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Abstract: Heteroaggregation and homoaggregation is investigated with time-resolved multi-angle
dynamic light scattering. The aggregation rates are measured in aqueous suspensions of amidine latex
(AL) and sulfate latex (SL) particles in the presence of sodium octyl sulfate (SOS) and sodium dodecyl
sulfate (SDS). As revealed by electrophoresis, the surfactants adsorb to both types of particles. For the
AL particles, the adsorption of surfactants induces a charge reversal and triggers fast aggregation close
to the isoelectric point (IEP). The negatively charged SL particles remain negatively charged and stable
in the whole concentration range investigated. The heteroaggregation rates for AL and SL particles
are fast at low surfactant concentrations, where the particles are oppositely charged. At higher
concentrations, the heteroaggregation slows down above the IEP of the AL particles, where the
particles become like-charged. The SDS has higher affinity to the surface compared to the SOS,
which induces a shift of the IEP and of the fast aggregation regime to lower surfactant concentrations.

Keywords: colloidal stability; heteroaggregation; DLVO

1. Introduction

Aggregation of particles in suspensions is important in many practical applications, such as
ceramic processing, paint fabrication, or drug formulation [1–4]. Many of these applications involve
a mixture of different types of particles. This fact implies that one needs to understand not
only homoaggregation (i.e., aggregation between similar particles), but also heteroaggregation (i.e.,
aggregation between dissimilar particles). While homoaggregation is a relatively well studied topic,
heteroaggregation is much less investigated. Some quantitative studies of heteroaggregation involving
oppositely charged particles have been published recently [5,6]. The situation, where one of the
particles undergoes a charge reversal results in a very rich behavior, where homoaggregation and
heteroaggreation run in parallel. Only few studies analyze such systems quantitatively [7–10].

One of the possibilities to control particle aggregation is by means of surfactants [11–19]. Normally,
surfactants with an opposite sign of charge to the charge of the particles are used. In such systems,
the surfactant in question adsorbs to the particle surface and induces a charge reversal [13,15,17,19].
In such systems, homoaggregation was studied for positively charged particles in the presence of alkyl
sulfates or fatty acids, while for negative particles in the presence of alkyl amines [12–16]. All these
studies report a similar aggregation behavior. At low surfactant concentrations, particles are highly
charged and the particle suspension is stable. By increasing the surfactant concentration, the particles
become neutral at the isoelectric point (IEP). In the vicinity of this point, the particles aggregate rapidly.
Even higher surfactant concentrations induce a charge reversal and a re-stabilization of the suspension.
The region of fast aggregation is typically quite narrow, and is centered around the IEP. For this reason,
precise surfactant dosing is necessary in order to induce fast aggregation. It was further shown that
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with increasing length of the surfactant alkyl chain the IEP and the unstable region shift to lower
concentrations [12,13,15]. A similar behavior was observed for ionic liquid constituents, some of which
can be regarded as short-chain surfactants [20].

These findings only concern homoaggregation, while data on heteroaggregation in such surfactant
systems hardly exist. To our knowledge, the only exception is our recent study of latex particles
in the presence of sodium octyl sulfate [8]. The goal of that study was to develop a novel
methodology, which enables measurements of slow heteroaggregation rates in the presence of fast
homoaggregation, as this situation becomes relevant in these systems. This technique is based on
multi-angle time-resolved light scattering, and allows extracting heteroaggregation rates with good
precession even in samples, where homoaggregation dominates. This selectivity is achieved by
optimizing the mutual contrast of the particles involved, which is achieved by choosing an appropriate
size and concentration ratio.

The goal of the present contribution is to apply the method developed in Ref. [8] to study
both homoaggregation and heteroaggregation in the presence of different alkyl sulfate surfactants.
In particular, we compare the effect of two alkyl sulfates of different chain length on the
heteroaggregation process in the mixture of amidine latex (AL) and sulfate latex (SL) particles.
We further complement these experiments with studies of the respective homoaggregation process
and electrophoresis. The experimental findings are finally compared with calculations based on the
theory by Derjaguin, Landau, Verwey, and Overbeek (DLVO) [21,22].

The particles used in the present study are the same as the ones used originally in our earlier
study of particle homoaggregation in the presence of tetraphenylborate anions [23]. This publication
also provides more details on the particle characterization.

2. Materials and Methods

2.1. Materials

Suspensions of amidine latex (AL) and sulfate latex (SL) particles were purchased from Thermo
Fischer (product numbers: AL: A37315, SL: S37491). The radii of the AL and SL particles are 149 nm
and 117 nm, respectively. These radii were determined by static light scattering and reported in
our earlier work [23]. The particle suspensions were dialyzed in polyvinylidene fluoride (for AL
particles) and cellulose ester (for SL particles) membranes against Milli-Q water (Millipore), until the
electrical conductivity was below about 80 µS/m. This value of conductivity suggests that charged
impurities were sucessfully removed. The pH of all suspensions was adjusted to pH 4.0 by adding
appropriate amount of HCl. Analytical grade sodium octyl sulfate (SOS, Alfa Aesar) and sodium
dodecyl sulfate (SDS, Sigma-Aldrich) were used as additives for controlling aggregation processes.
The background electrolyte concentration was adjusted by adding NaCl (Sigma Aldrich) to the
suspensions. All solutions were prepared with Milli-Q. Experiments were carried out at a temperature
of 25 ◦C.

2.2. Electrophoresis

A ZetaSizer NanoZS (Malvern Instruments) was used to measure the electrophoretic mobility
of the AL and SL particles in suspensions with different solution conditions. In solutions of simple
electrolytes (e.g., NaCl) the AL particles are positively charged, while the SL particles negatively.
The suspensions were prepared by mixing the particle stock suspension with the solution containing
the desired amount of SOS or SDS, and NaCl. The particle concentrations in the suspensions were
0.50 mg/L (3.4 · 10−14m−3) and 0.23 mg/L (3.3 · 10−14m−3) for the AL and SL particles, respectively.
The electrokinetic potential (ζ-potential) was obtained from the measured electrophoretic mobility
with the model developed by O’Brien and White [24].
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2.3. Measuring and Extracting Aggregation Rates

Particle aggregation was studied using a multiangle goniometer (ALV/CGS-8F) equipped with
eight fiber optic detectors and a solid-state laser with a wavelength of 532 nm. The angular resolution
of 4.25◦ was used. The experiments were conducted in borosilicate cuvettes (Kimberly Chase).
The cuvettes were first treated in hot piranha solution, which is a mixture of 30% H2O2 and 96%
H2SO4 in a volume ratio of 1:3. Then, they were thoroughly washed with Milli-Q water and dried
in a dust-free oven. The sample preparation and the particle concentration are the same as those in
the above electrophoresis experiments. For homoaggregation measurements, the light scattering
signals were recorded at scattering angle of 90◦ and accumulated for 20 s. The information of
hydrodynamic radius was obtained by analyzing the correlation functions with a second-order
cumulant fit. The hydrodynamic radii were measured within their increase less of than 30% since
only the early stages of the aggregation process are investigated. For heteroaggregation experiments,
the mixture of AL (0.50 mg/L) and SL (0.23 mg/L) particles were monitored at different scattering
angles. The apparent dynamic rate was extracted by fitting the initial dependence of the hydrodynamic
radius on time with a straight line.

The aggregation rates are measured in two types of samples. In the first case only one type of
particles, A, are present and from these experiments homoaggregation rates are determined. Note that
in the present data set homoaggregation is observed only for amidine latex particles, while sulfate latex
particles are stable against homoaggregation in the whole range of salt concentrations. For measuring
homoaggregation rates we employ single angle time-resolved dynamic light scattering. The apparent
dynamic rate, ∆, which corresponds to the relative rate of increase of hydrodynamic radius, Rh,
is first extracted

∆(t, Q) =
1

Rh(0, Q)
· dRh(t, Q)

dt

∣∣∣∣
t=0

(1)

where t is the time, Q = 4π/λ sin(θ/2) is the magnitude of the scattering vector with λ and θ being
wavelength of the light in medium and scattering angle, respectively. The homoaggregation stability
ratio is then calculated using equation

Wij =
∆(fast)

ij

∆ij
, (2)

where subscript ij denotes the particle pair. For homoaggregation of particles of type A, one has
i = j = A. The superscript (fast) refers to the diffusion controlled rate measured in 0.8 M NaCl.
The absolute aggregation rates are calculated as

kij =
k(fast)

ij

Wij
, (3)

where k(fast)
ij is the fast absolute rate. The fast rates for homoaggregation of amidine and sulfate particles

used in this work are (3.1± 0.2) · 10−18 m3/s and (2.8± 0.2) · 10−18 m3/s, respectively. These values
were measured by multi-angle dynamic light scattering and extracted with T-matrix calculations as
reported elsewhere [8].

For heteroaggregation rate measurements, AL and SL suspensions are mixed, which results in
suspension containing two types of particles, namely A and B. Here three types of aggregates, AA, BB,
and AB can form between two types of particles A and B. When the apparent dynamic rate of such a
mixture is measured all three types of aggregates contribute to the total rate

∆(Q) = kAAHAA(Q) + 2kABHAB(Q) + kBBHBB(Q), (4)

where kij are the absolute aggregation rates for particle pair ij and the Hij are functions, which depend
on optical properties of the respective particles and their concentrations. These functions are calculated
with T-matrix theory and low Reynolds hydrodynamics for spherical particles as described in
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Refs. [7,25]. The apparent dynamic rates for mixtures of AL and SL particles are measured as a
function of scattering vector and fitted to Equation (4). The homoaggregation rates kAA are measured
in separate homoaggregation experiments for the same conditions, while kBB is set to zero, since
SL particles are stable in all conditions. This leaves us with only one unknown parameter kAB in
Equation (4), therefore the absolute rate for heteroaggregation can reliably be determined [8]. Examples
of apparent dynamic rates for the mixture of AL and SL particles as a function of the magnitude of the
scattering vector Q for different concentrations of sodium octyl sulfate are shown in Figure 1.
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Figure 1. Apparent dynamic rates for the mixture of AL and SL particles as a function of the magnitude
of the scattering vector Q at (a) 0.3 mM, (b) 0.8 mM, (c) 1.1 mM, and (d) 2.5 mM SOS. The symbols
are experimentally determined apparent rates, while full line represents the fit to Equation (4).
The dotted and dashed lines represent the contribution of AL-AL and AL-SL aggregates, respectively.
The particle concentrations used are 0.50 mg/L (3.4 · 10−14m−3) and 0.23 mg/L (3.3 · 10−14m−3) for AL
and SL, respectively.

The experimental points shown with symbols can be accurately fitted with Equation (4).
Only contributions of AL-AL and AL-SL aggregates are present, since the SL particles do not undergo
homoaggregation. The AL and SL particle sizes as well as their number fractions are chosen such that
the optimal sensitivity for AL-SL heteroaggregation is achieved. A signature of strong contribution
of AL-SL heteroaggregation is the peak observed at Q ≈ 25 µm−1, while at this Q the apparent rate
from AL-AL homoaggregation has a minimum. This feature enables to extract heteroaggregation rates
accurately even in the presence of fast homoaggregation process. At 0.3 mM of SOS the aggregation
process is dominated by the formation of AL-SL aggregates as evident from the pronounced peak
at Q ≈ 25 µm−1. With increasing the SOS concentration, the contribution of AL-SL aggregates is
decreased and at 2.5 mM SOS, the aggregation is almost fully dominated by AL-AL homoaggregation,
see Figure 1d. Albeit in the later case the heteroaggregation rate coefficient is very small, it can still be
reliably extracted from the experimentally determined apparent dynamic rates.

The apparent dynamic rates for aggregation of mixture of AL and SL particles in the presence
of SDS are shown in Figure 2. A very similar behavior compared to the SOS case is observed, except
that the transition from heteroaggregation to homoaggregation dominated regime is shifted to much
lower surfactant concentrations. At 1.0 µM of SDS the signal is mainly due to the formation of
AL-SL heteroaggregates. Again, with increasing concentration the contribution of AL-SL aggregates
is decreased and at 6.7 µM of SDS, the signal is almost completely due to AL-AL homoaggregation
process.

The analysis explained above and shown in Figures 1 and 2 permits us to extract the
heteroaggregation rate coefficient, kAB, at every concentration of the surfactant. Finally these
absolute heteroaggregation rate coefficients are converted into stability ratios for heteroaggregation
via Equation (2). The fast heteroaggregation rate coefficient k(fast)

AB was determined in 0.8 M NaCl and
is equal to (3.1± 0.2) · 10−18 m3/s [8].
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Figure 2. Apparent dynamic rates for the mixture of AL and SL particles as a function of the
magnitude of the scattering vector Q at (a) 1.8 µM, (b) 5.0 µM, (c) 6.5 µM, and (d) 6.7 µM SDS.
The symbols are experimentally determined apparent rates, while full line represents the fit to
Equation (4). The dotted and dashed lines represent the contribution of AL-AL and AL-SL aggregates.
The particle concentrations used are 0.50 mg/L (3.4 · 10−14m−3) and 0.23 mg/L (3.3 · 10−14m−3) for AL
and SL, respectively.

2.4. Calculating Aggregation Rates with DLVO Theory

Consider the pressure Π between two planar surfaces, which is assumed to be dominated by van
der Waals and double-layer interactions [26,27]

Π = ΠvdW + Πdl, (5)

where ΠvdW and Πdl are the van der Waals and double-layer components of the pressure, respectively.
The van der Waals pressure is approximated as [27]

ΠvdW = − H
6π
· 1

h3 , (6)

where h is the distance between the plates and H the Hamaker constant. In all the calculations,
the Hamaker constant is set to 3.1 · 10−21 J [23]. Double-layer pressure is calculated by numerically
solving the Poisson-Boltzmann (PB) equation

d2ψ

dx2 =
κ2

βq
sinh(βqψ), (7)

where ψ(x) is the electrostatic potential profile between the plates located at x = ±h/2, β = 1/(kBT)
is the inverse thermal energy with T being the temperature and kB the Boltzmann constant, q is the
elementary charge, and κ is the inverse Debye length. The latter parameter is calculated via

κ2 =
2βq2c
ε0εr

, (8)

were c is the number concentration of monovalent electrolyte, ε0 is the vacuum permittivity and
εr = 80 is the relative permittivity of water at 25 ◦C. The PB equation is solved with the following
boundary conditions [28]

± ε0εr
dψ

dx

∣∣∣∣
x=±h

= σ± − C(±)
in [ψ(±h/2)− ψ±] , (9)

where σ±, ψ±, and C(±)
in are surface charge density, diffuse layer potential, and inner layer capacitance

of the isolated plates. The surface charge density and diffuse layer potential are connected through
charge-potential relationship [27]

σ± =
2ε0εrκ

βq
sinh

(
βqψ±

2

)
. (10)
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Instead of the inner layer capacitance the regulation parameter is used [28]

p± =
C(±)

dl

C(±)
dl + C(±)

in

, (11)

where C(±)
dl is the diffuse layer capacitance of the isolated plate and can be calculated as [28]

C(±)
dl = ε0εrκ cosh

(
βqψ±

2

)
. (12)

This parameter assumes simple values for the classical boundary conditions of constant charge (CC,
p = 1) and constant potential (CP, p = 0). We model intermediate regulation behavior by choosing
p = 0.5. Note that within this model both the surface charge density and the potential of the plates
vary with the separation distance. The solution of PB equation yields the potential profile between the
plates ψ(x), which is used to calculate the diffuse layer pressure [27]

Πdl = 2kBTc [cosh(βqψ)− 1]− ε0εr

2

(
dψ

dx

)2
. (13)

The interaction energy between two spherical particles can be obtained by double integration of the
pressure by means of the Derjaguin approximation [26,27]

Vij = 2πR(ij)
eff

∫ ∞

h

∫ ∞

h′
Π(h′′)dh′′dh′, (14)

where R(ij)
eff = RiRj/(Ri + Rj) is the effective radius, with Ri and Rj being the radii of the respective

particles. Note that in this case h is the smallest surface-to-surface separation distance between
the spheres. Experimental values for radii of the AL and SL particles determined by SLS are
used. The diffuse layer potentials are approximated with the experimentally measured electrokinetic
potentials interpolated with empirical functions shown in Figures 3 and 4.
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Figure 3. Electrokinetic potential of amidine latex particles as a function of surfactant concentration
with (a) no added salt, (b) 10 mM NaCl, and (c) 30 mM NaCl. Empty symbols represent SOS and full
symbols SDS surfactants. The lines are empirical interpolation functions.
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with (a) no added salt, (b) 10 mM NaCl, and (c) 30 mM NaCl. Empty symbols represent SOS and full
symbols SDS surfactants. The lines are empirical interpolation functions.

The aggregation rate coefficient is obtained by solving the steady-state diffusion equation, which
yields [27]

kij =
2kBT

3ηR(ij)
eff

[∫ ∞

0

Bij(h)e
βVij(h)dh

(Ri + Rj + h)2

]−1

, (15)

where hydrodynamic resistance function Bij is approximated as [29]

Bij(h) =
6h2 + 26R(ij)

eff h + 8(R(ij)
eff )

2

6h2 + 8R(ij)
eff h

(16)

Finally the stability ratio is calculated via Equation (2). The fast rate coefficient k(fast)
ij is obtained by

taking only the van der Waals attraction into account.

3. Results and Discussion

We report experimentally measured homoaggregation and heteroaggregation stability ratios in
aqueous suspensions of amidine latex (AL) and sulfate latex (SL) particles in the presence of two
different alkyl sulfate surfactants, namely sodium octyl sulfate (SOS) and sodium dodecyl sulfate (SDS).
We first investigate the charging of both type of particles at different background salt concentrations by
electrophoresis. Subsequently, we address the dependence of the stability ratios for homoaggregation
and heteroaggregation on the surfactant concentration. These results are further confronted with
theoretical predictions based on the DLVO theory. Finally, comparison with literature data is being
made. Note that the data involving SOS were published in Ref. [8], but they are shown here again for
the ease of comparison.

3.1. Charging of the Particles in the Presence of Surfactants

The electrophoretic mobility of the AL and SL particles was measured with electrophoretic light
scattering, and the mobilities were subsequently converted to electrokinetic potentials (ζ-potential).
Let us first consider the charging of AL particles in the presence of both surfactants, see Figure 3.

At very low surfactant concentration, AL particles are positively charged as expected from
their surface chemistry and their charging behavior in NaCl solutions. Increasing of the surfactant
concentration, the AL particles get progressively neutralized. The isoelectric point (IEP) point is
reached at 0.5 mM and 5 µM in the presence of SOS and SDS, respectively. Above these concentrations,
the AL particles become negatively charged and their electrokinetic potential is decreasing with
increasing concentration. When the concentration of background NaCl solution is increased, the
qualitative behavior remains the same, albeit the magnitude of the electrokinetic potential is reduced
due to additional screening. The charging of the AL particles is similar in both surfactant solutions,
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except for its shift of about two orders of magnitude to lower concentrations for the SDS as compared to
SOS. This shift indicates that the affinity of SDS towards the AL particles is substantially larger than for
SOS. For both surfactants, the position of the IEP increases only very modestly with the background salt
level, which indicates that the surfactant adsorption is mainly driven by non-electrostatic interactions.
In all cases shown in Figure 3 the electrokinetic potential is constant or slightly decreasing. There is one
exception, however, in the case of SOS surfactant with no added salt, the potential is increasing with
increasing SOS concentration. Similar behavior was observed with the same particles in the presence
of hydrophobic tetraphenylborate ions earlier [23]. This increase is probably a result of interplay of
strong adsorption of hydrophobic ion on the surface and simultaneous screening of the double layer
with increasing ion concentration.

The electrokinetic potentials for SL particles in the presence of surfactants are shown in Figure 4.
The SL particles remain negatively charged in the whole range of surfactant and background salt
concentrations studied. Again, the qualitative picture is similar for both surfactants, whereby the
curves are shifted to lower concentrations for the SDS as compared to SOS. For the samples with no
added salt the electrokinetic potential is increasing with increasing SOS concentration, while it stays
constant at about −60 mV in the presence of SDS. With increasing salt background concentration,
the potential decreases with increasing surfactant concentration for both SOS and SDS. The decrease of
the potential with surfactant concentration indicates that the negatively charged surfactants adsorb to
negatively charged SL particles too. This behavior further confirms the previous observation that the
surfactant adsorption on latex particles is mainly driven by non-electrostatic interactions.

3.2. Homoaggregation

Let us now address homoaggregation of the latex particles in the presence of alkyl sulfate
surfactants. As shown in Figure 4 the SL particles are negatively charged at all investigated conditions.
Light scattering experiments have confirmed that SL particles are stable and do not aggregate for
all conditions investigated. On the other hand, the AL particles undergo a charge reversal upon
addition of surfactants. Therefore, one expects fast homoaggregation near the IEP for the AL system.
This feature is indeed evident in Figure 5, which shows the stability ratios for homoaggregation of AL
particles in the presence of SOS and SDS.
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Figure 5. Stability ratios for homoaggregation of AL particles in the presence of SOS and SDS with
(a) no added NaCl, (b) 10 mM NaCl, and (c) 30 mM NaCl added. Symbols represent experimental data,
while lines show calculations based on DLVO theory. CC, CR, and CP labels mark constant charge,
constant regulation, and constant potential boundary conditions. For the CR model the regulation
parameters for both particles are equal to 0.5. The IEPs are indicated with arrows.

One observes the typical U-shaped curves for the stability ratio for both type of surfactants
and different background electrolyte concentrations. The suspensions are stable at low surfactant
concentrations, due to strong electrostatic repulsion that is induced by the high positive charge of the
AL particles. The stability ratios decrease with increasing concentration before reaching a minimum
close to the IEP. Near this point the stability ratios are close to unity, and the aggregation is close to
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diffusion controlled. When the surfactant concentration is increased further, the particles progressively
accumulate negative charge. This accumulation of charge again induces repulsive double layer forces,
which result in the re-stabilization of the suspension, and an increase of the stability ratio. The behavior
is qualitatively similar for both SOS and SDS surfactants. However, the curves corresponding to SDS
are shifted to lower concentrations with respect to those of the SOS. This shift reflects the corresponding
shift in the IEP as discussed above. Another feature that can be observed by comparing the panels (a) to
(c) in Figure 5 is that with increasing background electrolyte concentration the unstable regions become
wider. This effect is caused by the increased screening of the double layer forces with increasing
electrolyte concentration.

Comparison of experimental and calculated stability ratios reveals that the DLVO theory
explains the stability of AL particles reasonably well. The theory reproduces all qualitative features,
especially the U-shaped stability curves, their position, and the increase of their width with increasing
salt concentration. However, the quantitative agreement is not always perfect. The largest discrepancies
between theory and experiment are observed for SDS at concentrations below the charge reversal,
where the theory overestimates the stability ratio. These discrepancies could be caused by charge
heterogeneities [30]. The discrepancy between theory and experiment is further reflected in the
symmetry of the stability curves around the IEP. While theoretical stability curves are almost symmetric
around the IEP, this is not the case for experimental curves, especially for the SDS surfactant. In the
SDS system, the measured stability ratios are much smaller below the IEP than above. Below the IEP,
the AL particles are positively charged, while negatively above the IEP. Similar asymmetries in the
stability curves were observed for hematite particles by changing the pH [31], latex particles with
adsorbed dendrimers [32], or in the presence of alkyl sulfate surfactants [15]. We further remark that
the effect of boundary conditions used in the DLVO calculations (i.e., CC versus CP) has a minor effect
on the calculated stability ratios. The same observation was made for similar systems previously [23].

3.3. Heteroaggregation

Let us now focus on the heteroaggregation between AL and SL particles. Such measurements
were hardly ever reported in the literature and they present the main results of the present paper.
Stability ratios for heteroaggregation involving the AL and SL particles in the presence of SOS and
SDS are shown in Figure 6.
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Figure 6. Stability ratios for heteroaggregation of AL and SL particles in the presence of SOS and SDS
with (a) no added NaCl, (b) 10 mM NaCl, and (c) 30 mM NaCl added. Symbols represent experimental
data, while lines show calculations based on DLVO theory. CC, CR, and CP labels mark constant charge,
constant regulation, and constant potential boundary conditions. For the CR model the regulation
parameters for both particles are equal to 0.5. The IEPs are indicated with arrows.

At low surfactant concentrations, the stability ratio for heteroaggregation is close to unity, and in
some cases even below. At these conditions, heteroaggregation is fast. The stability ratios below
unity indicate the presence of double-layer attraction between the oppositely charged particles.
Their opposite charge is evident form the electrokinetic potentials shown in Figures 3 and 4. However,
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the effect of the attractive double-layer forces remains modest and heteroaggregation remains mainly
diffusion controlled. As evident from the respective sub-figures, the effect of double-layer attraction
is strongest without added salt, and disappears with increasing concentration of the monovalent
background electrolyte as observed for oppositely charged particles [6,33]. With increasing surfactant
concentration, the stability ratio increases sharply, and the heteroaggregation slows down. This increase
in the stability ratio can again be explained by considering the charge of the particles. Above the
IEP, the AL particles become negatively charged, and the double layer interaction with the negatively
charged SL particles is now repulsive.

The heteroaggregation behavior is similar for both types of surfactants. The stability curves are
again shifted to lower concentration for SDS surfactant as compared to SOS. This effect is due to the
stronger affinity of SDS to the latex particles than for SOS, which shifts the IEP of the AL particles in
the presence of SDS to lower concentrations than for SOS.

The full lines in Figure 6 represent the calculations of stability ratios with DLVO theory. Again CP,
CR, and CC boundary conditions are being used. The DLVO theory is able to accurately capture
the dependence of stability ratios on the surfactant concentration. One further observes that
heteroaggregation is much more sensitive to the boundary conditions than what was the case for
homoaggregation [7,34]. In most situations, the surfaces appear to regulate strongly, as indicated by
the close match with CP boundary conditions. For the case of SDS, the stability ratios are shifting more
towards CC conditions, especially for higher background salt concentrations. For heteroaggregation,
the regulation parameter of the particle with smaller magnitude of the charge density strongly affects
the stability ratio [7,34]. From the present results, we conclude that the AL particles regulate strongly
near the IEP, approximatively close to CP conditions. For SDS at 30 mM of NaCl, however, the AL
surface seems to behave closer to CC. One may further note that with increasing NaCl concentration,
the stability ratio is less sensitive to effects of charge regulation.

3.4. Critical Coagulation Concentration

Let us now analyze the critical coagulation concentrations (CCC) for particles in the presence
of ionic surfactants. The CCC is the concentration at which the transition between slow and fast
aggregation occurs. Figure 5 suggest the presence of two CCCs for the AL particles. The first
CCC (homo-CCC1) is located at low concentrations at the transition from slow to fast aggregation.
Upon increasing the surfactant concentration, the aggregation becomes slow again, and this transition
marks the position of the second CCC (homo-CCC2). For heteroaggregation, only one transition from
fast to slow aggregation occurs (see Figure 6). This position reflects another CCC (hetero-CCC).

These three CCCs are plotted as a function of added salt for SOS and SDS in Figure 7 together
with IEPs for the AL particles.
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Figure 7. Critical coagulation concentration as a function of added salt for (a,b) SOS and (c,d) SDS.
Homo-CCC1, homo-CCC2, hetero-CCC, and IEPs of AL particles are presented. The experimental data
is shown in (a) and (c), while CCCs extracted from DLVO calculations including the effect of boundary
conditions are shown in (b,d). Straight lines are used to connect the respective data points.

One observes that for both surfactants the homo-CCC1 is decreasing slightly with increasing
salt concentration, while the homo-CCC2 and hetero-CCC are increasing. The difference between
the homo-CCC2 and homo-CCC1 is larger at higher salt concentrations. This observation is in line
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with Figure 5, as one observes that the region, where the stability ratio is close to unity, is widening
with increasing background salt concentration. This behavior can be understood by inspecting
the electrokinetic potentials of AL particles at different added salt concentrations, see Figure 3.
The magnitude of these potentials is decreasing with increasing salt concentration. Therefore,
the potential needed for re-stabilization is only reached at higher surfactant concentrations, and
therefore the homo-CCC2 increases with increasing salt concentration.

The hetero-CCC is always located between the two homo-CCCs and its values are close to the IEP
values for AL particles. The position of the hetero-CCC relative to the homo-CCCs can be understood
from the the charging curves of the respective particles (see Figures 3 and 4). The AL particles
undergo a charge reversal at IEP. They start to aggregate rapidly, when their charge becomes close to
neutral, which marks the homo-CCC1. At this point, the heteroaggregation between neutral AL and
negatively charged SL particles is still fast. Above the IEP, the AL particles become negatively charged,
and the double-layer forces between AL and SL become repulsive, which marks the onset of slow
heteroaggregation at hetero-CCC. Finally, when the AL particles become sufficiently highly charged,
the homoaggregation of the AL particles also becomes slow, which occurs at homo-CCC2. Therefore,
the relative position these three CCCs is mainly determined by the charging of the amidine particles.

The results of the DLVO calculations shown in Figure 7b,d agree very well with the experimentally
measured CCCs. In accordance with experiments slight decrease of homo-CCC1 is observed,
while homo-CCC2 and hetero-CCC are increasing with increasing salt concentration. One can further
observe that the influence of the boundary conditions is the strongest for hetero-CCC, while it is much
less pronounced for the two homo-CCCs, especially homo-CCC1. Heteroaggregation is therefore more
sensitive on the boundary conditions compared to the homoaggregation [7,34].

While we are unaware of similar measurements of hetero-CCCs, the homo-CCCs were measured
earlier for other types of positively charged particles in the presence of alkyl sulfate surfactants.
In particular, these studies involve AgI [13,14] and hematite particles [15]. It is instructive to compare
the results of these studies with our results.

The first row of Figure 8 shows our measurements for homo-CCCs at different concentration
of added salt, while the second row of Figure 8 presents the homo-CCCs with for AgI from
Wanatabe [13,14] and Hus et al. [14], and those for hematite by Kobayashi et al. [15]. These CCCs are
plotted versus the number of carbons in the alkyl chain. In spite of the different surface chemistry of
the different particles, the CCCs systematically decrease with increasing chain length for all three types
of particles. This observation is in line with electrophoresis results, where the IEPs are shifted to lower
concentrations for surfactants with longer alkyl chains [13,15]. This behavior can be explained by
increased tendency for adsorption to solid surfaces for alkyl surfactants increases with increasing chain
length. A larger affinity of the surfactants towards the surface induces IEPs at lower concentrations,
which induces a similar shift in the CCC. If one further decreases the surfactant chain length, the CCCs
further increase, and for very short chain lengths only one CCC is observed [20].

One can further observe that the CCCs for AL and hematite particles are similar, while the ones for
AgI particles are higher. Since the position of the CCCs is determined by the affinity of the surfactants
for the surface, we suspect that this affinity is comparable for the AL and hematite particles, while it is
lower for the AgI particles.

Figure 8a–c shows the effect of added salt on the CCCs. One can observe that by increasing salt
concentration the difference between CCC1 and CCC2 is increasing. The area of the region between the
CCCs, which marks the fast aggregation regime, is therefore increasing with increasing concentration.
The same effect can be seen in the second row of the Figure 8, where thinner fast aggregation areas
are observed for AgI particles, which were measured with about 1 mM of added salt, while the fast
aggregation regime is wider for hematite particles measured in the presence of 10 mM NaCl.
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Figure 8. Critical coagulation concentration as a function of the chain length of alkyl sulfate surfactant.
Homo-CCC1 and homo-CCC2 for amidine latex used in this work with (a) no added salt, (b) 10 mM,
and (c) 30 mM salt. AgI particles by (d) Watanabe [13] and (e) Hus et al. [14], and (f) hematite by
Kobayashi et al. [15]. The CCCs shown in (e) were extracted from the maxima of turbidity curves given
in [14]. The lines serve only as eye-guides. The colored area between the CCCs marks the region of
fast aggregation.

4. Conclusions

We investigate the influence of two alkyl sulfate surfactants on homoaggregation and
heteroaggregation involving SL and AL particles. Both surfactants SOS and SDS adsorb to both
types of particles. The SL particles stay negatively charged and remain stable in the whole range
of the surfactant concentration studied. The AL particles are positively charged at low surfactant
concentrations, and they undergo a charge reversal with increasing concentration. This charge reversal
also dictates the homoaggregation of these particles. The AL particles are stable at low surfactant
concentrations, aggregate rapidly close to the charge reversal point, and become re-stabilized at higher
surfactant concentrations.

Heteroaggregation between AL and SL particles is fast at low surfactant concentration, where the
particles are oppositely charged and the double-layer forces are attractive. Above charge reversal of AL
particles, the heteroaggregation becomes slow as the double-layer forces between AL and SL switch
from attractive to repulsive.

The affinity of the alkyl sulfate surfactants to the surface increases with increasing length of
the alkyl chain. With increasing affinity, the IEP shifts to lower concentrations. The minimum in
the stability curves for homoaggregation of the AL particles and the corresponding increase of the
stability curve for heteroaggregation are both shifted to lower concentrations, when chain length of
the surfactant is increased.

The DLVO theory describes homoaggregation and heteroaggregation processes reasonably well,
albeit some discrepancies occur for homoaggregation at low concentrations. The DLVO theory also
captures the widening of the fast homoaggregation regime with increasing concentration of NaCl.
Charge regulation seems to be close to CP in most cases, except at 30 mM NaCl, where systems behave
closer to CC conditions.
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