for small particles in the
turbidity measurement. The calculation of the optical factor with
RGD approximation will be referred to as RGD(real).

The RGD method can also be used to calculate the optical
factor with the coalescence assumption, and this variation of the
RGD method will be referred to as RGD(coalescence). Using the
results of Mie(coalescence) and RGD(coalescence), Lichtenbelt
et al.*® have tried to improve the calculation of the optical factor
by correcting the RGD(real) results. The corrected optical factor
is calculated using the formula:*s

G G'(Mie)G,(RGD)
2C,  2C(Mie)G,'(RGD)

where Cy’ (Mie), C»,(RGD) and C,’ (RGD) are calculated from
Mie(coalescence), RGD(real) and RGD(coalescence), respec-
tively. Cy(Mie) is calculated from Mie theory. We will refer to
this method as RGD(corrected).

Thus, the measurement of CRC by using the turbidity
measurement with the extinction cross section of doublets,
calculated based on the above theories, can yield a reasonable
approximation only for small particles.

It has been pointed out'? that there are some inherent prob-
lems when small particle suspension is used in the turbidity
measurement. For small particles, a high-number concentration
of particles is usually required in order to enhance the signal-to-
noise ratio in the measurement. This is because scattering
intensity decreases towards smaller particles with the sixth power
of radius, and suspensions of small particles have very low
turbidity. In this case, a dispersion of smaller particles at low-
number concentration become an almost transparent medium,
and therefore the change in its turbidity becomes very difficult to
detect accurately. The turbidity of smaller particles can be
enhanced by increasing the number-concentration of particles.
However, a high-number concentration of particles will make the
coagulation occur too quickly, thus causing the linear portion of
the turbidity-time curve to become very short before it curves. In
this case, the measurement usually needs to be done within just
several seconds.? This causes large errors, associated with the
data fluctuations and the insufficient data collection time. In
contrast to small particles, when large particles with a low-
number concentration are used, the linear portion of the curve of
/19 — t can be quite long, as shown for particles of « = 250 nm in
Fig. 1, thus allowing the measurement of R to be more accurate.

—1 (22)
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To solve the problem with a quickly-curved line of (t/zg ~ ¢)
when a high number-concentration of particles is used, Puertas
et al.*® applied the RGD approximation to calculating the total
light scattering cross section of the aggregate, taking into account
the contributions from pairs of particles with zero, one, and two
particles between them, and developed a technique for getting the
CRC from the turbidity measurement by fitting the curve of
turbidity change for a longer time.

An additional disadvantage of using small particles is that, if
the methodology is only for small particles and small «, one will
greatly restrict the range of A which can be selected. As
mentioned above, R varies with A, so to reduce experimental
errors one should choose a A at which R is large.*?

Using the T-matrix technique, the extinction cross sections of
single particles and doublets, and thus the optical factor F, can be
calculated without additional assumptions. In the T-matrix
method, both incident and scattered electric fields are expanded
in a series of vector spherical wave functions as follows:*!

Eim(r) = Z Z [amnRngn (kr) + bmnRgNmn (k}")] (23)

n=1 m=-n

oo n

= Z Z [P M (k1) + @i N (K1) (24

n=1 m=-—n

EJ’C(I ( r )

where k = 27t/A. Due to the linearity of Maxwell’s equations, the
scattered field coefficients p = [p,..,¢.] are related to the incident
field coefficients a = [a,,,,,b,,,,] by means of the so-called trans-
mission matrix (or T matrix):

oo n/
11 12
Prn = E E [Tmnm’n/am’"/ + T‘mnm’n’b’"/",} (25)

n'=1 m'=—n’

< n/
21 22
G = E E I:Tmnm’n/am’"’ + T‘mnm’n’bm’”’} (26)

n'=1 m'=—n’'

In compact matrix notation, eqn (25) and (26) can be rewritten

as:

pl _Ja] [T! T?][a
which means that the column vector of the expansion coefficients
of the scattered field is obtained by multiplying the T matrix and
the column vector of the expansion coefficients of the incident

field. After the computation of the T matrix for single particles
and doublets, their extinction cross sections can be calculated by:

<Cexl> = - %Re Z Z [Tr:'zizmn + T‘fjimn] (28)

o«
n=1 m=—n

Then, one can get the optical factor F from the calculated
results of C, and C by eqn (28). More comprehensive discussion
of the technical details and data calculations of the optical factor
for different particle sizes and wavelengths is presented in ref. 46.
The T-matrix method has been successfully applied to calculating
the extinction cross section of a real doublet for homo-
coagulation,'>*¢ as well as heterocoagulation.*’” More recently,
this approach has been extended to the measurement of turbulent
coagulation.*®

To assess the quality of various theoretical treatments (calcu-
lation of the optical factor F) dealing with the turbidity
measurement for determining the rate constants, a useful crite-
rion was proposed.'? This criterion is based on a reasonable
prediction that optical factor F should ensure that eqn (20) yields
an identical CRC, no matter what wavelength is used in the
turbidity measurement.

Comparisons for the absolute CRCs determined by eqn (20),
with the optical factor derived from the T-matrix method and
other theoretical approaches, are presented in Fig. 4, 5 and 6.'*
All points of the rate constants in each figure are based on the
same original experimental data — namely, the slopes of the linear
portion of the (t/ty ~ f) curves at different incident light wave-
lengths. In all of these Figures, two different scales are used for
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each abscissa, and are marked by both the wavelength A and the
size parameter «. The particle sizes of « = 170 nm, 250 nm and
500 nm are used, respectively, in Fig. 4, Fig. 5 and Fig. 6.> These
plots show that except for the T-matrix method, none of the
previous theories can give an unaltered quantity for the whole
range of the wavelength A, or the size parameter «, used in the
experiments. There are some theories which, in many cases, even
yield negative values for the rate constants; these values are
apparently meaningless.

Fig. 4 (Suspensions of particles with radii « = 170 nm) shows
that the data from the RGD(real) and T-matrix are actually
overlapping when « =< 2, meaning that, for small particles and
small «, the T-matrix treatment coincides with RGD(real)
method. This fact indirectly proves that use of the T-matrix
solution is correct, because it is known that the RGD(real) is
a good approximation when treating doublets for small « and
small particles. In addition, for these-sized particles, all the data
of the rate constants from the four previous theories are basically
within the same order of magnitude when « < 3, although still
showing significant deviations from a constant value.

Fig. 5 (Suspensions for particles of ¢ = 250 nm) shows that
among the four previously discussed theories, the RGD(cor-
rected) has the best performance and the RGD(real) comes in
second, when o < 4. There is no data available in the zone
(4 < a < 6) because of the zero sensitivity zone, as previously
mentioned. When « > 6, RGD(coalescence) and RGD(real) yield
negative values for the rate constants, making those results
meaningless.

Fig. 6 (Suspensions for particles of « = 500 nm) shows that all
previous theories failed to give reasonable data for the rate
constant for such-sized suspensions when « > 6. Therefore, the
T-matrix solution is the only surviving method with an excellent
performance throughout the whole o range.

3.2 Other related work

3.2.1 A simple scheme for obtaining the turbidity change rate
vs. wavelength. As discussed above, the knowledge of turbidity

—[]

I [l 11.
=

Fig. 7 Experimental setup: 1 = illumination light; 2 = sample cell; 3 =
sample stage; 4 = 3D motion; 5 = Objective; 6 = light source of optical
tweezers; 7 = electronic shutter; 8 = dichromatic mirror; 9 = CCD
camera; 10 = video recorder; 11 = computer.*

derivatives with respect to time (dt/d¢) over a range of operating
wavelengths is very helpful for more accurately and effectively
evaluating the coagulation rate by using turbidity measurement.
A rough-and-ready curve of (dz/d¢) vs. A, like Fig. 3, can help one
to easily select an appropriate wavelength for performing the
turbidity measurement, not only apart from the blind point, but
with enough sensitivity to the coagulation. A simple scheme for
producing such a curve by means of the spectrophotometer has
been proposed.*’

A brief summary of this scheme*” is that two turbidity scans
over a range of the wavelength are performed during a short
time-interval by means of the spectrophotometer, and then the
time-differences of turbidity (At/A¢) are obtained as approxi-
mations to their time-derivatives (dt/dr).

3.2.2 Heterocoagulation rate constant of dispersions contain-
ing particles of different sizes. Heterocoagulation exhibits more
complicated behavior than homocoagulation, and is therefore
more difficult to study through modeling. Therefore, as a rela-
tively simple example, heterocoagulation of two differently-sized
colloidal particles has received significant attention.®'**® The
main points for the turbidity measurement of the mono-
coagulation rate summarized above are also applicable to the
case of heterocoagulation.

Compared with homocoagulation, two points should be
addressed for studying heterocoagulation by turbidity measure-
ment:*” (A) For heterocoagulation, the blind point shifts with the
component fraction, while for homocoagulation the blind point
is fixed. (B) Since turbidity increases radically with particle size,
larger particles may significantly dominate the turbidity behavior
of the binary dispersion, resulting in large measurement error.
This tendency becomes stronger when constituent particles of the
dispersion are smaller. Properly increasing the component frac-
tion of small particles is helpful for diminishing this problem.

3.2.3 Uncertainties caused by the forward scattering in
turbidity measurement of the coagulation rate. As discussed
above, if possible, it would be preferable to reduce the error in
turbidity measurement by choosing larger particles.’> However,
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this does not necessarily mean ‘the larger the better’ for particle
sizes used in turbidity measurement. This is because the forward
scattering light (FSL) received by the detector can cause uncer-
tainties in turbidity measurement of coagulation rate of
a colloidal dispersion, and this effect becomes more significant
for large particles. In general, acceptance angles for actual
turbidity measurement instruments or commercial spectropho-
tometers are in the range of a few degrees.”® In this case,
a portion of FSL may fall with the transmitted light onto the light
detector, thus causing an error in the turbidity measurements.>*
When worrying about FSL effects for larger particles, one may
lack confidence in results when using large particles in the
turbidity measurements, unless one possesses the necessary
knowledge of how to reduce and control for the FSL effect.

A direct way to reduce the error caused by FSL is by making
the acceptance angle as small as possible in the experimental
setup for the turbidity measurement. Special efforts have been
made®? toward this goal; for best results, the acceptance angle
can be reduced to close to 0.

On the other hand, carefully selecting particle size and
measuring wavelength can also significantly reduce the error
caused by FSL. The theoretical formulation and relevant
numerical implementation for predicting the contribution of FSL
under various parametric conditions in the turbidity measure-
ment have been presented.>! This investigation provides a useful
guideline for properly choosing particle size, and measuring
wavelength (to minimize the effect of FSL). It also provides
a formula for correcting errors caused by the effect of FSL when
geometrical parameters related to the detector, such as the
acceptance angle, are available. As an example, for an acceptance
angle of 3°, in order to ensure that the relative error in
measurement caused by FSL is smaller than 5%, we need to select
a particle size and measuring wavelength to satisfy the condition:
a <4 or 8 <a < 11. For particles with diameters around 1.5 pm,
this condition means that the selectable wavelength A should be
in the range: 0.57 pm < A < 0.78 pm. More detailed information is
described in ref. 51.

3.2.4 Progress on determining refractive indices of medium
and dispersed particles. The refractive indices of materials are
very fundamental parameters for light scattering measurement,
including for turbidity. To accurately calculate the extinction
cross sections or optical factor, the refractive indices n, and n; of
the particle and the medium have to be predetermined with
sufficient accuracy. As previously indicated, selecting proper
operating wavelengths to perform the rate-constant measure-
ments is very important. In general, the refractive indices n, and
ny vary with the operating wavelength.’¢3® Recent studies'**¢
have shown that even a tiny error in the refractive indices may
result in significant errors in calculations of the optical factor in
the turbidity measurement; this may lead to large errors in
measuring CRC. Therefore, how one determines the values of 1,
and n; at desirable wavelengths poses a challenging problem.

For some commonly used materials in colloids, such as poly-
styrene and water, the refractive indices are available at some
discrete wavelengths.3¢® When the experiment is performed at
the wavelengths where the values of n, and n; are unknown, one
has to resort to some empirical formulas or fitting formulas.3¢-3746
Data obtained via such methods for n, and n; may have

significant uncertainty, particularly if the fitting data points are
sparse or far away from the operating wavelength. Furthermore,
the introduction of ions or polymers into the medium may
change the refractive index of the medium, such that the data for
the pure medium may not suit the environment in the actual
experiment.

A new method for measuring refractive indices in situ at the
desired wavelength A has been developed.5® In this method, the
refractive indices of both the dispersed particles and the medium
can be inversely deduced, based on Mie theory, from the
extinction cross sections of monodispersed particles via the
turbidity measurement.

3.2.5 Influence of multiple scattering effect in light-scattering-
based applications. Many applications of the light scattering
techniques are based on the single-scattering approximation, in
which the light scattering properties of single particles are
expected to represent the behavior of the entire ensemble.
Therefore, the volume fraction should be carefully selected to
ensure that the multiple scattering effect becomes negligible in
light-scattering experiments.

The multiple scattering effects in light scattering experiments
were investigated using T-matrix method,** and thus the
allowed volume fractions for given accuracy requirements of
single-scattering approximation can be determined.

4 Additional comments

In the last section, we summarize some major results from recent
research on turbidity measurement. Most of these results are also
instructive for other light scattering methods discussed in Section
2, because of their similarity. Compared with regular forms used
in static and dynamic light scattering, the expressions for the
CRC (ky,), such as eqn (6) and (15), have been adjusted in
Section 2 to make them more comparable with that for turbidity
in Section 3.

In turbidity methods, we have k o« [d(t/tp)/df]y. Similarly, in
static and dynamic light scattering, we have k o [dI(q,t)/df]o/]
(¢,0) and k o« [d(ry(2)/rn(0))/df]y, respectively, according to eqn
(6) and eqn (15). By estimating the rate at which I(g) or ry, change
with time in static or dynamic light scattering at the very
beginning of the coagulation, the relative coagulation rate can
also be obtained. The stability ratio 7 then becomes available
from eqn (21).

As mentioned before, the measurement sensitivity of the
turbidity method depends on the operating wavelength (when the
particle size is fixed), and its zero sensitivity is corresponding to
the blind point where C, = 2C;. For the same reason, in static
light scattering, the measurement sensitivity should depend on
scattering vector ¢ or the scattering angle (for fixed wavelength),
and it is expected that there would also be a blind point (zero
sensitivity) at a special scattering angle where I,(¢) = 2I,(g). The
scattering angle should be appropriately selected to ensure that
the light-scattering-change rate is sufficiently sensitive to the
coagulation process.

It is probably worth emphasizing here that all the methods for
determining the absolute CRCs discussed above are valid only
for suspensions of spherical particles. This is because the value of
C, (for turbidity methods) or I,(¢g) (for scattering methods) can
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be mathematically calculated from theories only for spherical
particles. Although we do not need the value of I(g) for simul-
taneous static and dynamic light scattering, the hydrodynamic
factor (1 — ru1/rp2) in eqn (17) can still only be achieved for
spherical particles.

5 A microscopic approach to evaluate the colloidal
stability

The methods of determining coagulation rates, such as light
scattering and turbidity, are based on information on the long-
term, accumulated effects of the motions and interactions of
huge numbers of particles during coagulation; thus, they can be
called “macroscopic approaches”.** In contrast, the “micro-
scopic approach” is meant to assess the colloidal stability at
individual particle levels, by means of directly observing artifi-
cially induced collision.

The stability ratio W of eqn (21) is physically equal to: the ratio
of total number of particle collisions (#) to number of collisions
leading to permanent doublets (n.):**

W = nin,. (29)

As previously mentioned, the reciprocal of W is the “sticking
probability”, p = nJ/n.>>® For slow coagulation or reaction-
limited cluster aggregation (RLCA), the energy barrier prevents
every encounter from becoming effective aggregation. Only
a fraction of collisions, 1/W, is successful. The difficulty of using
eqn (29) is that Brownian motions make particle collisions take
place at unpredictable locations; therefore, one has no way to
observe particle collisions and their outcomes in order to get
a true n.. To solve this problem, optical tweezers (or optical
traps)®**® have been used* to catch two particles, and bring them
together for a collision in an area observable by a microscope (see
Fig. 7). By observing this “artificially induced collision,” it is
possible to check what occurs when they are released from the
trap: namely, whether they stick together or continue to separate
after their collisions. After sampling n pairs of particles for such
artificial collisions, a “sticking probability” can be estimated by
the ratio of the number of sticking pairs 7. to non-sticking pairs
n.

When two particles are caught in the optical trap at time ¢ =
0 and released at the time ¢ = tq,,, the total (or accumulated)
sticking probability P(z4,,) for the particle pair to stick together
can be deduced to have the following expression*?:

P=1-¢e?, (30)

where p is the sticking probability after a single collision of
a particle pair in the optical trap, and f'is the collision frequency
in the trap.

Fig. 8 shows a typical curve of the sticking probability P vs. ¢,
obtained from experiment.*> This curve, showing exponential
growth of P with tg4,,, is basically consistent with prediction of
eqn (30). The major difference is that there is a great jump at the
beginning of the induced collision, instead of starting from zero
at t = 0, as indicated by eqn (30).

A possible explanation for this difference is that, at the
beginning of trapping, the trapping speed brings the particle pair
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Fig. 8 The dependency of the total sticking probability P on the trap-
ping duration #4,,.**

into the “compact status” with higher collision frequency, and
then quickly falls into the “relaxed status” with lower collision
frequency.®** This change in collision frequency causes an
abnormally increasing rate of total sticking probability P to
appear at the beginning, and then diminishes to a smaller, nor-
mally-increasing rate corresponding to the relaxed status. The
approaches for achieving the sticking probability f (or the
stability ratio W) from the experiments of artificially induced
collisions have been proposed, and their results for the stability
ratios W are consistent with those from turbidity
measurements.*>63

One of the superior features of the microscopic approach as
compared to the turbidity method is that the former needs only
to perform measurements on the suspension sample itself; the
latter needs not only the sample itself for k evaluation, but one
must also prepare an additional sample to acquire kpapig. For an
unknown suspension, this is not always easy to do. For instance,
the methods using eqn (21) cannot, in general, be applied to
sterically stabilized systems.** An additional advantage of this
procedure is that only a small amount of dispersion solution is
needed for sampling tests (about 0.1 mL). The disadvantage of
this approach is that its procedure is quite time-consuming.

The reason for existence of two statuses of the artificially
induced collisions — “compact” and “relaxed” —in an optical trap
is explained by a Brownian dynamics simulation on the collision-
sticking dynamics of two colloidal particles in an optical trap.**
In this simulation, various contributing factors - including the
DLVO (Derjaguin-Landau—Verwey—Oberbeek) interaction of
particles, hydrodynamic interactions, optical trapping forces on
the two particles, and the Brownian motion - were all taken into
account. The simulation results have reproduced the relevant
features of the In(1 — P) ~ tq,, curve found in the experiments.

6 Summary

This review summarizes recent advances in coagulation rate
measurements of colloidal dispersions, with emphasis on
turbidity method.

For the light-scattering methods, the primary research efforts
have revolved around solving the problem of the form factor.
Several theoretical methods including DDA, MA and the
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T-matrix method have been applied to calculating the form
factor, while the approach of SSDLS artfully bypassed the
calculation of this quantity. Apparently, the T-matrix method is
more promising.

The recent studies on the turbidity measurement contribute to
deepening an understanding of the mechanisms: how major
factors influence measurement sensitivity and accuracy. Theo-
retical analysis and experiments clearly confirmed that the
measuring sensitivity significantly depends on particle size and
the wavelength used. Particularly, there exists a “zero sensitivity”
blind point for measurement at a specific wavelength. Therefore,
measurement is suggested to be performed at a wavelength away
from the blind point, with sufficient sensitivity to detect the
coagulation rate. For evaluation of the extinction cross section of
the doublet, the T-matrix method provides an accurate and
robust solution, and therefore removes the restriction on particle
size and increases measurement accuracy. The studies also
advocate that to achieve a more accurate absolute CRC by
enhancing the signal-to-noise ratio and reducing the uncer-
tainties of the measurement, a moderate turbidity would be
appropriate for the turbidity measurement; this condition can be
easily satisfied by using larger particles.

Heterocoagulation exhibits more complicated behavior
because the blind point shifts with the component fraction, and
larger particles may significantly dominate the turbidity behavior
of the binary dispersion, resulting in large measurement error.

The turbidity derivative with respect to time (dt/df) corre-
sponds to the measurement sensitivity of the coagulation rate,
and a high sensitivity is desirable for more accurate measure-
ment. The proposed scheme to produce a rough-and-ready curve
of (dt/dr) vs. Ais helpful for selecting an appropriate wavelength
for the turbidity measurement.

The errors caused by FSL in turbidity measurements of coag-
ulation rate become more significant for larger particles. The
investigation on the effect of FSL provides a useful guideline for
properly choosing particle size and measuring wavelength, as well
as a formula for correcting errors caused by the effect of FSL.

The refractive indices are important data for the light scat-
tering measurement. The inverse method presents a new
approach to determine refractive indices at the desired wave-
length A through the turbidity measurement.

The similarity and comparison between the turbidity method
and other light scattering methods is particularly emphasized in
this article. In this way, two types of approaches can exchange
and share each other’s achievements in their research. For
instance, the concept of a blind point shown in the turbidity
measurement is also expected in the light scattering method,
although it has not yet been previously reported in the literature.

In contrast with traditional measurement methods, in the last
section, the “microscopic approach” to assess the colloidal
stability is introduced. This approach checks the outcomes from
artificially induced collisions at individual particle levels, by
means of directly observing artificially induced collisions with the
aid of optical tweezers.
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