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Abstract

A key issue for theoretically predicting the aggregation rate of colloidal particles is to appropriately describe interparticle
interactions. The recent progress in the study of interaction potential between suspended particles is the introduction of
the structured-layer potential (SLP). However, the published data still show the degree of approximation of the theoretical
expectation varies with the particle size, which means that the relevant parameters of SLP may not be constant independent
of particle size. In this study, the approximation degree of the theoretical model to the experimental data of aggregation rates
of particles with different sizes under different interparticle interaction parameters was compared. The results demonstrated
that, in all cases of rapid and slow homo-aggregation and hetero-aggregation, the theoretical value of aggregation rates using
particle-size-dependent SLP parameters are much closer to the experimental value than that using particle-size-independent

SLP parameters.
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Introduction

The stability and aggregation process in colloidal suspen-
sion have important theoretical and practical significance in
chemical materials, medicine, environmental engineering,
nanoscience and other aspects [1, 2]. The aggregation rate
is an important parameter in the nature of the kinetics of
aggregation systems, which has been studied both theoreti-
cally and experimentally for a long time [3-5].

Experimentally, various measurement methods for the
aggregation rate have been reported in studies, such as tur-
bidity [6], static light scattering [7, 8], dynamic light scatter-
ing [8, 9], low-angle light scattering [10—13] and microscopy
[14], and also a review paper of our group [15].
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On the other hand, how to theoretically estimate the
aggregation rate with desired accuracy has been a rather
challenging issue, of which the majority of scientists have
done a lot. Smoluchowski [16] initially proposed a theoreti-
cal model for rapid aggregation or diffusion limited cluster
aggregation (DLCA), in which no interparticle interaction
is considered and the estimated DLCA rate depends only
on the solvent viscosity and temperature, and its values are
about one order of magnitude larger than measured ones.
Honig [17-19] incorporated the influence of hydrodynamic
interaction, electrostatic repulsion and van der Waals attrac-
tion into the theoretical model of the aggregation rate, which
make theoretical rates much smaller than Smoluchowski’s
value, but it is relatively higher than the experimental
results. Considering diffusion, van der Waals potential and
hydrodynamic interaction, by adjusting Hamaker constant,
Lichtenbelt et al. [20] made their theoretical value of the
rate constant consistent well with the experimental value.
However, their approach is not valid for all kinds of parti-
cles. Because of this, since then, there are still a great deal
of studies on interaction potential reported in the literature
[21-23].

In order to further improve the theoretical model, some
attention [21-28] was paid to examining a short-range repul-
sive potential, known as the structured-layer potential (SLP),
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acting the colloidal surface in solutions. Like other particle
interaction potentials, such as the electrostatic repulsion and
van der Waals attraction, now SLP has been widely recog-
nized. In this regard, Higashitani et al. [23] demonstrated
that for DLCA of monodispersed suspensions, the difference
between the theoretical values and the experimental ones by
introducing the SLP into their theoretical model, compared
without it, was narrowed perceptibly. In addition, their data
also indicated that the closeness between the theoretical and
experimental values varies with the particle size, not evenly.
This feature has aroused our interest in studying the possible
effect of particle size on SLP.

In this study, first, the SLP parameters for different sized
particles were inversely derived under the condition of the
best consistency of the theoretical and experimental values
for monodisperse DLCA rate. We found that the values of
these “optimized parameters” of SLP are different for differ-
ent sized particles. And then, using these obtained “optimized
parameters” of SLP in model calculations of DLCA rates of
hetero-disperse suspensions (bidispersed in this study), we
confirmed that theoretical values are in good consistency
with experimental measured ones. As known, for the slow
aggregation or reaction limited cluster aggregation (RLCA),
the relevant effective surface charges of particles are differ-
ent for different sized particles. Before dealing with cases
of RLCA of bidispersed suspensions, we need to get their
relevant effective surface charges of different sized particles.
These required effective surface charges are reversely derived
by fitting them to the experimentally measured monodisperse
RLCA rates at different electrolyte concentrations. When the
same “optimized parameters” of SLP obtained from mono-
disperse DLCA and the above effective surface charges are
applied to RLCA calculations of bidispersed suspensions,
their theoretical aggregation rates for different sized parti-
cles at different electrolyte concentration are found to be also
consistent with their experimental ones. We supposed that
these examples can cross-demonstrate that the SLP param-
eters should be different for particles of different sizes. Here
we only emphasized size matters. In fact, the influence fac-
tors behind particle sizes may be associated with the surface
characteristics change due to the change of particle size.

Materials and method

Turbidity measurement of aggregation rate

At the early stage of the aggregation, only the formation of
doublets due to the collision of single particles needs to be

considered. The change of particle number concentration
can be approximately expressed as [29]:
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where Ng and Np, are the number concentration of single
particles and doublets, ¢ is time and k is the aggregation
rate, and N, is the initial number density of the aggregation
process.

Since only single particles and doublets exist at the
early stage of aggregation, turbidity can be expressed as
N¢Cg+ N, Cp, where Cg and Cj, are the extinction cross
section of the single particles and doublets, respectively.
Therefore, utilizing Eqs. (1) and (2), the change rate of
the turbidity caused by the aggregation of single particles
is expressed by:

dr dNg

dt STar -

dNp Cp )
o _ (22 _c )N

Then the relationship between aggregation rate k£ and
the turbidity change rate can be written as:

[d(z/7))],
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where 7, is the turbidity at the starting time of the aggre-
gation (t=0s), R = [d(z/7)], is the relative aggregation
rate which can be obtained by turbidity measurement and
(C b/ 2CS) — 11is the optical factor which can be calculated
by T-matrix method. The details of the calculation of the
optical factor can be found in Ref. [30].

Similar to the deduction of Eq. (3), the change rate
of the turbidity for hetero-aggregation of two kinds of
spheres (type 1 and type 2) can be expressed as [29]:

dr Cp 2
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where N, and N, are the initial number concentrations of
singlet of type 1 and 2, respectively. Cy;, Cg,, Cp; and Cpy,
are the extinction cross sections of the single particles and
doublets of type 1 and type 2, and Cj,, is the extinction
cross section of doublets formed by particles of typel and
2. k, and k, are the homo-coagulation rate constants for par-
ticles 1 and 2, respectively, and k, is the rate constant for
doublets formed by two unlike particles.
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Table 1 Particle parameters in monodisperse solution

Sample  Radius (nm)  Polydispersity ~ Number density (m~)
PS-1 100 <0.03 50.0x 10
PS-2 150 <0.03 70.0x 10
PS-3 250 <0.03 5.47x10"
PS-4 350 <0.03 3.44%10"
PS-5 500 <0.03 1.08x 10"

From Eq. (5), the hetero-aggregation rate k;, with two
kinds of particles can then be expressed as:

dr 1 1
(2 (2000~ (26

12 —
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Materials and procedures

Five types of negatively charged polystyrene (PS) spheres
of radii were used in both the homo- and hetero-coagulation
measurements in this work. The polystyrene latexes were
centrifuged at high speed, filtered and diluted to the concen-
tration required for the experiment. All number densities of
samples are shown in Table 1 (monodispersed) and Table 2
(bidispersed).

As discussed in the previous study (Ref. [27]), SLP varies
with species of electrolyte used for adjusting the aggregation
rate. In this study, however, in order to avoid the involvement
of multiple factors, in all cases only NaCl was employed
as the electrolyte solution. In our experiments of DLCA,
concentration of NaCl electrolyte solution after mixing was
2 mol/ L, higher than the critical aggregation concentration
to achieve DLCA, and the concentrations of electrolyte solu-
tion in the experiments for the RLCA case were 0.05 mol/ L,
0.1 mol/ L and 0.15 mol/ L, respectively, to make aggrega-
tion rate different.

Table 2 Particle parameters in polydisperse solution

Sample Radiusl (nm) Radius2 (nm) Number Number
density1 density2
(m™) (m™)
PS-12 100 150 25.0x10"  15.0x10"
PS-23 150 250 35.0x 10" 2.74x 10"
PS-24 150 350 35.0x10"  1.72x10"
PS-25 150 500 35.0x 10" 0.54x10"
PS-34 250 350 2.74%x10™  1.72x 10"
PS-45 350 500 1.72%x 10" 0.54%x10™

A UV-Vis dual-beam spectrophotometer (Purkin-
jeTU-1901, Beijing) was used for the turbidity measurement
in this study. Transmission percentages (T%) of samples ver-
sus time during the homo- and hetero-coagulation processes
at different wavelengths can be directly measured, and then,
the turbidity can be obtained as:

r= —(%)(lnT%), %

where L is light path length. The importance of this method
is to carefully select proper operating wavelength to avoid
its blind zone [31] because in this zone the measurement
sensitivity is too low.

Theoretical equation

According to Smoluchowski [16, 32], DLCA rate of homo-
aggregation was originally expressed as a fixed value, which
is independent of particles size and given as:

_ 8K,T

k
3n

=12.8 x 107 8m3 /s(T = 298 K), ®)

where Kj is the Boltzmann constant, 7 is the temperature
and 7 is the viscosity of the medium.

On the basis of Smoluchowski’s theory, later there is an
improved theory taking into account the interparticle forces
and hydrodynamic interaction, which gives the aggregation
rate as [31, 33]:
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where a, and a, are the radii of the two particles, and for
homo-aggregation, a, =a,. U(r) is the interparticle potential,
and r is the distance between the centers of particles. D(r) is
the diffusion coefficient of the two approaching particles at
distance r, in which the effect of shear is included [34]. The
expression of D(r) has been given by Spielman [19].

Honig simplified the diffusion coefficient with hydrody-
namic interaction for two identical particles, and the theo-
retical formula of aggregation rate can be simplified as [17]:

kip =

ooy(iz)exp(U(E)/KBT) _

0 <2+7£>2 dh (10)

This modified theory has been widely accepted, where
h = hla is a nondimensional separation distance, in which
h is the separation distance between particle surfaces and a
is the particle radius. y is the coefficient related to hydrody-
namic interaction, which is:

k = 4K,T/|3n /
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Interparticle potential

The interparticle potential U(r) is very important in predict-
ing aggregation rate by Eq. (9). According to DLVO theory,
U(r) should include van der Waals attraction U, y/(r) and
electrostatic repulsion U,,(r), which is expressed as Eqgs. (12)
and (13) [35].

Uy (1) = — 218
v 6 rz—(a1+a2)2

r2 - (a1 +az)2>

r2 — (011 - a2)2

2a,a, 2a,a,
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where Ay is the Hamaker constant which is taken as
0.28 x 1072 J for polystyrene particles in this study.

Z,Z,é* exp|—x(r—a; —a,)]

U (r) =
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where Z; (i=1,2) are the effective number of elementary
charges of the corresponding particle, e is the charge of an
electron, ¢, is the relative dielectric constant and g is the
vacuum dielectric constant. The Debye screening parameter
Kk is approximately given by [28]:

- 2¢’N,C,

T ge KT’ (14

where N, is the is Avogadro number and C is the electrolyte
concentration.

For identical particles, Eqgs. (12) and (13) can be simpli-
fied as:

Ay 242 24> 2 — 44>
U =-——=+=5+I!
vdW(r) 6 <}’2 _ 4612 }’2 h 7‘2 (15)
7262 expl—x(r —2a)]
Uy(r) = > (16)
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For DLCA, the electrostatic repulsion U,(r) is usually
considered negligible. But for RLCA, U,(r) needs to be
taken into account to evaluate aggregation rate from Eq. (9).

Besides DLVO interactions, it is also widely accepted that
a short-range repulsion named SLP exist between colloidal
particles [21-27], although the origin of this repulsion is
not very clear yet [21, 35-37]. The possible mechanisms
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include: the layer composed of water molecules and coun-
terions adsorbed on the surface, the structured layer made of
hydrogen bonds between water molecules, the gelation layer
of polystyrene at the polystyrene—solution interface and the
roughness of surface.

According to Ref.[23], the function of SLP for two par-
alleled plates with same properties can be expressed as:

r—2a>’ an

Ufll(r) = Voexp<—

where pre-exponential factor V, is an adjustable parameter.
Using Derjaguin approximation, the SLP for two identi-
cal spherical particles becomes:

18)
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The coefficient 4 is the decay length of the hydration
interaction calculated by Eq. (19) [38].

1 \/3eov(e—1)C1A2’ (19)

e+2

where A = (4/3)I is the distance between the centers of two
adjacent layers of the water molecules, while /=0.276 m X
107~ is the distance between water molecules of icelike struc-

ture, v = <8 /3 \/5 )Zj is the volume of a water molecule in

the structure of the tilted hexagonal lattice, € is the bulk
dielectric constant, and C; accounts for the contribution of
the dipoles of the adjacent water layer i + 1 (within a radius
21 from the given site) to the local field at a site of the layer
i. According to Ref. [38], the deduced value of C; is
1.6422 x 10'°/¢.

For considering its contribution to hetero-aggregation
rate, the expression of SLP of different particles is needed.
However, there is no such expression in the literature.
Based on Eq. (17), here we propose an approximate func-
tion of SLP for the repulsion between different plates,
which is:

r—a;—a
Ur) = Vo Vipeap (- ———=2). 20)

where V), and V, are the arbitrary parameters for plate 1
and 2, respectively. The approximation of using geometric
average for different arbitrary parameters is reasonable,
which is similar to the approximations of Hamaker constant
of different materials [39].

The corresponding SLP for two different particles can
then be deduced as Eq. (21) by Derjaguin approximation
[40].

ey
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where A = 2a,a,/ (al + az) is the reduced radius. If the two
particles are identical, Eq. (21) becomes Eq. (18).

Results and discussion
Homo-DLCA

In Fig. 1, only van der Waals attraction is included in the
interaction potential, while the electric double layer is com-
pressed for DLCA case, and therefore, the electrostatic
repulsion can be neglected. It was shown that the theoreti-
cal DLCA rate calculated from Eq. (9) is lower than the
Smoluchowski’s value and is closer to experimental meas-
ured results. However, from the comparison of experimen-
tal measured DLCA rates and theoretical results calculated
from Eq. (9) as shown in Fig. 1, it can be expressed that the
experimental data are still lower than the theoretical value
5.7364 x 10~ m3/s. Moreover, for different sized particles
the experimental results are different, while the theoretical
values are constant.

Similar to previous studies about the inconsistency of the-
oretical and experimental aggregation rates, we introduced
anon-DLVO interaction SLP with exponential reduction as
shown in Eq. (18), which was usually used to describe the
hydration forces in studies [23-26]. Several studies [18, 23]
have been done to declare the electrostatic repulsion plays
a negligible role when the salt concentrations are extremely
high in DLCA. Therefore, the theoretical expression of inter-
particle potential of DLCA rate becomes

6 1 1 1 1 1
5.7364

5 | a

4 o
£ i
=3 [ ] L
=

2 % L

T T T T T
100 200 300 400 500
Radius(nm)

Fig. 1 Experimental and theoretical DLCA rates for different sized
polystyrene particles. For experimental results, the concentra-
tion of sodium chloride is 2 mol/L. The theoretical value is calcu-
lated from Eq. (10) and is constant for different particle size, with
U@r) = Ugw(r)

U) = U, gw(r)+ Uy (22)

In some studies [21-26], the parameters V|, in Eq. (18)
are considered to be the same for particles of different sizes.
In the following, we will examine the validity of this view.
The expression Eq. (19) shows that the value of A is only
determined by parameters of the medium, independent of
parameters of particles. Keeping 1=0.296 mx10~° calcu-
lated from Eq. (19) [38], as a constant, we took V|, as the
only undetermined parameter of the theoretical model and
reversely derived it from the experimental monodisperse
DLCA rates for particles of different sizes. The optimized
values of V,, here mean that substituting them into the model
calculation would make the theoretical values best approach
its experimental ones. The measured monodisperse DLCA
rates for particles of different sizes with the correspond-
ing optimized parameter V, mentioned above are shown in
Table 3.

Figure 2 shows the calculated DLCA rates using these V,,
optimized for particles of different sizes. Here each of the
five curves corresponds to one fixed value of V,, but with dif-
ferent particle sizes as listed in Table 3. All the five curves
change monotonically with the increase in particle sizes,
and therefore, one value of V,, is suitable for only one sized
particle as given in Table 3. We can see the variations in the
optimized values of V,, between 100 and 500 nm particles
is quite limited (about 11%) but corresponding changes in
calculated DLCA rates are significant. Apparently, using a
fixed parameter V, for different particle sizes are not a good
choice.

Hetero-DLCA

To verify whether the optimized values of V|, listed in
Table 3, obtained for homo-dispersed dispersions in 4.1,
are still valid for hetero-DLCA case, we utilized the data V,
shown in Table 3, to calculate the theoretical hetero-DLCA
rates (bidispersed suspensions in this study) and compared
them with experimental values, as shown in Table 4. We
will discuss DLCA for bidispersed suspensions first here,
because the repulsive force between particles can be ignored

Table 3 Experimental results of homo-DLCA and optimized param-
eter V,, for different sized particles

Sample Radius (nm) k (m%/s) Vo (J/m?)

PS-1 100 2.13x10718 2.599x1073
PS-2 150 3.03x10718 2.465x1073
PS-3 250 3.24%107'8 2.404%107
PS-4 350 2.57x10718 2.396x1073
PS-5 500 5.10x 10718 2.315%107°
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Fig.2 Dependence of DLCA rate on the particle radius for polysty-
rene particles in 2 mol/L NaCl with various V,,

in this case, making it simpler. It showed that taking into
account the non-DLVO interactions SLP using the optimized
values of V,, corresponded to the particles of different size
listed in Table 3 can get the little difference between theo-
retical and experimental values. This result further confirms
that different particles should correspond to different values
of V,, which is consistent with the analysis in the previ-
ous section. And it also proves that the theoretical model
including non-DLVO interaction SLP in this study can well
predict the experimental aggregation rates for both hetero-
aggregation and homo-aggregation.

For a more detailed comparison, Fig. 3 also lists the theo-
retical hetero-DLCA rates calculated by Eq. (9) using the
optimized values and value of V,, for different sized parti-
cles. Similar to the results in the previous subsection, the
calculated hetero-DLCA rates with the constant V, value
cannot be evenly consistent with the experimental rates of
aggregation, and the deviation amplitude even reaches up to
148%. In particular, if only considering the van der Waals
attraction potential, the calculated aggregation rates for

Table 4 Rapid hetero-aggregation rates of experiments and predic-
tions

Sample Radiusl (nm) Radius2 (nm) Experimental Theoretical
Rates (m®/s)  Rates (m>/s)

PS-12 100 150 241x107%  270x107'®
PS-23 150 250 3.05x1071%  350x107!®
PS-24 150 350 417x107'%  3.98x107'8
PS-25 150 500 6.18x107®  6.61x107'
PS-34 250 350 3.00x107%  3.13x107!®
PS-45 350 500 494x107  4.13x107'8

@ Springer

Fig.3 Comparison of calculated theoretical values of the hetero-
DLCA rate (k,,0, k51, k;,2 and k,,3) corresponding to different inter-
action potentials with experimental data. k;,0: with optimized values
of V, in Table 3; k,1: without SLP to be considered; k,2: with a
fixed V, of 2.4 x 107 J/m?; k,,3: with a fixed V, of 2.3x 107 J/m?

hetero-aggregation is always larger than the corresponding
homo-aggregation rates; however, experimentally, hetero-
DLCA rates of combinative samples of PS-12, PS-23 PS-34
and PS-45 (in Table 4) are between the corresponding two
homo-aggregation rates of the particles (in Table 3). The
results also confirmed that non-DLVO interaction SLP must
be introduced for the theoretical aggregation rates, and it is
necessary to adjust values of V|, for different sized particles.

Homo-RLCA and hetero-RLCA

The difficulty in dealing with RLCA case is that electrostatic
repulsion potential cannot be ignored and the magnitude
of the repulsion potential varies with NaCl concentration,
which needs to be determined. For RLCA case, the total
interaction potential in Eq. (9) is expressed by the sum of
van der Waals attraction potential, electrostatic repulsion
potential and the SLP, as shown in Eq. (23). In this study, we
adopted two kinds of particles for RLCA aggregation experi-
ments, with radius of 150 nm and 250 nm, respectively.

U(r) = UvdW(r) + Uel(r) + Usl(r)' (23)

For DLCA, the potential barrier totally disappears
because of high NaCl concentrations, and every colli-
sion between particles becomes effective for aggregation,
whereas for RLCA the energy potential prevents every
encounter from effective aggregation, so the RLCA rates
are dependent on NaCl concentrations.



Colloid and Polymer Science (2022) 300:477-485 483

Tablg 5 Homo—.RLCA results of C, (mol/L) 150 nm 250 nm

particles of radius 150 nm and

250 nm k (m®/s) Vo (I/m?) Z k (m®/s) Vo (Im?) Z
0.05 5.71x107% 2.465%x1073 6712 4.81x107% 2.404%1073 12,206
0.1 2.91x107% 2.465%1073 8656 3.33%x107"° 2.404%1073 14,019
0.15 1.28x107"° 2.465%x107 9304 8.62x107"° 2.404%1073 14,359

We carried out the experiments measuring homo-RLCA
rates for suspensions with particle radius of 150 nm and
250 nm, respectively, at different NaCl concentrations.
According to Eq. (23), the total interaction potential U(r)
can be divided into two parts, namely [U,;(r) + U, (r)]
and Uy(r). And if U, (r) is unchanged, as supposed, U,,(r)
would be the only variable for the former part. To make the-
oretical calculation of RLCA rates possible, we need some-
how to get the value of the former part of potential although
its second part can be borrowed from subsection 4.1 through
the values of V|, given in Table 3. The height of potential
barrier will determine the aggregation rate and it is in turn
determined by the surface effect charge Z of particles. The
surface effect charges Z were achieved here by means of the
inverse method fitting the results of theoretical formula to
experimental data of homo-RLCA rates.

The experimental data of homo-RLCA rates and rel-
evant derived values of Z at different NaCl concentra-
tions are given by Table 5, for particle radius 150 nm and
250 nm. These data indicate that the effective surface charge
increases with NaCl concentrations for both sized particles
in RLCA, which is similar as the theoretically fitted results
in Ref. [41]. Our derived values of Z are only the result
of fitting the theoretical results with the experimental data,
though it may not necessarily represent the real Z well due to

1 1 1 1 1
Bl Experimental rate '
@ Theoretical rate
= 8
L) - -
= 1
2
S
-
=X
=
0.1 T T T T T
0.04 0.06 0.08 0.10 0.12 0.14 0.16

C,(mol/L)

Fig.4 Hetero-RLCA rates of experiments and theories of particles of
radius 150 nm and 250 nm

various factors. We can confirm that the value of the surface
effective charge increases with increase in the salt concentra-
tion and the degree of increase deceases gradually.

Our strategy was using these values of Z from experi-
mental data of homo-RLCA rates for model calculation of
hetero-RLCA rates. The experiments for bidispersed suspen-
sions composed of two sized particles with radius of 150 nm
and 250 nm, respectively, were carried out to compare these
hetero-RLCA rate with theoretical rates calculated by using
the data of V,, and Z listed in Table 5. Theoretical and experi-
mental values of hetero-RLCA rate are shown in Fig. 4. It
is displayed the good agreement between the theoretical
and experimental values that the description of interaction
potential and the selection of relevant parameters, such as
the values of V|, are reasonable and effective in dealing with
hetero-RLCA case.

The results further verified that the modified theory in
this study is also applicable to RLCA. The fact implied
that the non-DLVO short-range repulsion acting between
polystyrene surfaces in solutions plays important role for
both DLCA and RLCA. And for different particles, the rel-
evant parameters of the non-DLVO interactions are differ-
ent. Based on the modified model, the theoretical values of
aggregation rates become very close to experimental ones
for both DLCA and RLCA, and also for both homo- and
hetero-aggregation.

Conclusions

Previously, the pre-exponential factor V|, of SLP was often
regarded as a fixed value, independent of size of particles.
We doubt the correctness of this view, and this study aims at
confirming that it is more appropriate to adopt the parameter
of SLP with the particle size. Our calculations shows that
a small variation in value of V|, of SLP may lead to notable
changes in aggregation rate. In this study, the best values
of V|, were obtained, respectively, for different sized parti-
cles, by inversion under the condition making the theoreti-
cal value of rate best fitted for the experimental value. Our
results, including all DLCA and RLCA cases, demonstrated
that the theoretical values of aggregation rates using parti-
cle-size-dependent V|, are much closer to the experimental
values than that using particle-size-independent ones [23].
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These examples could cross-prove that it is more reasonable
to choose V|, of SLP according to different particle sizes
rather than using the same fixed value. Further study about
kinetics of aggregation is under way to determine further the
theoretical model of interparticle interactions.
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