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Absolute coagulation rate constants were determined by independently, instead of simultaneously,
using static and dynamic light scattering with the requested optical factors calculated by T-matrix
method. The aggregating suspensions of latex particles with diameters of 500, 700, and 900 nm, that
are all beyond validity limit of the traditional Rayleigh-Debye-Gans approximation, were adopted.
The results from independent static and dynamic light scattering measurements were compared
with those by simultaneously using static and dynamic light scattering; and three of them show
good consistency. We found, theoretically and experimentally, that for independent static light
scattering measurements there are blind scattering angles at that the scattering measurements be-
come impossible and the number of blind angles increases rapidly with particle size. For inde-
pendent dynamic light scattering measurements, however, there is no such a blind angle at all. A
possible explanation of the observed phenomena is also presented. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4893876]

I. INTRODUCTION

Absolute coagulation rate constant (ACRC) is an im-
portant parameter for characterizing the stability and co-
agulation kinetics, which are two of the central problems
in colloid science.1, 2 The relevant knowledge is also of
great significance to several natural processes and techno-
logical applications,3–8 such as pharmaceutical formulation,
water and wastewater treatment, and material industries.
Academically, ACRC plays an important role in under-
standing the mechanisms of colloidal stability and investi-
gating fundamental inter-particle forces and hydrodynamic
interactions.9, 10 It is also linked with the properties of col-
loidal suspensions.2

The coagulation rate has been studied both theoretically
and experimentally for a long time. According to Smolu-
chowski theory ACRC for a rapid coagulation process is
8kBT/3η, where kB is the Boltzmann constant, T is the tem-
perature, and η is the viscosity.11 However, the measured
values of ACRC for rapid coagulation are generally much
smaller than Smoluchowski’s theoretical ones primarily be-
cause of the existence of the hydrodynamic interactions in
practice.12, 13 And the ratio between the measured ACRC
and the theoretical ones can be rather different for different
systems. Moreover, for slow coagulation process the ACRC
varies significantly depending on the nature of the dispersed
phase and the dispersion medium. Therefore, it is a necessary
and important step to measure the value of ACRC with certain

a)Authors to whom correspondence should be addressed. Electronic
addresses: xush@imech.ac.cn and sunzw@imech.ac.cn. Tel.: +86
1082544099. Fax: +86 10 82544096.

accuracy in many cases. Accordingly, many efforts have been
made to improve the measurement techniques of the coagula-
tion rate.

In practice, the most commonly used approaches for
determining coagulation rate are derived from the optical
property changes of the dispersions during the coagulation
process.14–18 Specifically, turbidity measurement, static light
scattering (SLS) and dynamic light scattering (DLS) are the
most widely adopted methods. The major difficulty in deter-
mining coagulation rate by light scattering is how to theoreti-
cally calculate the so-called optical factor I2(q)/2I1(q), where
I1(q) and I2(q) (q is the scattering vector, see below for the
definition) are the scattered intensity of a singlet and a dou-
blet, respectively.

In the past, to evaluate the optical factor some approxima-
tions are available, such as commonly used Rayleigh-Debye-
Gans (RDG) approximation,19, 20 that is applicable only to
small particles under the condition of α|m − 1| � 1, where
m is the relative refractive index of particles to medium and
α = 2πa/λ is the size parameter (a is the particle radius and
λ is the operating light wavelength).21, 22

There have been some special efforts made in dealing
with the optical factor of large particles, including the dis-
crete dipole approximation (DDA)23 modal analysis (MA).24

Particularly, to bypass the difficulty in calculating the optical
factor, the simultaneous static and dynamic light scattering
(SSDLS) method was proposed and has successfully demon-
strated its capability of determining the coagulation rates for
large particles.16

On the other hand, the T-matrix method has great abil-
ity for accurately computing electromagnetic scattering by

0021-9606/2014/141(9)/094302/9/$30.00 © 2014 AIP Publishing LLC141, 094302-1
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single and compounded spherical particles, without limits of
size or shape.25–27 The suitability of the T-matrix method was
confirmed by comparing the experimentally obtained opti-
cal factors with that derived by the T-matrix method.21 In
turbidity measurement, we have effectively used T-matrix
method in evaluating the extinction cross section of dou-
blets to determine the coagulation rates of large sized particle
dispersions.14, 15 It is supposed that if the T-matrix method is
employed to achieve I2(q)/2I1(q), either SLS or DLS method
should be able to be used alone in determining the coagulation
rates, instead of combining both of them.

Furthermore, turbidity measurement relies on the turbid-
ity change of the dispersions caused by the aggregation of
the dispersed particles. As previously shown, however, the de-
gree of this change varies significantly with particle size and
the operating wavelength. Particularly, at a certain wavelength
(the so-called blind point), the change in turbidity completely
loses its sensitivity to the coagulation process, which makes
the measurement impossible. To acquire reliable coagulation
rates, turbidity measurements should be performed at a wave-
length some distance from the blind point.14, 28

Considering the formula for evaluating coagulation rates
by SLS and turbidity measurement are quite similar.28 The
only difference between them is that the variable in SLS for-
mula is the scattering angle with the operating wavelength
fixed while the variable in the turbidity formula is the wave-
length with the angle fixed. So, it is expectable that there
should also exist blind point of scattering angle in SLS
method although no experimental verification has been ob-
served yet.

In this study, we demonstrate that either SLS or DLS can
independently determine coagulation rates for large sized par-
ticle dispersions with the aid of T-matrix in calculating the
optical factor. From the results of different sized particles, we
show, theoretically and experimentally, that the blind points of
scattering angle exist for SLS measurements and the number
of blind points increases rapidly with particle size. However,
there is no blind point for DLS and SSDLS. We also provide
an explanation for our findings. The results should provide
useful clues for properly choosing methods and measurement
parameters to improve the accuracy of measuring coagulation
process in different cases.

II. BACKGROUND

A. Coagulation kinetics

The simplest coagulation kinetics for colloidal system is
to study the early stage coagulation process when the dis-
persion is induced by some externally controlled parameters,
such as the temperature or an electrolyte. At this stage, only
collisions of single particles which form doublets need to be
considered. Therefore, the change of particle number concen-
trations can be approximately expressed as14, 29(

dN1(t)

dt

)
t=0

= −k11N1(t)2, (1)

(
dN2(t)

dt

)
t=0

= 1

2
k11N1(t)2, (2)

where N1(t) and N2(t) are the number concentration of single
particles and doublets, t is time, and k11 is coagulation rate.

B. Light scattering theory

1. Static light scattering

In the early stages of aggregation, the intensity of light
scattered from a dilute suspension of coagulating monodis-
perse primary spheres is given by16, 30

I (q, t) = N1(t)I1(q) + N2(t)I2(q), (3)

where I1(q) and I2(q) are the scattered intensity of a singlet
and a doublet, respectively. The scattering vector, q, is given
by q = (4π /λ)sin (θ /2), where λ is the wavelength of the light
in the medium and θ is the scattering angle. Therefore,

dI (q, t)

dt
= dN1(t)

dt
I1(q) + dN2(t)

dt
I2(q). (4)

After inserting Eqs. (1) and (2), Eq. (4) becomes[
dI (q, t)

dt

]
t=0

= −k11N1(t)2I1(q) + 1

2
k11N1(t)2I2(q). (5)

As a consequence,

k11 = [dI (q, t)/dt]0/I (q, 0)

[I2(q)/2I1(q) − 1]N0

, (6)

where I(q, 0) is the total scattering intensity at t = 0, and
I(q, 0) = N0I1(q) because only single particle exists in the
system at this stage.

2. Dynamic light scattering

For DLS, one measures the average hydrodynamic radius
of the particles and then the change of radius is used to eval-
uate coagulation rate. At the early stage of the aggregation,
the averaged diffusion coefficient D measured by DLS can be
expressed as16

D = N1(t)I1(q)D1 + N2(t)I2(q)D2

N1(t)I1(q) + N2(t)I2(q)
, (7)

where D1 and D2 are the diffusion coefficients for single par-
ticle and doublet, respectively.

According to the Stokes–Einstein equation D = kBT/
6πη rh, where kB is the Boltzmann constant, T is the tempera-
ture, and η is the viscosity coefficient, Eq. (7) can be rewritten
as

rh(t) = N1(t)I1(q) + N2(t)I2(q)

N1(t)I1(q)/rh,1 + N2(t)I2(q)/rh,2

, (8)

where rh,1 and rh,2 are the hydrodynamic radii of the singlet
and doublet, respectively. At the beginning of aggregation,
rh,1 = rh(0). Therefore,

rh(t)

rh(0)
= rh(t)

rh,1

= N1(t)I1(q) + N2(t)I2(q)

N1(t)I1(q) + N2(t)I2(q)(rh,1/rh,2)
. (9)

Differentiating Eq. (9) with respect to t and inserting
Eq. (1), we can finally get the expression of k11 in DLS
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measurements

k11 = d[(rh(t)/dt)/rh(0)]0

(1 − rh,1/rh,2)[I2(q)/2I1(q)]N0

. (10)

The relationship of rh,1 and rh,2, rh,2
∼= 1.38rh,1, is calcu-

lated from the hydrodynamic forces of two spheres in a low
Reynolds number fluid. If the two spheres are free to rotate,
rh,2

∼= 1.35rh,1.16

3. Simultaneous static and dynamic light scattering

To get around directly calculating or measuring the opti-
cal factor I2(q)/2I1(q), Holthoff et al.16, 17 suggested that one
can combined Eq. (6) for SLS and Eq. (10) for DLS, and then
the coagulation rate can be written as

k11 = [d(rh(t)/dt)/rh(0)]0

(1 − rh,1/rh,2)N0

− [d(I (q, t)/dt)/I (q, 0)]0

N0

. (11)

C. T-matrix method

According to Eqs. (6) and (10), for measuring the k11 by
independent SLS or DLS method, one needs to evaluate the
values of I2(q) and I1(q). Unlike commonly used RDG ap-
proximations that have size limitations, the T-matrix method
can accurately compute electromagnetic scattering by single
and compounded spherical particles without size limits, and
even particles of other more complicated shapes. Therefore,
in this study we use the T-matrix method to calculate I2(q)
and I1(q).

In the T-matrix method, both incident and scattered elec-
tric fields are expanded in a series of vector spherical wave
functions as follows:19

Einc(r) =
∞∑

n=1

n∑
m=−n

[amnRgMmn(kr) + bmnRgNmn(kr)],

(12)

Esca(r) =
∞∑

n=1

n∑
m=−n

[pmnMmn(kr) + qmnNmn(kr)], (13)

where k = 2π /λ and λ is the wavelength. Due to the lin-
earity of Maxwell’s equations, the scattered field coefficients
p = [pmn, qmn] are related to the incident field coefficients
a = [amn, bmn] by means of the so-called transmission matrix
(or T-matrix)

pmn =
∞∑

n′=1

n′∑
m′=−n′

[
T 11

mnm′n′am′n′ + T 12
mnm′n′bm′n′

]
, (14)

qmn =
∞∑

n′=1

n′∑
m′=−n′

[
T 21

mnm′n′am′n′ + T 22
mnm′n′bm′n′

]
. (15)

In compact matrix notation, Eqs. (14) and (15) can be
rewritten as[

p

q

]
= T

[
a

b

]
=

[
T11 T12

T21 T22

] [
a

b

]
, (16)

which means that the column vector of the expansion coef-
ficients of the scattered field is obtained by multiplying the
T-matrix and the column vector of the expansion coefficients
of the incident field.

Consider now the computation of the T-matrix for a clus-
ter consisting of N spheres. The total scattered electric field
can be written as the sum of the fields scattered by all spheres,

Esca(r) =
N∑

j=1

Esca
j (r). (17)

And the total electric field exciting each particle can be
written as the sum of the external incident field E0

inc(r) and
the partial fields scattered by all other particles,

Einc
j (r) = Einc

0 (r) +
N∑

l=1
l �=j

Einc
l (r) j = 1, 2, . . . , N. (18)

The field scattered by the lth particle can also be ex-
panded in outgoing vector spherical wave functions entered
at the origin of the lth local coordinate system,

El
sca(r) =

∞∑
ν=1

ν∑
μ=−ν

[
pl

μνMμν(krl) + ql
μνNμν(krl)

]
. (19)

As shown in Ref. 19, the vector spherical wave func-
tions appearing here can be expanded in regular vector spher-
ical wave functions centered at the origin of the jth reference
frame,

Mμν(krl) =
∞∑

ν=1

ν∑
μ=−ν

[Amnμν(krlj )RgMmn(krj )

+Bmnμν(krlj )RgNmn(krj )], (20)

Nμν(krl) =
∞∑

ν=1

ν∑
μ=−ν

[Bmnμν(krlj )RgMmn(krj )

+Amnμν(krlj )RgNmn(krj )], (21)

where the vector rlj = rl − rj. The explicit expressions for
the translation coefficients Amnuv(krlj) and Bmnuv(krlj) can be
found in Ref. 19. Then the expression for pj and qj can be
derived in matrix notation,[

pj

qj

]
= Tj

⎛
⎝

[
aj0

bj0

]
+

∑
l �=j

[
A(krlj ) B(krlj )

B(krlj ) A(krlj )

] [
pl

ql

]⎞
⎠

= Tj

⎛
⎝aj0 +

∑
l �=j

Aj lpl

⎞
⎠ , (22)

where Tj represents the T-matrix for the particle j, when iso-
lated. Inversion of Eq. (22) gives sphere-centered transition
matrices that transform the expansion coefficients of the in-
cident field into expansion coefficients of the individual scat-
tered fields,[

pj

qj

]
=

N∑
l=1

Tj l

[
al0

bl0

]
j = 1, 2, . . . , N. (23)
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Finally, the scattered field expansions from the individual
spheres will be transformed into a single expansion based on a
single origin of the particle system. The incident and scattered
coefficients for the system will be derived as[

p

q

]
=

∑
j

[
pj

qj

]
=

∑
j,i

Bj Tji

[
ai

bi

]
=

∑
j,i

Bj TjiBi

[
a

b

]

= T

[
a

b

]
=

[
T11 T12

T21 T22

] [
a

b

]
, (24)

where the B matrices are similar to the A matrices of Eq. (22).
Now, the matrix T so defined in Eq. (24) is the one needed
for the calculations of light-scattering properties of the aggre-
gated particle system. For calculation of I2(q) and I1(q) in this
study, N will be chosen to be 2 and 1, respectively.

From the calculated T-matrix, the Stokes scattering ma-
trix which transforms the Stokes vector of incident light to
that of scattering light, can be deduced accordingly. And the
scattered intensities I2(q) and I1(q) can be directly obtained
from the Stokes vector of the scattering light for doublet and
singlet. More details can be found in Refs. 19, 25–27, and 31.

III. EXPERIMENTAL

Since practice has shown that the SSDLS approach is fea-
sible, we take the coagulation rates achieved by SSDLS as ref-
erences to assess the results obtained by independently using
SLS and DLS with the requested optical properties calculated
by T-matrix method in different cases.

A. Materials

Three kinds of polystyrene (PS) latex particles (3000 se-
ries) purchased from Duke Scientific Corporation were used
in this study. The diameters are 500 nm (coefficient of varia-
tion 1.6%), 700 nm (coefficient of variation 1.2%) and 900 nm
(coefficient of variation 0.5%), and they were assigned as
PS500, PS700, and PS900, respectively. The densities for
these particles are 1.05 g/cm3 and their solid content concen-
trations are 1.0% according to the information provided by
the manufacturer.

B. Instrument

A Brookhaven light scattering device composed of a BI-
200SM goniometer, a BI-9000AT digital correlator, and a
photomultiplier detector were used in this study for static and
dynamic light scattering experiments. The light source is a
200 mW solid-state laser operating at a wavelength of 532 nm
(MGL-III-532, CNI). The measurement temperature was con-
trolled by a thermostatic circulator (LTD6G, Grant) with an
accuracy of ±0.05 ◦C.

C. Methods

Before the measurements were started, the containers for
the electrolyte and latex solutions as well as the sample cells
were cleaned with a chromium sulfuric acid solution and then

rinsed excessively with de-ionized water in order to elimi-
nate organic materials. The use of any detergent-based cell-
cleaning solution was avoided because the coagulation rate
is sensitive to the presence of trace amounts of surfactants.
The de-ionized water was obtained from an ultra-pure water
treatment apparatus (UPRLCDRO, RELATEC), and the re-
sistivity is larger than 16 M� cm. The samples were prepared
by diluting the stock suspensions with de-ionized water. The
initial particle number concentration was determined accord-
ing to the particle size and dry weight of the dispersions of a
certain amount of the sampling solution. The estimated error
associated with the number concentration is about 5%.

In a typical procedure of light scattering experiment,
8 ml sample solution in the cell was mixed with 8 ml of
1.5 M NaCl solution. The salt concentration in the mixture is
0.75 M, and it is sufficiently higher than the required criti-
cal coagulation concentration to induce fast aggregation. Af-
ter the cell was gently shaken, the coagulation process was
monitored by time-resolved light scattering.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. SLS measurements

Using Eq. (6) to get the coagulation rate by SLS method,
one needs to calculate I2(q)/2I1(q) − 1 from the measurement
of scattering light change during aggregation. In this study,
I2(q)/2I1(q) − 1 at different scattering angles were calculated
by using T-matrix method.

As mentioned above, for turbidity measurement there
may be blind point for the operating wavelength at which the
turbidity will not change during aggregation, because the ex-
tinction cross section of two singlets is just equal to that of one
doublet.14 Since the formula for evaluating coagulation rates
in SLS measurement have quite similar formation as that used
in turbidity measurement, we believed that the blind points
would also exist in SLS method. These blind points will be
the angles (blind angles), instead of the wavelength for the
turbidity measurement, that make I2(q)/2I1(q) − 1 equal to
zero so that dI(q, t)/dt will also be zero correspondingly.

The calculated I2(q)/2I1(q) − 1 of PS500 using T-matrix
method was shown in Fig. 1(a). There are five angles where
I2(q)/2I1(q) − 1 equals to zero. As typical examples, we in-
vestigated the change tendency of scattering light dI(q, t)/dt
at three of them, 46◦, 75◦, and 104◦. The results show that the
intensity of the scattering light is basically unchanged during
the coagulation process at all the three angles (see Fig. 2),
which is consistent with the theoretical calculation and ver-
ifies that they are the blind angles that both I2(q)/2I1(q) − 1
and dI(q, t)/dt are close to zero. However, for angle 90◦, which
approximately located at the middle of two adjacent blind an-
gles 75◦ and 104◦, the change tendency of scattering light is
observable. In addition, the negative slope of dI(q, t)/dt is also
in accordance with the sign of the calculated I2(q)/2I1(q) − 1
at 90◦. Similar to the turbidity measurements, we should also
avoid performing SLS measurements near the blind angles, to
enhance the signal-to-noise ratio and reduce the uncertainties
in the measurements.
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FIG. 1. (a) The calculated optical factor of particles with 500 nm diameter through T-matrix method. (b) Comparisons between the results of independent SLS
and SSDSL for PS500 dispersions with N1 = 5 × 1013 m−3. Inset: Enlarged picture showing the results of SLS and SSDLS obtained at 85◦ and 90◦.

In order to further examine the influence of these blind
angles, we measured coagulation rates at these three blind
angles (46◦, 75◦, 104◦) and their adjacent regions (47◦, 74◦,
105◦), and compared the results with two other angles (85◦,
90◦) located away from these blind angles (see Fig. 1(b)).
And all the obtained results were compared correspondingly

with the values obtained from SSDLS method, which has
been proved to be able to get the reasonable coagulation
rates. Some preliminary conclusions can be drawn. First, at
the blind angles and in their adjacent regions, the coagulation
rates obtained from SLS and SSDLS fluctuated drastically
and most of the SLS values are even meaninglessly negative.

FIG. 2. The change tendency of scattering light intensity measured at three blind angles, (a) 46◦, (b) 75◦, (c) 104◦ and one non-blind angle, (d) 90◦, in the
coagulation process of PS500 dispersions.
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FIG. 3. (a) The calculated optical factor of particles with 700 nm diameter through T-matrix method. (b) Comparisons between the results of independent SLS
and SSDSL for PS700 dispersions with N1 = 5 × 1013 m−3.

This is because the absolute value of dI/dt is too low to be
correctly measured in this low signal-noise ratio region. And
even a small measurement error caused by large noise might
result in a reverse sign of dI/dt comparing with its real value.
Second, at the two angles 85◦ and 90◦, that are a distance
away from the blind angles (at least 10◦ difference), coagula-
tion rates obtained from SLS and SSDLS are pretty close (see
Fig. 1(b) and the inset). Quantitatively, at 85◦, the coagula-
tion rates are 6.4 × 10−18 m3 s−1 (SLS) and 6.7 × 10−18 m3

s−1 (SSDLS). And at 90◦, the values are 6.7 × 10−18 m3 s−1

(SLS) and 6.4 × 10−18 m3 s−1 (SSDLS), respectively. There-
fore, the results show that the SLS method can independently
measure the coagulation rates with the aid of T-matrix calcu-
lation for the required optical factor, but, the angles near the
blind angles should be avoided.

The situation for PS700 is basically similar to that for
PS500 described above. The differences between coagula-
tion rates of SLS and SSDLS measured at three blind angles
(68◦, 87◦, 110◦) and their adjacent regions (70◦, 89◦, 108◦)
are huge. On the other hand, such differences measured at
100◦, which is respectively 13◦ and 10◦ away from the two

adjacent blind angles 87◦ and 110◦, are less than 12% of the
average value of SSDLS (see Fig. 3(b)). However, for PS900,
since there are more blind angles appeared it is hardly pos-
sible to find any angle to have no blind angle nearby. So all
the results of SLS deviate from the value of SSDLS are un-
acceptably large no matter at which angle the measurement
was performed (see Fig. 4(b), please note the scale of y axis).
Even at 102◦, an angle located at the middle of two blind an-
gles (90◦ and 111◦), the deviation of SLS’s data from that of
SSDLS is still more than two times larger than the average
value of SSDLS.

Although there are blind angles for all the samples of
three different sized particles, the occurrence frequency of
blind angles is different. For PS500, there are five blind an-
gles (see Fig. 1(a)). But with the increase of particle diameter,
the number of blind angles increases, which is eight for PS700
(see Fig. 3(a)) and ten for PS900 (see Fig. 4(a)), respectively.
Apparently, as shown above, with the increasing number of
blind angles, actually, there is simply no way to find an angle
which is at least 10◦ away from the blind angles. This is why
we can get reasonable coagulate rates by independently using

FIG. 4. (a) The calculated optical factor of particles with 900 nm diameter through T-matrix method. (b) Comparisons between the results of independent SLS
and SSDSL for PS900 dispersions with N1 = 2 × 1013 m−3.
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FIG. 5. The measured K11 obtained from independent DLS and SSDLS measurements. The concentration of the dispersions is the same as that used in SLS
measurements correspondingly. (a) PS500, (b) PS700, and (c) PS900.

SLS method at two angles (85◦ and 90◦) for PS500, but there
is only one acceptable angle for PS700 (100◦) and no proper
angle for PS900.

Figs. 1(a) and 3(a)–4(a) present the calculated distribu-
tion of blind angles and the changes of I2(q)/2I1(q) − 1 at
different scattering angles. From these figures, it is possible
to choose “optimal angles” for the measurement of coagu-
lation rate by independent SLS. These angles should be at a
certain distance, such as 10◦, from the blind angles to ensure a
good contrast between one dimmer scattering (I2(q)) and two
primary scattering (2I1(q)) intensities. However, this does not
mean that the angle with larger absolute value of I2(q)/2I1(q)
− 1 is better. Since the measurement angle may have some
error, one should also choose angles around which the value
of I2(q)/2I1(q) − 1 changes slowly for ensuring a high er-
ror tolerance. For examples in Fig. 3(a), the absolute value of
I2(q)/2I1(q) − 1 is largest at angle 77◦, but 1◦ difference can
result in an error of I2(q)/2I1(q) − 1 about 20%. For angles 75◦

or 79◦, the error can be 40% for 1◦ difference. Comparatively,
around 100◦ which was used in our previous discussion, the
error is only 2% for 1◦ difference. Therefore, in above dis-
cussions, the angles used to compare with the blind angles
were all at the valleys of the curves. From both experimental
results and analyses, it can be concluded that the “optimal an-
gles” for SLS measurement should be at more than 10◦ from

the blind angles and also in the range that I2(q)/2I1(q) − 1
changes slowly with angle. At these “optimal angles,” the in-
dependent SLS approach is technically feasible for measuring
coagulation rates with certain accuracy for large sized particle
dispersions.

B. DLS measurements

Similar to SLS measurement, the coagulation rates can
also be determined from independent DLS measurement ac-
cording to Eq. (10) with the known I2(q)/2I1(q), which have
already been calculated in SLS measurement mentioned in
Sec. IV A. However, there is a key difference between DLS
and SLS method. For SLS method, there are blind angles be-
cause the denominator in Eq. (6) can be zero, but for DLS
method, all the terms of the denominator in Eq. (10) are pos-
itive and will not have a chance to be zero, which means
no blind angle in DLS measurement. That is, the indepen-
dent DLS method should be able to be used at any scattering
angles.

Toward this end, we measured the coagulation rates by
DLS method at different angles including blind angles for
SLS method. The results are also compared with those of SS-
DLS (see Fig. 5). For each kind of the three different sized
particles, we found the values of coagulation rates measured
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at different angles by DLS method are close, and they are also
close to those obtained by SSDLS method.

Quantitatively, we averaged the coagulation rates of
DLS and SSDLS for comparisons. For PS500, the averaged
value measured by DLS is 6.7 × 10−18 m3 s−1 and it is
6.9 × 10−18 m3 s−1 by SSDLS. The results are similar for
the other two kinds of dispersions. For PS700, coagulation
rates obtained by DLS and SSDLS are 4.2 × 10−18 m3 s−1

and 4.3 × 10−18 m3 s−1, respectively. And for PS900, coagu-
lation rates obtained by DLS and SSDLS are 4.4 × 10−18 m3

s−1 and 4.5 × 10−18 m3 s−1, respectively. Therefore, our ex-
periments showed that DLS can independently determine the
coagulation rates of large sized particles after I2(q)/2I1(q) was
calculated by T-matrix method. Additionally, unlike the inde-
pendent SLS method, there is no blind angle in DLS method.

For better understanding why the measured results by
DLS method is so close to SSDLS method at all angles,
we further analyzed the equations used in DLS and SSDLS
method. The Eq. (10) for DLS method can be rewritten as

kD = d[(rh(t)/dt)/rh(0)]0

(1 − rh,1/rh,2)N1

− [I2(q)/2I1(q) − 1]kD, (25)

while Eq. (11) for SSDLS method can be rewritten as

kSD = d[(rh(t)/dt)/rh(0)]0

(1 − rh,1/rh,2)N1

− [I2(q)/2I1(q) − 1]kS, (26)

where we use kS, kD, and kSD to distinguish the measured co-
agulation rates by SLS, DLS, and SSDLS, respectively. And
the deduction of Eq. (26) has used Eq. (6) for SLS method.

The only difference between Eqs. (25) and (26) is that
the coagulation rate in the second term is kD (DLS measured
value) for DLS method and kS (SLS measured value) for SS-
DLS method. If the measurement is done at angles far away
from the blind angles for SLS method, the results of both SLS
and DLS should approach the actual value of the coagulation
rates within an allowable total error range. In this case we
will have kS ≈ kD. Therefore, kD from Eq. (25) will be al-
most equal to kSD from Eq. (26) under this condition. On the
other hand, if the measurement is performed at angles near the
blind angles, the measured kS will lose its accuracy and devi-
ate from kD. However, in the region near a blind angle, I2(q)
≈ 2I1(q), that is [I2(q)/2I1(q) − 1] ≈ 0. This means that the
influence of the difference between kD and kS (in the second
term of Eqs. (25) and (26)) on the results of kD and kSD at the
left hand of Eqs. (25) and (26) becomes ignorable. And this
is the reason why the measured kD and kSD will also be close
even for angles near the blind angles of SLS.

A physical interpretation for the reason why SLS has
blind angles but DLS does not is offered below. SLS measure-
ment of the coagulation rate relies on the change in scattering
light intensity when two singlets form one doublet. It is pos-
sible at certain angle to have the summed light intensity scat-
tered by two singlets (2I1(q)) to be equal to the intensity scat-
tered by one doublet (I2(q)). In this case, SLS measurement
becomes impossible. On the other hand, DLS measurement
depends on the change in the average hydrodynamic radius
of the particles during the coagulation process. As long as the
coagulation process is ongoing, the average hydrodynamic ra-
dius always increases no matter at what angle the DLS mea-

surement is performed. Actually the factor (1 − rh,1/rh,2) has
nothing to do with measuring angle. In other words, there is
no so-called blind angle for DLS measurement.

V. CONCLUSION

In this study we conduct an investigation on the deter-
mination of the absolute coagulation rate constant by inde-
pendently using static and dynamic light scattering with the
optical factor calculated by T-matrix method. The particle di-
ameters are 500, 700, and 900 nm in the experiments and all
these particles exceed the upper limit of validity of the tradi-
tional RDG approximation. Coagulation rates from indepen-
dent SLS and DLS measurements are compared with those
from SSDLS method. The main results of this study can be
summarized as follows.

In accordance with the previous consideration, our ex-
periments confirmed the existence of blind angles in indepen-
dent SLS measurement. At those angles and their vicinities,
SLS measurement becomes impossible because optical factor
I2(q)/2I1(q) − 1 ≈ 0, namely the scattered light has no re-
action to the aggregation process. This fact suggests that the
SLS measurement should be performed at the angles staying
away from the blind angles. We further showed that the num-
ber of blind angles increases with the increasing of particle
diameter, indicating that for larger particles, the SLS mea-
surement becomes more difficult. As a result, carefully se-
lecting the scattered light acceptance angle is a prerequisite
of the success of determination of coagulation rates by inde-
pendently SLS method.

For independent DLS measurement, on the other hand,
there is no blind angle. Therefore, independent DLS is rather
robust approach for determining the coagulation rates.

The reason why SLS has blind angles but DLS does not
is that the former relies on the changes of scattering light in-
tensity that depends on the scattering angle and the latter on
the changes of hydrodynamic radius which has nothing to do
with the scattering angle.

Comparing all the methods discussed above concerning
the blind point, it would be interesting to see that DLS and
SSDLS methods have 0 blind point (the variable is angle); tur-
bidity method has 1 blind point (its variable is the wavelength)
and SLS has many blind points and its number increases with
particle size.
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