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Abstract

In this thesis, particle aggregation including homo- and heteroaggregaion in different ionic
environments was investigated using electrophoresis and light scattering techniques
combined with DLVO theory calculations. Chapter 1 presents a detailed introduction to

particle aggregation, the experimental technigues involved, and the outline of the thesis.

In Chapter 2, homoaggregation of amidine-modified polystyrene latex (AL) and sulfate-
modified polystyrene latex (SL) particles in the presence of salts containing multivalent co-
ions was studied. It was observed that the critical coagulation concentration (CCC) of AL
particles or SL particles is inversely proportional to the valence of co-ions. Calculation within
the theory of Derjaguin, Landau, Verwey and Overbeek (DLVO) also reflects the same
behavior. But this dependence is much weaker than that of the CCC on the valence of
counterions. The latter is known as the Schulze-Hardy rule, which suggests that CCC is
inversely proportional to the sixth power of the valence (z) of the counterions. For the present
case of co-ions, an analogous inverse Schulze—Hardy rule was proposed, which suggests an

inverse dependence on the co-ion valence.

Chapter 3 presents homoaggregation of positive AL particles and negative SL particles in the
presence of hydrophobic anions—tetraphenylborate (PhsB)and NaCl as background.
Electrophoresis measurements showed that AL particles undergo charge reversal because of
the adsorption of Ph,B™ anions. This charge reversal induced a narrow fast aggregation region,
followed by an intermediate regime of slow aggregation. For SL particles, the Ph,B™ anions
also adsorbed onto like-charged particle surfaces, making the particles more negative charged.
This accumulation of negative charge leads to an intermediate slow regime. This aggregation
behavior can be explained with classical DLVO theory. However, another regime of fast
aggregation was observed at intermediate PhyB~ concentrations for both types of particles.
The occurrence of this regime can be only rationalized when incorporating an additional
attractive non-DLVO force is considered. This additional force is probably induced by

surface charge heterogeneities.

In Chapter 4, heteroaggregation process between AL particles (300 nm in diameter) and SL
particles (600 nm in diameter) was studied in two sets of solution systems. One was in
inorganic salts containing multivalent anions. In this solution system, AL particles reversed

their charge as increasing the salt concentration, while SL particles always kept the same



charge sign. The stability of heteroaggregation went through a maximum at the intermediate
salt concentrations where both of AL particles and SL particles are highly negatively charged.
The other was in an aliphatic polyamine (N6) and monovalent salt. In this system, the charge
of AL particles was hardly affected, while SL particles underwent a significant charge
reversal with increasing concentration of N6. Similarly, a pronounced maximum in the
stability ratio of heteroaggregation was observed at the intermediate region where both types
of particles are highly positively charged. The DLVO theory calculations based on the
potentials from electrophoresis measurements can predict this aggregation behavior rather

well.

Chapter 5 demonstrates a strategy to measure the heteroaggregation rate over a wider range
with the multi-angle light scattering technique. The previously measured heteroaggregation
rates with light scattering technique were in a narrow range, over one order of magnitude or
less. Herein, specific pair of particles—AL particles (302 nm in diameter) and SL particles
(250nm in diameter) were chosen for increasing the contrast of scattering profiles between
the different aggregates. The anionic surfactant—sodium n-octyl sulfate (SOS) was used to
suppress the homo-aggregates (SL-SL) formed by homoaggregation between SL particles
since its scattering profile has similar characteristic peak as that of the formation of hetero-
aggregates (AL-SL). As a result, the stability ratios of heteroaggregation were measured over

a much wider range, namely more than two orders of magnitude.



Résumé

Dans cette these, l'agrégation de particules, y compris I'nomo- et I'hétéroagrégaion dans
différents environnements ioniques a été étudiée en utilisant des techniques d'électrophorése
et de diffusion de la lumiére combinées a des calculs théoriques DLVO. Le chapitre 1
présente une introduction détaillée a I'agrégation de particules, les techniques expérimentales

utilisées et les grandes lignes de la thése.

Au chapitre 2, I'nomoagrégation de particules de latex de polystyrene modifié a I'amidine
(AL) et de particules de latex de polystyrene modifié au sulfate (SL) en présence de sels
contenant des co-ions multivalents a été étudiée. On a observé que la concentration critique
de coagulation (CCC) des particules AL ou des particules SL est inversement proportionnelle
a la valence des co-ions. Le calcul dans la théorie de Derjaguin, Landau, Verwey et Overbeek
(DLVO) reflete également le méme comportement. Mais cette dépendance est beaucoup plus
faible que celle du CCC sur la valence des contre-ions. Cette derniére est connue sous le nom
de regle de Schulze-Hardy, qui suggere que CCC est inversement proportionnelle a la
sixiéme puissance de la valence (z) des contre-ions. Dans le cas présent des co-ions, une régle
de Schulze-Hardy inverse analogue a été proposée, ce qui suggére une dépendance inverse de

la valence des co-ions.

Le chapitre 3 présente I'homoagrégation des particules AL positives et des particules SL
négatives en présence d'anions hydrophobes - tétraphénylborate (Ph;B") et NaCl comme fond.
Les mesures d'électrophorése ont montré que les particules d'AL subissent une inversion de
charge en raison de l'adsorption des anions Ph,B™. Cette inversion de charge a induit une
région d'agrégation rapide étroite, suivie d'un régime intermédiaire d'agrégation lente. Pour
les particules SL, les anions PhyB™ sont egalement adsorbés sur des surfaces de particules
chargées de la méme maniere, ce qui rend les particules plus chargées négativement. Cette
accumulation de charges négatives conduit a un régime intermédiaire lent. Ce comportement
d'agrégation peut étre expliqué par la théorie DLVO classique. Cependant, un autre régime
d'agrégation rapide a été observé a des concentrations intermédiaires de Phs,B™~ pour les deux
types de particules. L'existence de ce régime ne peut étre rationalisée que si I'on tient compte
de l'incorporation d'une force supplémentaire attrayante qui n'est pas une force de DLVO.
Cette force supplémentaire est probablement induite par I'nétérogénéité des charges de

surface.



Au chapitre 4, le processus d'hétéroagrégation entre les particules AL (300 nm de diamétre)
et les particules SL (600 nm de diametre) a eté étudié dans deux ensembles de systemes de
solution. L'un était dans des sels inorganiques contenant des anions multivalents. Dans ce
systeme de solution, les particules d'’AL ont inversé leur charge en augmentant la
concentration en sel, tandis que les particules de SL ont toujours gardé le méme signe de
charge. La stabilité de I'hétéroagrégation est passée par un maximum aux concentrations
intermédiaires de sel ou les particules AL et les particules SL sont fortement chargées
négativement. L'autre était dans une polyamine aliphatique (N6) et un sel monovalent. Dans
ce systéeme, la charge des particules d'AL était a peine affectée, tandis que les particules de
SL subissaient une inversion de charge significative avec une concentration croissante de N6.
De méme, un maximum prononcé du rapport de stabilité de I'nétéroagrégation a été observé
dans la région intermédiaire ou les deux types de particules sont fortement chargées
positivement. Les calculs théoriques DLVO basés sur les potentiels des mesures

d'électrophorése permettent de prédire assez bien ce comportement d'agrégation.

Le chapitre 5 présente une stratégie pour mesurer le taux d'hétéroagrégation sur une plus
grande plage avec la technique de diffusion de Ilumiére multi-angle. Les taux
d'hétéroagreégation mesurés précédemment avec la technique de diffusion de la lumiere se
situaient dans une plage étroite, sur un ordre de grandeur ou moins. Une paire spécifique de
particules - particules AL (302 nm de diametre) et particules SL (250 nm de diametre) - a été
choisie pour augmenter le contraste des profils de diffusion entre les différents agrégats. Le
tensioactif anionique-sodium n-octyl sulfate (SOS) a été utilisé pour supprimer les homo-
agrégats (SL-SL) formés par homo-agrégation entre particules de SL puisque son profil de
diffusion a un pic caractéristique similaire a celui de la formation des hétéroagrégats (AL-SL).
En conséquence, les rapports de stabilité de I'nétéroagrégation ont été mesurés sur une plage

beaucoup plus large, a savoir plus de deux ordres de grandeur.



CHAPTER 1
Introduction

Particle suspensions, also generally known as colloids, colloidal systems or colloidal
suspensions, consist of dispersed insoluble particles distributed in a liquid medium. The size
of these particles is in the range of 1-1000 nanometers. From a broader viewpoint, the
dispersed phase can be a gas or a liquid, and the dispersion medium can also be a gas or a
solid. Colloidal systems exist ubiquitously in nature and various industrial applications.
Examples are smoke and fog, which are formed when fine solid particles or liquid droplets

are dispersed in air, ink and paint, which are dispersions of small solid particles in a liquid.

The scientific study of colloids can be traced back to the early nineteenth century.’ Robert
Brown, a British botanist, found that pollen particles suspended in water move around in
continuous and random fashion, which was later called Brownian motion. This behavior is
the result of the collisions between particles and the surrounding fast-moving water
molecules. During the late 1840s Francesco Selmi, an Italian chemist and toxicologist, first
systematically studied inorganic particles such as silver chloride and Prussian blue and
demonstrated that these particles aggregated by adding salts. Subsequently, Michael Faraday
investigated destabilization process of gold suspensions through their color change. He
demonstrated that the color of the suspension changed from red (absorption of light by
individual gold particles) to blue (absorption of light by gold aggregates) by adding salts.? In
1861, Thomas Graham introduced the term “colloid” to describe substances which would not
diffuse through a membrane.® Graham and Selmi are generally regarded as the founders of
colloid science. Initiated by the studies of Selmi and Faraday, tremendous work was
conducted on particle aggregation in the following years. However, general theoretical
framework to explain these aggregation behaviors was still missing until the 1940s. Two
Russian scientists, Derjaguin and Landau, and two Dutch scientists, Verwey and Overbeek,
independently established the theory of colloidal stability suggesting that particle aggregation
is governed by the interactions between particles, which result from the combination of
attractive van der Waals and repulsive double layer forces.*® This theory is referred to as the
DLVO theory, which currently is the key to understand the stability of colloids and the

interaction between colloidal particles.



Aggregation in particle suspensions is important in material manufacturing as well as in
environmental and industrial processes.>®*° In these processes, different behavior of particle
aggregation can be established, including rapid particle aggregation, stable particle
suspensions and controlled aggregation. In wastewater treatment, to remove the suspended
solid particles efficiently, rapid particle aggregation must be induced by adding organic
polymer or multivalent metal ions. The resulting large particle aggregates can be removed
easily by the subsequent sedimentation or filtration. Papermaking process is another case
involving particle aggregation. The raw material is obtained by the aggregation of cellulose
fibers and filler particles in a suspension. By contrast, in paint products, stable suspensions of
pigments particles are needed. Aggregation of these particles must be avoided for the long-
term use of the product. In the field of material science, materials with desired properties can
be targeted by control the aggregation of particles. For instance, the architectures of silica-
core gold satellites nanoclusters can be precisely controlled by tuning the
aggregation/deposition of gold nanoparticles onto the silica nanoparticle.® As a result, the

optical properties of these core-satellite nanostructures are successfully tailored.

Due to the importance and relevance of particle aggregation in a wide range of applications
described previously, aggregation of particles in suspension needs to be well understood.

1.1 Early stages of the aggregation in particle suspensions

Particles suspended in water usually get charged because of the ionization of surface groups
or other mechanisms (like ion adsorption). This process will induce that an electrical double
layer (EDL) forms around the particles. This EDL force, which can be screened by adding
salts, makes the particles repel each other. At the same time, the ubiquitously attractive van
der Waals force, which is almost independent of ionic strength, tends to drive the particles
together. The overall effect is determined by the combination of EDL repulsion and van der
Waals attraction, as suggested by the DLVO theory. Therefore, the particles undergo fast
aggregation at high salt concentrations since the EDL force vanishes, while the aggregation
rates are small at low electrolyte concentrations. The transition between these two regimes is

called the critical coagulation concentration (CCC).

The aggregation of particles in suspension can be induced by adding proper chemicals
including simple or complex electrolytes, surfactants or polymers. Initially, one obtains
particle doublets or dimers, which is referred to as the early stages of the aggregation process.
As the irreversible aggregation process proceeds forward, triplets and larger aggregates form,

6



which refers to the late stages of the aggregation. At the end, sedimentation due to
gravitational forces occurs. Particle aggregation can be divided into homoaggregation,
occurring between similar or identical particles, and heteroaggregation, involving dissimilar

particles. In the following, they will be discussed separately.

Stable Early Stages Later Stages Sedimentation
°35 088 ¥8
O o
o O O Ooo 8003
00| D o éao%o
© ©0 |0 ©CO

Figure 1. lllustration of stable and unstable colloidal suspensions.
1.1.1 Homoaggregation

Homoaggregation of colloidal particles in the presence of mono- and multivalent electrolytes
has been widely studied for a long time and is understood quite well. The DLVO theory was
also established based on findings from homoaggregation processes. Accordingly, particle
suspension is stable due to the strong EDL repulsion between particles at low electrolyte
concentrations. At high salt concentrations, the aggregation of particles is fast since the
repulsive EDL force is screened and the attractive van der Waals force dominates. For
monovalent salts, the DLVO theory takes into account only the concentration, regardless of
their chemical characteristics such as the composition and hydrophobicity. Thus, all the
monovalent salts are supposed to give rise to the same CCCs without ion specificity.
However, in some situations, the monovalent ions (counterions) may absorb specifically to
particle surfaces, which will alter the surface charge and thus modify the double layer

force 113

As a result, the CCCs of particle suspensions may be different in the presence of monovalent
ions.***® The Hofmeister series, which is an order of ions based on their absorption ability to

surfaces and to their extent of hydration,**?

gives a good explanation to this shift in the
CCCs. The effect, proposed by Franz Hofmeister, was first used to describe the effects of ion
species (anions and cations) on the solubility of proteins.?* The original Hofmeister series
involved ions of higher valence, but only the monovalent ions are discussed here. The case of

higher valent ions will be addressed in terms of the Schulze-Hardy rule.
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Figure 2. Position of cations and anions in the Hofmeister series for hydrophobic surfaces.
Reproduction from reference 14.

As shown as in Figure 2, the CCCs of charged hydrophobic particles in monovalent salts
reflect the direct and indirect Hofmeister series.'* For negatively charged hydrophobic
particles, the stabilization ability of cations goes along with the direct Hofmeister series. The
ions on the right side give rise to lower CCC, while the ions on the left cause higher one.
Oppositely, in the case of hydrophilic particles, the CCCs for positively charged particles
obey the direct Hofmeister series, while the CCCs for negatively charged particles reflect the
indirect series.?? In the case of positively charged hydrophobic particles, stabilization ability
of anions follows the indirect Hofmeister series. Specifically, the ions on the right side (e.g.,
H,PO,) tend to cause higher CCC, while the ones on the left side (e.g., SCN") can induce the
aggregation at low concentration resulting in lower CCC. Although the mechanism of the
Hofmeister effect hasn’t been understood completely, it is generally believed that the above
shift in the CCCs results from the size of the ions and their hydration degree of ions. The
anions on the right side (e.g., H,PO,4) are small in size and strongly hydrated, while the
anions appearing on the left (e.g., SCN") with large size are poorly hydrated. The cations are
presented in the reverse manner, that large and poorly hydrated ones are situated on the left
side while small and strongly hydrated ones on the right. Therefore, in the case of positively
charged hydrophobic particles, the strongly hydrated anions (e.g., H,PO,4) prefer to stay in
the bulk solutions, inducing aggregation at high concentrations. The poorly hydrated ones
(e.g., SCN") adsorb on the hydrophobic surface more strongly and thus decrease the surface
charge, resulting in the lower CCCs. Therefore, the aggregation behavior of positively
charged hydrophobic particles follows the indirect Hofmeister series. Regarding the
negatively charged hydrophobic particles, the poorly hydrated cations on the left side adsorb

to the hydrophobic surface more strongly than the ones on the right side, which leads to the
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aggregation of negatively charged hydrophobic particles following the direct Hofmeister

series.

As mentioned above, Hofmeister effect considers the composition and hydrophobicity of the
monovalent salts. When it comes to the situation of the multivalent salts, Schulze-Hardy rule
as well as the classical DLVO theory will be used. Accordingly, multivalent ions are much
more effective in destabilizing particle suspensions than monovalent ions.?*** For this reason,
trivalent salts of iron and aluminum are commonly used inorganic coagulants in wastewater
treatment and water purification.” The dependence between the CCCs of particle suspensions

and the valence of counterions (z) can be shown as:**?®

CCC x Zi” (1)
This dependence has been discovered by Schulze and Hardy more than one hundred years
ago when they studied the aggregation of lyophobic sol particles in the presence of various
salts. They found that the dependence is followed up to n = 6, which is nowadays known as
the Schulze—Hardy rule. This strong dependence can be derived from the DLVO theory only
under the assumption that colloidal particles process high surface charge density (more than
1000 mC/m?). Under the situation of low surface charge density, such as in the range of 10-
100 mC/m?, the dependence of n = 2 is obtained. Actually, the charge density of many
colloidal particles is located in this range. In addition to the Schulze—Hardy rule addressing
the influence of counterions on CCCs, the dependence of CCCs on the valence of co-ions is
also investigated experimentally and theoretically.?*>° The results show this dependence (n =

1) on the valence of co-ions is relatively weak, which will be discussed in detail in Chapter 2.

Tremendous work has been conducted on the aggregation behavior of various types of
particles, such as polystyrene latex, hematite, arsenic sulfide, montmorillonite, silver bromide
and layered double hydroxides. **® The dependence of their CCCs on valence of counterions
is summarized in Figure 3. The relative CCC decreases with the valence of the counterion in
all cases, in spite of the face that the values exhibit substantial system specificity. In some
cases, the dependence is even stronger than Schulze—Hardy rule, which is incompatible with
DLVO theory. The possible reason is that additional interactions in these colloidal systems

exist.
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Figure 3. The dependence of relative CCCs of colloidal particles on the valence of counterions

and co-ions.

The previous discussion on homoaggregation between colloidal particles focuses on the
situation of mono- and multivalent inorganic salts. However, the different types of coagulants
are not limited to them. Let us now move to another commonly used ones—oligomer and
polyelectrolyte. Oligomer and polyelectrolytes, including polycations and polyanions, are
charged macromolecules bearing repeating ionizable or ionized groups. They can be strongly
charged when dissolved in aqueous solutions under appropriate pH conditions.
Polyelectrolytes with long molecule chains and high charge density are widely used as
coagulant or stabilizer for colloidal particles. One of most commonly used oligomers is linear
oligoamine. Negatively charged polyelectrolytes include poly(sodium styrene sulfonate)
(PSS), poly(acrylic acid) (PAA) and heparin, while the positively charged ones involve
polyethylenimine (PEI), linear oligoamine and poly(amidoamine) dendrimer.

The application of oligomers or polyelectrolytes as coagulants or stabilizers for colloidal
particles is based on their strong adsorption on particle surfaces.” Generally, the strong
adsorption of oligomers or polyelectrolytes can make particles undergo charge neutralization
and then charge reversal. To demonstrate the influence of oligomers on the charging and
aggregation behavior of colloidal particles, the system involving negatively charged
polystyrene latex and cationic pentaethylenehexamine (N6) are taken from the literature
(Figure 4).%® At low N6 concentrations, zeta potential is still negative due to the fact that the
negatively charged particles are only partially neutralized by the adsorbed cationic N6. With
increasing concentration of N6, zeta potential becomes less negative and reaches the
isoelectric point (IEP), at which particles are neutralized. After IEP, particles become

positively charged due to additional adsorption of N6. Zeta potential reaches a maximum at a
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certain N6 concentration, followed by the decrease at highest concentrations. This decrease is
due to the screening of the charge by the counterions. The corresponding aggregation
behavior as described by the stability ratio is consistent with the charging behavior. Around
the IEP, the stability ratio has the lowest value, indicating that particles aggregate rapidly
since electrical double layer forces vanish and van der Waals attractive forces are dominant.
The stability ratio has very high values, which means particles are stable, at low N6
concentrations as well as at the intermediate region after the IEP. At highest concentrations,
this ratio decreases again and reaches unity as feature of the fast aggregation regime. This
characteristic behavior in aggregation, destabilization—stabilization— destabilization, has

been observed in many colloidal systems. 36394

As stated above, colloidal particles exhibit characteristic homoaggregation in the presence of
various ionic species, including mono- and multivalent salts, and polyelectrolytes. Extensive
work has been preformed since more than one century ago. Classical DLVO theory can give
a good explanation for these results. However, it is still challenging to predict the aggregation
behavior of colloidal particles due to the diversity of particles and the ionic species, for
instance, the shape, size and chemical nature of particles as well as their specific interactions
with ionic species. More studies still need to be carried out to improve our understanding of

particle aggregation in these situations.

Zeta Potential (mV)
oney Ayngels

107 10°  10° 10"
Concentration (N6) (mol/L)

Figure 4. Zeta potential and stability ratio of negatively charged polystyrene
latex versus the contentration of cationic pentaethylenehexamine (N6). The
data are from reference 38.
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1.1.2 Heteroaggregation

Compared to homoaggregation, heteroaggregation has been investigated to a much lesser
extent, although it dominates many environmental and industrial processes. These
applications include particles with different size and surface charge. For instance, in
papermaking, the heteroaggregation between cellulose fibers and particle fillers is the central
step to form the raw material. This aggregation process is tuned by adding appropriate
amount of polymeric flocculants. Another example includes aggregate formation in water
treatment or the preparation of composite materials. *** Unlike homoaggregation, in which
the involved system is simple with symmetric and equivalent surfaces, heteroaggregation is
more rich and complicated from a conceptual point of view due to the asymmetric system
with different particle size and surface charge densities. Therefore, in addition to
heteroaggregation process, two homoaggregation processes may undergo simultaneously in
the asymmetric system. These aspects make heteroaggregation more difficult to measure than
homoaggregation since it needs separate these three aggregation processes properly to extract

the heteroaggtregation rate.

Previous studies of such asymmetric systems containing two types of colloidal particles
focused generally on two different situations.*® In the first situation, the two sets of particles
have a large disparity in size and opposite surface charges in aqueous solution. In this
situation, heteraggregation process is analogous to that smaller particles adsorb onto the
much larger ones. When reaching the limit of size ratio between two constituents, the special
case for this situation is equivalent to deposition of particles on a planar substrate. In the

second situation, the two kinds of particles have different or comparable sizes.

As discussed above, DLVO theory can be used to quantitatively explain homoaggregation.
Some research has also been conducted to explore the predictions of this theory for
heteroaggregation processes. Vincent and coworkers investigated mixtures of water-soluble
polymers coated polystyrene latex particles with largely different sizes and opposite surface
charges.**® The adsorption isotherms of particles were used to demonstrate the interaction
between small particles and larger ones. They found high-affinity and irreversible adsorption
isotherms presented at low ionic strengths, while S-shaped and reversible adsorption at high
ionic strengths. These findings can be rationalized within DLVO theory in terms of electrical
double layer forces. Accordingly, two sets of forces are present in this system. One is the

attractive adsorbing force normal to the interface between small and large particles. The other
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is the lateral repulsive force between neighbouring adsorbed small particles. The magnitudes
of these two forces are related to the electrolyte concentration. The balance between them
results in the patterns of adsorption isotherms of particles. Hansen and Matijevic studied
asymmetric systems composed of small latex particles (40 nm in radius) and larger meal
oxide particles (250 nm in radius) by measuring the adsorption isotherms between them.*’
They compared the interaction energies obtained from experiments with the ones calculated
theoretically. It was found that the electrostatic energy is greatly overestimated within the
Hogg-Healy-Fuerstenau (HHF) model, while the values calculated from the two-dimensional

Poisson-Boltzmann equation gives much better agreement with the experimental results.

Particle deposition, which is a special case of heteroaggregation, has also been studied by
researchers using various techniques, such as reflectivity, optical microscopy or
chromatography in a porous bed. ***' General understanding has been developed based on
the findings. For example, Elimelech has studied deposition process of positively charged
polystyrene latex particles onto the collector surface packed with negatively charged glass
beads.”* The experimental results showed that colloid deposition rates increase notably as
decreasing the ionic strength of the aqueous solution. DLVO theory is capable to describe
this behavior quantitatively. Thereby, the convective diffusion equation could be solved

numerically.

The formation and morphology of heteroaggregates in binary mixtures of oppositely charged
particles have also been investigated. Dumont et al. demonstrated that the structure of the
formed heteroaggregates is dominated by the size ratio and the relative number of the
interacting units, rather than the chemical nature of particles.’> Moreover, Furusawa et al.
have systematically investigated the effects of various synthesis conditions, such as pH,
particle size ratio, particle number ratio and salt concentration, on composite particles. The
resulting composite formed by heteroaggregation process presented the morphology, a “core”
of large polymer particle surrounded by a “shell” of adsorbed small inorganic particles. This
core-shell structure based on heteroaggregation or particle adsorption were further employed

for materials manufacturing.®***

The second situation of heteroaggregation, in which the particles have different but
comparable sizes, has not been studied as much as heteroaggregation between particles with
large size difference. The reason is the lack of reliable experimental techniques, which can

separate efficiently the heteroaggregation and homoaggregation. Several researchers have
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measured the heteroaggregation rate constants using time-resolved light-scattering
techniques.>®>> The systems they explored were limited to the cases in which only
heteroaggregation process occurs. To expand the applicability, one can measure the overall
apparent aggregation rate as a function of the particle fraction.”®*® Heteroaggregation and
homoaggregation rate constants can be extracted separately from this apparent aggregation
rate, which is the weighted superposition of heteroaggregation and homoaggregation
contributions. However, this technique still requires tremendous data analysis and restricted
choice of particles. Borkovec and coworkers have further proposed the use of the angular-
resolved static or dynamic light scattering technique, which is capable of measuring
heteroaggregation in binary mixtures of colloidal particles with any size ratio.®®®* This
technique exploits the form factors of different particle doublets, which present specific
angular dependence. On the basis of this featured dependence, one can distinguish
heteroaggregation and homoaggregation in a single experiment. One of the key points of this
technique is the theoretical prediction of form factors. For the small spherical particles,
Rayleigh, Debye, and Gans (RDG) theory can be used. For particles of larger size, a more
precise computational model, the so-called T-matrix theory, must be used. ®2®® Generally, this
technique provides a straightforward separation of both heteroaggregation and

homoaggregation processes for a wider range of particle sizes.

Despite the limitations in experimental techniques, researchers still achieved some significant
understanding. An important one was that the heteroaggregation rate in the binary mixture of
oppositely charged particles is always fast over the whole range of salt concentration, and
decreases slowly with increasing the concentration of monovalent salt. This dependence is
much weaker compared to that of homoaggregation. Although the surface charge of the
particles changes substantially over the range of salt concentration, the corresponding
heteroaggregation rate only has a slight change and is almost independent of the magnitude of
surface charge. DLVO theory predicts these trends quantitatively. The similar observation
was also obtained in the case of the deposition of polystyrene latex particles onto the
collector surface packed with oppositely charged glass beads.®® Furthermore,
heteroaggragtion between oppositely charged particles in the presence of multivalent salts
also was studied. The results show that the system presents two different patterns of
heteroaggregation. The classical pattern corresponds to fast heteroaggregion under all
conditions, while the novel pattern shows there is a slow heteroaggregaion regime in an

intermediate region. These findings will be discussed in detail in Chapter 4.
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In spite of the increasing understanding of the heteroaggregation, more studies still need to be
conducted. For instance, the previous work mainly focuses on spherical particles. Actually,
many particles present various shapes, such as rod-like or plate-like. Modification of current
experimental techniques and theory should be pursued to measure and predict the
heteroaggregation rates in such systems. Moreover, the concept of heteroaggregation is being
growingly recognized in many processes. For example, when engineered nanoparticles are
released into the environment, the fate of these materials is determined by their transport and
heteroaggregation behavior in aqueous systems. However, the chemical conditions in aquatic
environments are complex, including the presence of species of various charges (e.g., mono-
and multivalent ions), different pH, or the presence of biological matter and natural colloids
with different size and shape. Investigating heteroaggregation process under such conditions
would be of significance as well.

1.2 Light scattering methods to investigate particle aggregation

Considering that particle aggregation is of great importance in various applications and in
fundamental research, many techniques have been developed to monitor particle
aggregation.** Among these techniques, turbidity measurements and time-resolved light
scattering methods are the widely used ones. In the turbidity measurements, the changes of
the transmitted light are measured by a spectrophotometer. It needs a high particle
concentration to obtain sufficient signal when particles are small. In this situation, it is
difficult to monitor the early stages of particle aggregation.®® In contrast, time-resolved light
scattering methods, including static light scattering (SLS), dynamic light scattering (DLS),
and simultaneous static and dynamic light scattering (SSDLS), are very powerful
experimental techniques to monitor the particle aggregation kinetic. In SLS, the intensity of
the light scattered by the particles is measured as a function of the scattering angle, which
provides the structural information concerning the particles and aggregates. In DLS, the
fluctuation in scattered light intensity due to Brownian motion is recorded, and is used to
determine the particle size. Light scattering techniques are able to measure colloidal particles

with a wide range of size, generally between 10 nm and 1000 nm.

Particle aggregation in the early stages leads to the formation of dimers or doublets, which is
analogous to a chemical reaction. A or B refers to monomer, and AA, BB or AB refers to

dimer.

A+A—> AA
15
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B+B—>BB
A+B—>AB

This formation of the symmetric and asymmetric dimers can be described in terms of the

changes in particle number concentration by the following kinetic equations:

N () 1dN, () 1

="k,..N.,2(t
dt 2 dt 2 ©
dNgg(t)  1dNg(t) 1
ONge(®) _ L = k. N 2(t
m 5 dt 2 BB''B ()
AN (1) _ AN () dNg(t) _ KN A (NG (D)

dt dt dt

where t is the time, N,and Ny the number concentrations of monomers, and N,,, Ng;and
N,; the number concentrations of dimers. The homoaggregation rate constants for the

formation of dimers (AA and BB) are expressed as K,, and Kgz , while K,; is

heteroaggregation rate constant.

These aggregation rates can be measured experimentally with light scattering. The classical
setup of light scattering is demonstrated in Figure 5. When a coherent and monochromatic
laser beam (incident light, lo) passes through the colloidal suspension, the light will be
scattered by particles in all directions and can be monitored at a certain angle by the photon
counter detector. The scattered light interferes either constructively or destructively due to
particles undergoing Brownian motion, which makes the intensity of the scattered light to
fluctuate over time. The characteristics of the scattered light are directly related to the size
and shape of particles. Thus, particle aggregation process will have an influence on these

Particle
Suspension
Laser ; . o gg , .
— Incident Light 0°0 Transmitted Light
Bo=_ /s
00O
=y s
s A
]
=
> ___________________________
Time

Figure 5. lllustration of light scattering setup.
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characteristics. The aggregation rates can be determined by probing these changes in the

scattered light over time.
1.2.1 Static light scattering

First using homoaggregation of particle A as an example, at the early stages of particle
aggregation, where the suspension is dominated by monomers and dimers, the intensity of the
total scattered light is the sum of that for monomers and dimers, and can be written as:®

I (q,t) = IA(Q) NA(t) + IAA(q) NAA(t) (8)

where 1,(q) and 1,,(q) are the scattered intensities of monomers and dimers, and
q=(4zn/ A)sin(@/ 2) refers to the magnitude of the scattering vector in which 6 is the

scattering angle, n is the refractive index of the medium and 2 is the wavelength of the light

in vacuum. By differentiating equation (8) with respect to the time, one can obtain:

di(q.t) _ dN, (1) dN ., (1)
= | I 9
" ” A(Q)+ ot aa () 9)
By inserting equation (5), equation (9) becomes:
di(q,t 1
% = _kAANAZIA(q) +§kAANA2|AA(q) (10)

The apparent static rate ( 2 ) is defined as:®

o 1 (dl(q,t)j :(LAA_(q)_ljkAANA 1)
1(@0)\ dt J,, \21.(q)

where 1(q,0) is the total scattering intensity at the initial time ( t=0 ), and

1(q,0) =1,(g)N,(0)since there are only monomers in the system. According to the above
equation, the values of the scattering intensities for monomers and dimers, 1,(q)and|,,(q),
should be known to calculate the aggregation rate k,, . For small and spherical particles,

Rayleigh-Gans-Debye (RGD) theory is commonly used to describe their light scattering
properties. Based on RGD theory, the scattered intensity of particles or aggregates can be

written as;

1,(q) < V,*P,(q) (12)
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where z refers to the type of particle, such as monomers (A) and dimers (AA), V, refers to the

volume of the particle I, and P,(q) is the form factor. Within the RDG approximation, the

expression of the form factor for a spherical particle A is written as:®

9

Qry [sin(ar)—ar cos(qr)]2 (13)

PA (Q) =

where r is the radius of the monomer A. The form factor of an z-fold aggregate formed by
monomers A can be expressed as a sum over all particle centers in the aggregate, as
follows:®

Pz (q) — PA(q) l:z sm(ruq)} (14)

2
z i G4

where 7 is equal to 2 for doublets (AA), and r; is the distance between the particle i and j in
the aggregate. Using equations (13) and (14), the value of [IAA(q)/ZIA(q)—l] in the equation
(11) is approximately equal to [sin(2qr)/2qr] . Thus, equation (11) containing the

aggregation rate coefficientk,, can be rewritten as:

1 (dl (q,t)j _sin(2qr) N, Ko, (15)

1@l dt 2qr

where [dl(q,t)/dt]t_)ois the rate of the change in the scattering intensity at the initial time,

which can be obtained from the slope of the measured intensity over time at a certain q (or
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Figure 6. Relative change in scattering intensity (a) and apparent static rate as a
function of the scattering angle (b) for homoaggregation of sulfate latex in 800 mM
NaCl.
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scattering angle ), as shown as the straight lines in the Figure 6(a). Also, one can notice that
the values of the slope depend on the scattering angle (or scattering vector). The dependence
of X on the scattering angle is shown in Figure 6(b). This angular dependence can be fitted
with the form factors calculated using RGD or T-matrix theory. The absolute fast aggregation

rate coefficient k,, is then the only adjustable parameter. By this way, the homoaggregation

rate constant k,, is measured by static light scattering.

For large particles, RDG approximation may be inaccurate in calculating the scattered
intensity. To improve the accuracy, the Maxwell equations, which describe electromagnetic
field of the scattered light must be solved exactly. The T-matrix method is very powerful in
computing the scattered intensity of large particles or arbitrary aggregates composed of
spherical particles.®®®® This method generates accurate estimation of optical properties of
colloidal particles with large size.

Now let us look at the situation of heteroaggregation in mixtures of particles A and B. The
intensity of the total scattered light includes three contributions, namely two

homoaggregations AA and BB, and one heteroaggregation AB. It can be written as:*®

1(.0) =2 1, (@N, (1) (16)

where the letter z represents one of the elements A, B, AA, BB, and AB. The corresponding

scattering intensities of monomers and dimers are expressed as 1, (q), 15(q) , 1,,(Q), 155(q),
and | ,;(q). Similarly, by differentiating equation (16) and inserting the result into equation

(7), the apparent static rate (X ) for the mixture can be written as:*

1 [dl(q,t)

B 1(q,0) dt 1%0 - kAA Fan @+ ZkAB Fas (a)+ kBB Fas (@) a7)

where 1(q,0) =1,(q)N,(0) + 1;(q) N (0) is the total scattering intensity at the initial time
(t=0). The functions F;(q) are given by:*
;(@)—1;,(q)—1,(a)

(@) =Noxx 2[Xa 14 (0) + X5 15(a)] (8)
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where i and j refers to particles A and B. Ny is the initial particle number concentration and is

given by N, = N, (0) + N;(0) . The particle number fraction is given by x. = N,(0)/ N, .

Similarly, for small particles, the scattering intensities, I,(q), 15(Q) , 1,.(q), 155(q), and
| ,5(a), can be calculated using equation (13) and (14) within the RDG approximation. For
larger particles, the superposition T-matrix method must be used. The homoaggregaion rate
coefficients k,, and kg, can be first measured from the pure systems containing only one
type of particles. Then the heteroaggregation rate coefficient k,; can be extracted based on

equation (17) by fitting the angle dependent apparent static rate measured experimentally

with the calculated one.
1.2.2 Dynamic light scattering

As mentioned above, in DLS measurements, the fluctuation of the scattered light over time is

recorded by the photon detector. This fluctuation directly depends on the diffusion coefficient

of the particles which is directly related to the hydrodynamic radius (R,) by the Stokes-

Einstein equation:

kT
671D

h

where k;is the Boltzmann constant, andz is viscosity of the medium. It means that small

particles exhibiting higher diffusion coefficient will lead to faster fluctuations. To analyze the
characteristics of the fluctuations in the scattered intensity, a signal processing technique,
known as autocorrelation, is being used. The normalized intensity correlation function,

g (r), is given by:"

(1)1 (t+7))

9“(7) = 7
T o)

(11 E+2)=lim [ 1©)1 t+7)de 1)

where t is actual time, 7 is the delay time, and T is the total measurement time. Once the
intensity correlation function is obtained, one can obtain electric-field correlation function,

g®(z), by the Siegert relationship: ™

(19)

(20)

9@ () =a+ B[99 @] (22)
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where « is the baseline, and £ is spatial coherence factor . They are experimental constants.

This electric-field correlation function can be used to determine the diffusion coefficient D

from the following expression:
9% (z) =exp(—Dg?*7) (23)

Thus, the hydrodynamic radius (Rp) can be achieved from the diffusion coefficient using

Stokes-Einstein equation.

Again, let us first discuss homoaggregation of particles A. The average diffusion coefficient
of the particles is calculated from the intensity-weighted average of the diffusion coefficients

of the monomer D, and of the dimer D, :

Dala (N5 () + Daalaa QN4 (1) (24)

D(q,t) = LN, () + 1, (BN A (D)

Based on Stokes-Einstein equation, the hydrodynamic radius is inversely proportional to the

diffusion coefficient. Then we have:

1 LONA®)/R A+ T ONan (0)/R, pa
R,() LA (N () + 1 aa WONpa (1)

(25)

where R, , and R, ,, refer to are the hydrodynamic radius of monomers and dimers,

respectively. Differentiating equation (25) with respect to time, and eliminating the number
concentration of particles with equation (5), one can get the apparent dynamic rate:*

_ 1 (dRh(t)j @1 ) (26)
RO dt )y 2L, @ am) ™"

where R, (0)=R, , is the average radius of monomers at the initial time, and the
hydrodynamic factor a,, =R, aa / R, o =1.392. Moreover, the apparent dynamic rate can be

obtained from the slope of the measured hydrodynamic radius over time at a certain g (or
scattering angle 6), as shown as the straight lines in the Figure 7(a). The optical factor
1,,(a)/21,(q)in equation (26) can be calculated within the RDG approximation or the T-
matrix method. Fitting the angular dependence of A, as shown in Figure 7(b), with the form
factors calculated using RGD or T-matrix theory, and then the homoaggregation rate constant

k. Can also be extracted from the apparent dynamic rate measured.
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Figure 7. Change in hydrodynamic radius (a) and apparent dynamic rate (b) as a
function of the scattering angle for homoaggregation of sulfate latex in 800 mM NacCl.

For the case of heteroaggregation in the mixture of the particle A and B, the determination of

heteroaggregation rate k,; is essentially similar to that of k,, by modifying the above

equations. Since two homoaggregation and one heteroaggregation processes occur in the
system, the average diffusion coefficient of the particles is expressed as:*!

N,I,(q)D
D(q,t) ZM (27)

> N, (q)

where the subscript z represents a series of species, A, B, AA, BB, and AB. Similar to the
situation in static light scattering, the apparent dynamic rate (A) for the mixture can be

written as:®

_ 1 (dRh(t)
R0

Tj = KaaHan (@) +2KgH 45 (0) + Kgg Hgg (a) (28)
t—0

where H;(q) = F;(q) -G;(a), F;(q) is given in equation , and G; (q) is expressed as:

_ l; (q)/Rh,ij - Ii(q)/Rh,i - Ij(q)/Rh,j
Gul@) =R 2[ Xa 1A (@)/ Ry p + X515 (A)/ Ry | )

where i and j refer to particles A and B. All the elements have the same meaning as above.

R,; is the hydrodynamic radius of the dimers, which can be obtained from the relative

hydrodynamic radii of the dimers, «;, given by the empirical relation:®’
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2R, R-R
o = —1.392+0.608 (30)
R +R, R +R;

The above approximation agrees well with the values obtained from the hydrodynamics of a
pair of unequal spheres in a fluid with low Reynolds numbers.

The analysis of apparent dynamic rate is similar to the static one. The homoaggregaion rate

coefficients k,, and kg, are determined from systems containing only one type of particles.

Then the measured apparent dynamic rate is fitted with the calculated one, which will result

in the heteroaggregation rate coefficientk ,g .

1.2.3 Simultaneous static and dynamic light scattering

From the above discussion, one may notice that in order to get the aggregation rate
coefficient, the form factor terms should be calculated theoretically either in SLS or in DLS
technique. It makes the results highly depend on the accuracy of the theory used. With
advanced light scattering instruments, the scattering intensity and hydrodynamic radius as a
function of scattering angle can be measured simultaneously. Combining the above equations
(15) and (29) for the apparent static rate (X ) and the apparent dynamic rate (A ), respectively,

and eliminating the common term | ., (q)/21,,(q), one can obtain a linear relationship:®®
l -1
zz(l__j Ak, @)
aAA

Accordingly, the dependence of ¥ on A follows a straight line, as shown as in Figure 8. The

aggregation rate coefficient k,, can be achieved from the intercept, while the slope gives the
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Figure 8. Apparent static rates as a function of apparent dynamic rate for
homoaggregation sulfate latex particles (200 nm in diameter) in 800 mM NacCl.
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information of the hydrodynamic factor ,, . This technique avoids the calculation of optical

factors of monomers and dimers.
1.3 DLVO theory to calculate aggregation rates

In addition to being measured experimentally, aggregation rates can also be calculated
theoretically based on the DLVO theory. As mentioned above, charged colloidal particles
present an electrical double layer around them, which will bring about repulsive forces due to
the overlap of the double layers when particles get close. Meanwhile, the attractive van der
Waals forces, which result from the instantaneous dipoles in atoms and molecules, are always
present between particles. The DLVO theory suggests that particle aggregation is related to
the result of these two surface forces balance.

This theory assumes that the total interaction energy (V) between two particles is the sum of
the contributions from van der Waals (Vygqw) and electric double layer (VepL) interactions, as

expressed as follows:
V() =V (h) + Ve (D) (32)

where h is the distance between two particles. The van der Waals interaction energy between
two identical spherical particles can be calculated using the Derjaguin approximation without

the retardation effects, following the equation:**"

HR
Vi ()=~ @)

where R is the radius of the particles, and H is the Hamaker constant which is a characteristic
parameter depending on the particle surface. The double layer interaction is obtained by

numerically solving the Poisson-Boltzmann (PB) equation, as given as:’?

d»  q
——=———) zce v 34
dXz gog ZI: 11 ( )

where w(x)is the electrical potential profile, q is the elementary charge, &,is the dielectric

permittivity of vacuum, ¢ is the dielectric permittivity of medium, q is the elementary charge,

z, is the ionic valence, ¢, is the concentration of ion, and g =1/k,Tis the inverse thermal
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energy. To solve above equation, the constant regulation (CR) boundary conditions at mid-

plane can be applied. Then one will get the expression: '

e, sV = —C, [y (xh/2) -y, ] (35)
dX |y—shy2
where x=+h/2and x=—h/2refer to the location of right and left surfaces, respectively, o
is the surface charge density, C, is the inner capacitance between the two isolated surfaces,

and y is the diffuse layer potential of the isolated surface. The regulation parameter (p) is

introduced to describe the regulation properties of each surface, and it is defined as: ">’

(36)
where C, refers to the diffuse layer capacitance. While p=1 means constant charge (CC)

boundary condition is used, and p = 0 means constant potential. The C is given as:

_do
dy,

Co (37)

Moreover, the surface charge density is connected to the diffuse layer capacitance by the

following relation:"
1/2
o= i{ZkBTgOgZ ¢, (e7afwo —1)} (38)

Once the electrical potential profile y(x) at different separations h is obtained by solving PB

equation (34), the disjoining pressure resulting from the electrical double layer overlap can be

calculated by the following expression:
=k, TY ¢ (e /% —1) (39)
where y,, is the value of the electrical potential () at the midplane (x=0). When the

disjoining pressure is known, using the Derjaguin approximation, the electrical double layer

force can be obtained by integration as follows:"
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. = nRTH(h')dh' (40)

The electrostatic potential energy will be achieved by a further integration of double layer

force’

Fep (N)dh (41)

VEDL =

> =38

Thus, the total interaction energy between two particles can be known by combining

equations (32), (33) and (41). The aggregation rate constant (k) can be calculated from the

forced diffusion equation solved through steady state method, which is expressed as:?®"2
-1
K= 4k T ,[ B(h/R) exp V (h) dh (42)
37R |3 (2R+h)? ke T

where 7 refers to the viscosity of water, and B(h) denotes the hydrodynamic resistance function,
expressed as: "

6(h/R)>+13h/R+2

B(h/R) =
(h/R) 6(h/R)2+4h/R

(43)

Instead of the aggregation rate coefficient, researchers also use the stability ratio (W) to
describe the aggregation behavior of particle suspension. It is defined as follows:

k fast
W= (44)

where k. refers to the fast aggregation rate coefficient, which is obtained when the total

fast

interaction only includes the contribution of van der Waals forces and the electrical double
forces vanish.

It has been demonstrated that DLVO theory is capable to describe the aggregation rate
coefficient quantitatively in many systems, such as the amidine or sulfate latex particles in
the presence of inorganic salts and oxyanions.*®’” While in some cases, non-DLVO forces
may also have a significant effect on the total interactions between particles. These non-
DLVO interactions probably result from surface charge heterogeneities or hydrophobic
effects.”®®° Specifically, in the system of the amidine or sulfate latex particles in the presence
sodium tetraphenylborate and NaCl, classic DLVO theory can only partially describe the

aggregation behavior of the particels. An additional attractive non-DLVO force was
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introduced to better rationalize the experimental results. These observations will be discussed

thoroughly in Chapter 3.
1.4 Electrophoresis to study surface charge of particles

During the above calculation process, the diffuse layer potential of the isolated surface (y,)

should be known. We usually assume that its value is approximately equal to that of the
electrokinetic potential (" potential) which can be obtained from electrophoresis.

When the charged colloidal particles dispersed in a solution, their surface charge properties
are dominated by the spatial distribution of the surrounding ions. As shown as in Figure 9, the

positive charge on the particle surface is balanced by the accumulation of anions (counterions)

and the depletion of cations (coions). The surface potential (y,) refers to the potential of the
solid surface in the liquid-solid interface. The diffuse layer potential (y) refers to the

potential at the orgin of the diffuse layer. The electrokinetic potential () is the potential at the
location of slip plane (or shear plane). The stationary layer of the fluid inside the slip plane
moves together with the particle when applying an external electrical field. Since this layer is
extremely thin, the value of electrokinetic potential can be approximated with the diffuse

() @ . .

~‘§ cepcee®e o
®
(b)

Surface Charge

Charge in Diffuse Layer

Potential

Figure 9. lllustration of electrical double layer. Reproduction from reference 37.
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layer potential.

Electrophoresis is widely used to study the surface charge properties of colloidal particles in
various ionic environments.®*#? Principally, this technique investigates the motion of the
charged particles in the liquid induced by an external electrical field. The positively charged
colloidal particles move towards the cathode, while the negatively charged colloidal particles
move towards the anode. The magnitude of velocity (v) of the particles is proportional to the

magnitude of the applied electrical field (E). The resulting ratio is defined as the

electrophoretic mobility (u,), as follows:*
(45)

Obviously, the movement of the charged particles under an electric field is related to their
surface charge. In other words, the electrophoretic mobility is proportional to the
electrokinetic potential (¢). Different models have been developed to convert the mobility to
the {"potential. The applicability of these models depends on the characteristics of the particle
(the size R and the charge €e) and the salt concentration. The concentration of electrolyte can

be expressed in terms of Debye length (k) given by:

(46)

where e, c,and z;are the elementary charge, the number concentration and charge number of

the ion i, respectively. N, refers to the Avogadro number.

The relation between ¢ potential and the electrophoretic mobility u, can be regulated by

Henry’s formula as follows:*

L= 2“—’7 f (xR) (47)

€0

where f (xR)refers to Henry’ function. Its value varies smoothly from 1 to 1.5 depending on

the salt concentration in the suspension. In the situation of xR < 1(e.g., small particles and

low salt concentration), f(xR)=21will be used. One can obtain the following relation:
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¢ =200 (48)

- 3eg,
This relation agrees with the Hiickel-Onsager equation.®®

If xR >1and the { value is low (|g“|s 50mV), f («R) =1.5will be applied. The expression

becomes:

g="1 (49)

&g,

This situation is corresponding to the model developed by Helmholtz and Smoluchowski.®*
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1.5 QOutline of the thesis

The present PhD thesis focuses on the aggregation and charging behavior of colloidal
polystyrene latex particles in various types of ionic environment. The techniques used are
electrophoresis and light scattering, combined with model calculations within DLVO theory.
The motivation and the main findings of the present studies are as follows.

Chapter 2 deals with the effect of multivalent co-ions on the homoaggregation of colloidal
particles. More than a century ago, Schulze and Hardy found that multivalent ions were much
more efficient than monovalent ones in destabilizing colloidal suspensions. This finding is
known as the Schulze-Hardy rule, which states that the critical coagulation concentration
(CCC) is inversely proportional to the sixth power of the valence (z) of the counterions
(CCCocl/z%). In other words, multivalent anions can coagulate the positively charged
particles more effectively, while multivalent cations negatively charged particles. According
to DLVO theory, the explanation for this behavior is that repulsive electrical double layer
forces between charged particles can be more easily screened by multivalent counterions.
Surprisingly, researchers have always investigated situations in which the multivalent ions
represent the counterions. Therefore, systems where multivalent ions represent the co-ions
were investigated. The results showed that the corresponding CCC of the particles decreases
with valence of the co-ions. This dependence was much weaker than that induced by
multivalent counterions. Using the ionic strength to represent the salt concentration, the
critical coagulation ionic strength (CCIS) decreased rapidly as increasing valence of
counterions (CCIS oc1/z*) in the case of the Schulze-Hardy rule. However, in the current
situation of multivalent co-ions, the CCIS increased slowly with the valence of co-ions
(CCIS o z). Therefore, an analogous inverse Schulze—Hardy rule was proposed to describe

this effect of multivalent co-ions on particle aggregation.

In Chapter 3, homoaggregation of amidine-modified polystyrene latex (AL) and sulfate-
modified polystyrene latex (SL) particles in solutions containing hydrophobic
tetraphenylborate anions (Ph,B") and NaCl is discussed. Classic DLVO theory is powerful in
describing the aggregation behavior of colloidal particles in the presence of various ionic
species, such as mono- and multivalent salts, ionic liquids and polyelectrolytes. Ph,B™anions
are hydrophobic organic monovalent ions, which can strongly adsorb to hydrophobic surfaces
and may result in a charge reversal. Moreover, the Ph,B salts can freely dissolve in water

and do not form micelles in solution. It is interesting to study the effect of this type of
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monovalent ions on the charging and aggregation behavior of colloidal particles. AL particles
are positively charged in monovalent NaCl salt solution due to the cationic amidine groups on
the particle surface. As increasing the concentration of Phy,B™ anions, AL particles became
less positively charged due to the adsorption of anions. Further accumulation of Ph,B™ anions
on the particle surface first induced charge neutralization at a concentration of 0.030 mM,
followed by a pronounced charge reversal. The electrokinetic potential went through a
minimum around a concentration of 10 mM, and then the potential increased due to screening.
Adding NaCl electrolyte as background, electrokinetic potential varied similarly with the
concentration of Ph,B™ anions, but the magnitudes of potential decrease. For SL particles, the
potentials are negative at low concentration of Ph,B™ anions, which reflects the negative
charge of the anionic sulfate groups on the particle surface. Under the condition of NaCl
electrolyte as background, the electrokinetic potentials decreased with increasing Ph,B™
concentration and reach a minimum near 10 mM, which indicates that the Ph,B~ anions also
adsorb to the negatively charged SL particles. After going though a minimum, the potential
increased again at higher concentrations because of screening. The electrokinetic potentials of
AL and SL particles exhibited a similar trend. The above adsorption of Ph,B™ anions onto the
like-charged particle surfaces, including negative SL particle surfaces and negative AL
particle surfaces in the charge reversal stage, strongly indicates that other forces than
electrostatic ones drive this adsorption process. If looking at the molecular structures of
polystyrene latex particles and the Phs,B™ anions, both of them present the phenyl rings. These
features make the surfaces of hydrophobic nature. Therefore, the forces probably result from

strong hydrophobic and n—= stacking effects.

The corresponding aggregation behavior was described in terms of the stability ratio. For AL
particles, stability ratios were unity near the charge neutralization point, which means that
fast aggregation happens. Increasing the PhsB~ concentration further, the stability ratio
increased strongly and the system became stable. At very high PhsB™ concentrations, the
stability ratio decreased rapidly with the concentration and became unity again for Ph,B™
concentrations above 790 £ 20 mM due to the screening. However, at intermediate Ph,B~
concentrations and NaCl background, the stability ratio went through another minimum. For
SL particles, at very high Ph,B concentrations, fast aggregation was also observed because of
screening. At intermediate NaCl and PhsB concentrations, again a minimum in the stability
ratio was present, which is similar to the case of AL particles. DLVO theory was first used to

interpret the observed stability ratios. The calculations can capture the aggregation behavior
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at low and very high Ph,B concentrations. The theory entirely failed to predict the observed
intermediate minimum in the stability ratio. Considering that additional hydrophobic forces
are responsible for the adsorption of Ph,B™ anions onto the like-charged particle surfaces,
these non-DLVO attractive forces were included in the calculation. Such calculations
including the non-DLVO interactions reproduced the experimental stability ratios quite well.

Especially, the intermediate minimum of stability ratio was predicted.

Heteroaggregation has been studied much less than homoaggregation. To improve the
understanding of heteroaggregation processes, we investigated the heteroaggregaton in the
binary mixture of oppositely charged colloidal particles in the presence of multivalent ions by
multi-angle light scattering, as described in Chapter 4. The particles used included positive
AL particles (300 nm in diameter) and negative SL particles (600 nm in diameter). Two types
of electrolyte systems were used. One included simple inorganic electrolytes—KCI, K;SO,,
KsFe(CN)s and KsFe(CN)s. The other included an organic polycation—
pentaethylenehexamine (N6) with the chemical formula H,N(CH,CH,NH),CH,CH,NH,. In
the system of two types of particles and inorganic salts, the charge of AL particles became
less positive as increasing the salt concentration, and even became neutral followed by
negative because of the charge reversal effect when the salts were multivalent. However, the
charge of SL particles was still negative over all the concentrations. In the presence of KCl,
and K,SQq, the corresponding stability ratios of heteroaggregation between AL particles and
SL particles were always fast over all the concentrations since these two types of particles
were oppositely charged. In the presence of KsFe(CN)g and K4Fe(CN)g, except for the fast
heteroaggregation at the low and very high concentrations, slow heteroaggregation was
present at the intermediate concentrations because of the charge reversal of AL particles. In
presence of N6 with different KCI background, AL particles always presented a positive
charge over all the conditions, while the charge of SL particles changed from negative to
positive with increasing the N6 concentration. The fast heteroaggregation occurred at low and
very high concentrations, while slow heteroaggregation regime was present at intermediate
N6 concentrations due to the charge reversal of SL particles. The pattern of fast
heteroaggregation was observed by previous researchers. The novel pattern of
heteroaggregation containing a slow aggregation regime is reported here for the first time.
These findings can be described quite well by DLVO theory. The calculated stability ratio
was very sensitive to the boundary conditions used when solving the Poisson-Boltzmann

equation.
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Heteroaggregation rate can be extracted from the angular-dependence of the scattering
profiles of different aggregates, which are measured by multi-angle light scattering technique.
However, because the contrast of these scattering signals between the different aggregates
was poor, the obtained heteroaggregation rates could be only measured in a narrow range,
over one order of magnitude or less. Chapter 5 presents a strategy, by which the contrast
between the different aggregates can be enhanced. In this fashion, the heteroaggregation rate
can be monitored over a wider range. The system involved was a binary mixture of AL
particles (302 nm in diameter) and SL particles (250nm in diameter) in the presence of
sodium n-octyl sulfate (SOS). The size of the particles was important to increase the contrast
of scattering profiles between different aggregates. The characteristic peak of the scattering
profiles of hetero-aggregates (AL-SL) is located in the similar region than the one of homo-
aggregates (SL-SL), but in a different region than the one of homo-aggregates (AL-AL). The
charge of AL particles changed from positive to negative with increasing concentration of
SOS, while the SL particles still presented a highly negative charge. Thus, the
homoaggregation of SL particles could be suppressed. The contrast between different
aggregates could be largely optimized. By this approach, the stability ratios of
heteroaggregation were measured in a much wider range, namely over more than two orders

of magnitude.
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ABSTRACT: Shifts of the critical coagulation concentration (CCC) in
particle suspensions in salt solutions containing multivalent co-ions and
monovalent counterions are rationalized. One observes that the CCC is
inversely proportional to the valence, and this behavior is referred to as the
inverse Schulze—Hardy rule. This dependence is established by means of
measurements of the stability ratio for positively and negatively charged
latex particles with time-resolved light scattering. The same dependence is
equally suggested by calculations of the CCC with the Derjaguin, Landau,
Verwey, and Overbeek (DLVO) theory, whereby the full Poisson—
Boltzmann equation for the asymmetric electrolytes has to be used. The
latter aspect is essential, since in the case of multivalent co-ions the surface
charge is principally neutralized by monovalent counterions. This rule
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complements the classical Schulze—Hardy rule, which applies in the case of multivalent counterions, and states that the CCC is

inversely proportional to the sixth power of the valence.

B INTRODUCTION

More than a century ago, Schulze and Hardy discovered that
multivalent ions destabilize colloidal suspensions much more
effectively than monovalent ones."”” Half a century later,
Derjaguin, Landau, Verwey, and Overbeek (DLVO) explained
this behavior by assuming that interactions between particles
are governed by superposition of van der Waals forces and
double layer forces.>* Based on these assumptions, one finds—
in agreement with experiment—that colloidal suspensions are
stable at low salt concentrations, while they are unstable at
higher ones. The abrupt transition between these two regimes
is referred to as the critical coagulation concentration (CCC).
For highly charged particles and symmetric z:z electrolytes, the
DLVO theory predicts that>~”

CCCocL

Schulze—Hardy
6 (
z

(1)

where z is the ionic valence. This dependence was suggested on
experimental grounds earlier, and is nowadays referred to as the
Schulze—Hardy rule.

Multivalent, symmetric z:z electrolytes are hardly soluble,
and whenever this rule is compared to experiment, one uses
soluble asymmetric z:1 or 1l:z electrolytes. Curiously,
researchers have always studied systems where the multivalent
ions represent the counterions, meaning that negatively charged
particles can be more effectively coagulated by multivalent
cations, while positively charged particles with multivalent
anions. The CCCs in such systems often follow the Schulze—
Hardy rule.®™"*

-4 ACS Publications  © 2015 American Chemical Society
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To the best of our knowledge, however, the situation where
multivalent ions represent the co-ions was not investigated so
far. We therefore focus on this situation here, and investigate
effects of multivalent anions on the aggregation of negatively
charged particles or multivalent cations on positively charged
ones. We argue that an analogous inverse Schulze—Hardy rule
can be formulated in this situation, namely

1
CCC « = (inverse Schulze—Hardy)
z (2)

This dependence on the valence is weaker, but characteristic for
the present situation of multivalent co-ions.

B EXPERIMENTAL SECTION

Two batches of polystyrene latex particles with a diameter of about
300 nm were used. In one batch, the particle surface was functionalized
with amidine groups, while for the second one with sulfate groups. The
particles were suspended in various salt solutions at a concentration of
10 mg/L, and the rate constants of doublet formation were measured
in the early stages of the aggregation by time-resolved dynamic light
scattering.'>'¢~"® The stability ratio W was obtained from the relative
rate of increase of the hydrodynamic radius normalized to its value at
high salt conditions. The stability ratio is defined as W = k,/k where
ke, is the aggregation rate in the fast aggregation regime and k is the
actual rate constant in question. The experiments were carried out at
pH 4.0 and 25 °C. More details on the experimental procedures are
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presented in the Supporting Information, and they are similar to the
ones used previously."®

B RESULTS

We have investigated colloidal stability of negatively charged
sulfate latex particles suspended in solutions of KCl, K,SO,, and
K;Fe(CN)g electrolytes, and of positively charged amidine latex
particles in solutions of KCl, MgCl,, and LaCls. Figure 1 shows
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Figure 1. Comparison of experimental and calculated stability ratios in
charged latex particle suspension versus the concentration of salts
containing multivalent co-ions and monovalent counterions. The
arrows indicate the experimental CCCs. DLVO calculations compare
the Poisson—Boltzmann (PB) and Debye—Hiickel (DH) models for
double layer interactions. (a) Negatively charged sulfate latex particles
in the presence of Cl~, SO,*~, and Fe(CN)¢*~ co-ions. (b) Positively
charged amidine latex particles in the presence of K, Mg**, and La**
co-ions.

the measured stability ratios plotted versus the electrolyte
concentration. The CCC can be identified from the break point
in the stability curve (arrows in Figure 1). One observes that
the CCC shifts toward lower salt concentrations with increasing
valence of the co-ion. The dependence on the valence of the
co-ion can be seen more clearly in Figure 2a, where we plot the
CCC normalized to its value in the monovalent electrolyte.
Indeed, one observes characteristic decrease of the normalized
CCC with the ionic valence for both types of particles, namely
for positively as well as negatively charged ones. Especially the
behavior of the SL particles closely follows the 1/z dependence
given in eq 2. These shifts may seem surprising, since the
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Figure 2. CCC normalized to its value in the monovalent electrolyte
versus the valence of the co-ions in the salt solutions used. The shaded
area lies between the Debye—Hiickel result and the inverse Schulze—
Hardy rule. (a) The present experimental data. (b) Calculations with
DLVO theory with the surface charge densities indicated.

multivalent ions bear the same sign of charge as the particles,
and therefore are hardly expected to adsorb to the particle
surface.

To investigate this situation further, we have calculated the
CCCs with DLVO theory. This theory surmises that the
interaction energy potential between two particles V(h), which
is a function of the surface separation h, can be obtained as

V(h) = Viaw(h) + Vy(h) (3)

where V, gv(h) and Vy(h) are contributions from van der Waals
interactions and double layer overlap, respectively. By invoking
the Derjaguin approximation and neglecting retardation effects,
one has Vgw(h) = —HR/(12h), where H is the Hamaker
constant and R is the particle radius. To calculate the
contribution of the double layer, it is essential to solve the
full Poisson—Boltzmann (PB) equation between two charged
plates in the asymmetric z:1 or l:z electrolytes. The electric
potential profile w(x) can be obtained from’

_i Z zg; e_zﬂl»’//kBT
e 4 *)

where z; is the ionic valence, ¢; is the number concentration,
and i runs over all ions in solution. The additional constants
entering eq 4 include the elementary charge g, the dielectric
permittivity of vacuum &, the dielectric constant of water &, the
absolute temperature T, and the Boltzmann constant kz. Once
the electric potential profile w(x) is known, the pressure
between the plates can be calculated from its value at the
midplane, and the energy profile Vy(h) can be then obtained by
integrating the pressure twice. When the full energy profile
V(h) is known, the aggregation rate coefficient k can be
evaluated from the solution of the forced diffusion equation
under steady-state conditions.”” The stability ratio is then
obtained by appropriate normalization of the rate coefficient.
All these calculations are performed numerically. For weakly
charged particles, the PB equation can be linearized, and the
Debye—Hiickel approximation can be used instead. In this case,
the electrolyte composition enters through the Debye length,
which depends on the ionic strength only. Further details on
these calculations can be found in the Supporting Information,
and they are similar to the ones presented elsewhere.”

Results of such DLVO calculations for asymmetric z:1 or 1:z
electrolytes where the multivalent ions are co-ions for the
charged particles are compared with the experimental data in
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Figure 1. The corresponding results obtained with the Debye—
Hiickel theory are equally shown. A charge regulation
parameter of 0.5 is chosen throughout. For sulfate latex, we
use a surface charge density of —35 mC/m? and a Hamaker
constant of 1.0 X 107" J. The latter value is close to the
theoretical value for smooth polystyrene in water.”>>' Once
these parameters are fixed, the DLVO theory predicts the
valence dependence without further parameter adjustment. For
amidine latex particles, we use a surface charge density of +14
mC/m? and a Hamaker constant of 2.0 X 107! J. The resulting
diffuse layer potentials at CCC are given in the Supporting
Information (Table S1). These values are approximately
independent of the valence, and they are are around —30 mV
for the sulfate particles and about +10 mV for the amidine
particles.

The smaller value of the fitted Hamaker constant for the
amidine particles could be due to their larger surface roughness.
Such reduction of the Hamaker constant by roughness was
recently demonstrated for larger polystyrene latex particles by
direct force measurements.”’ Another explanation of the
discrepancy between the fitted Hamaker constants could be
related to a larger hydrophobicity of the sulfate particles, which
would result in stronger attraction, and would be in turn
interpreted as a larger apparent Hamaker constant. Van der
Waals and hydrophobic attraction have very similar effects on
aggregation rates, and cannot be disentangled without direct
force measurements. Possibly, the two types of particles may
have different roughness as well as hydrophobicity.

One observes that the PB theory rationalizes the shape of the
stability curve and the respective shift with the valence quite
well. Not surprisingly, the results of PB and Debye—Hiickel
theories are similar for the more weakly charged amidine
particles, while the differences between these two theories
become substantial for the more highly charged sulfate
particles. In both cases, however, the use of the PB theory is
essential in order to accurately rationalize the trends with the
valence.

Further insight can be obtained by analyzing the dependence
of the CCC on the valence. For weakly charged particles, the
Debye—Hiickel theory predicts that”

CCC (Debye—Hiickel)

1
z(z + 1) (%)

One obtains this dependence, since only the ionic strength
enters this theory. For asymmetric z:1 or l:z electrolytes, the
ionic strength I can be expressed in terms of the salt
concentration ¢ as I = z(z + 1)c/2. This dependence is similar
to the frequently quoted™” dependence on 1/z?% which applies
for a symmetric z:z electrolyte, where I = zc/2. The derivation
of these relations is given in the supplement.”” The
dependencies of the CCC on the valence predicted by eqs 2
and 5 are compared with the experimental data in Figure 2a.
The amidine system follows more closely the Debye—Hiickel
dependence due to its weaker charge density, while the sulfate
system follows the 1/z dependence rather well. We have also
carried out DLVO calculations of the CCCs within the PB
theory for different charge densities, whereby a particle
diameter of 300 nm and a Hamaker constant of 1.0 X 107
J were used. These results are shown in Figure 2b. For low
charge densities, the Debye—Hiickel dependence is recovered.
For high charge densities, one empirically finds an 1/z
dependence. This dependence suggests that the monovalent
ions, whose concentration for z:1 or 1:z electrolytes is
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proportional to the valence z, control the CCC by
neutralization of the surface charge. This picture is consistent
with the fact that for multivalent co-ions, the surface charge is
largely neutralized by the monovalent counterions.”” Currently,
however, we have failed to derive the 1/z dependence
analytically, since the double layer forces in the presence of
multivalent co-ions cannot be approximated by a simple
exponential.>> While these forces can be described by the PB
equation in the salt-free region at short distances, this
dependence is inaccurate at larger distances, and does not
reproduce the expected dependence of the CCC. For this
reason, we rely on the numerical solution of the PB equation.

Let us now compare this situation with the commonly
investigated case of multivalent counterions. A selection of
experimental CCCs in the classical situation of multivalent
counterions'*'***** is shown in Figure 3a. Similar depend-
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Figure 3. CCC normalized to its value in the monovalent electrolyte
versus the valence of the counterions in the salt solutions used. The
shaded area lies between the Debye—Hiickel result and the Schulze—
Hardy rule. (a) Experimental literature data refer to negatively charged
sulfate latex by Oncsik et al.'® and Schneider et al,,'® positively charged
hematite by Verrall et al,*® and negatively charged arsenic sulfide by
Wannow.”* (b) Calculations with DLVO theory with the surface
charge densities indicated.

encies were established experimentally in other systems and
wider ranges of valence.*"'* The results of analogous DLVO
calculations are summarized in Figure 3b. The calculations
show that the dependence of the CCC on the valence becomes
more pronounced with increasing surface charge density.
However, even for surface charge densities as high as 1000
mC/m? one does not yet reach the 1/z° dependence, which is
implied by the Schulze-Hardy rule. As shown in the
supplement, this dependence is only obtained in the
mathematical limit of y, — oo for symmetric z:z electrolytes.
A similar dependence is obtained approximately for asymmetric
electrolytes for multivalent counterions.”** The experimental
CCCs typically show a dependence on the valence, which
situates between the Debye—Hiickel and 1/z° dependencies.
While the magnitude of surface potential is generally low in
these systems, its magnitude is further reduced by adsorption of
multivalent counterions. For such low surface charge densities,
the Debye—Hiickel theory is applicable, and one rather expects
the weaker 1/z%r 1/ [z(z + 1)] dependencies for the CCC.
With increasing valence, however, the multivalent ions adsorb
more strongly, and they progressively reduce the surface charge
density. This reduction leads to a further decrease of the CCC
with valence. When both effects are combined, one sometimes
observes—accidentally—the 1/z° dependence. While this
mechanism was already advocated in the past,®® the details
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are far from being understood, especially quantitatively. The
situation could be further complicated by the breakdown of the
PB theory, which relies on a mean-field approximation, and
neglects ion—ion correlations.”® Such correlation effects have
been shown to be relevant for multivalent counterions.

The present situation of multivalent co-ions is actually much
simpler, since these highly charged ions will hardly adsorb on
charged surfaces of the same sign.22 In this case, the surface
charge density remains independent of valence. Furthermore,
the PB theory is expected to be valid, since this theory
accurately captures experimental force curves.”> While this fact
may seem surprising, one must realize that the multivalent co-
ions are strongly repelled from the charged surfaces, and that
the surface charge is mainly neutralized by monovalent
counterions. In this situation, the PB theory has been
repeatedly shown to work correctly.>”*® By the same token,
effects of finite ionic size and of image charges are equally
negligible.”**’

To understand why we refer to the 1/z dependence as the
inverse Schulze—Hardy rule, one must convert the salt
concentration to the ionic strength, and consider the
dependence of the corresponding critical coagulation ionic
strength (CCIS) on the valence. In the Debye—Hiickel regime,
the CCIS is independent of valence. In the classical case of
multivalent counterions, as given by eq 1, the CCIS scales
approximately as 1/z* and therefore the CCIS decreases with
increasing valence. In the present case of multivalent co-ions, as
given in eq 2, the CCIS scales approximately with z, and
therefore the CCIS increases with the valence. When
comparing these two situations, the dependence of the CCIS
for the co-ions is inversed with respect to the ones of the
counterions.

H CONCLUSION

We report on a characteristic dependence of the aggregation
rates of charged colloidal particles with multivalent co-ions. The
corresponding CCC decreases with valence, but the shift is
much smaller than the one expected from the classical
Schulze—Hardy rule, which is normally used in the opposite
case of multivalent counterions. In the present case of
multivalent co-ions, the CCC approximately scales as the
inverse of the valence. We refer to this dependence as the
inverse Schulze—Hardy rule.
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Materials. The surface modified polystyrene latex particles were purchased from Invitrogen Corporation.
Positively charged amidine functionalized particles as well as negatively charged sulfate functionalized
particles were used. The manufacturer reported a radius (determined by transmission electron
microscopy) of 150 nm (coefficient of variation is 5.7%) for the amidine and 145 nm (coefficient of
variation is 5.1%) for the sulfate particles. Dynamic light scattering (DLS) measurements in stable
dispersions yielded hydrodynamic radii of 166 nm and 160 nm for amidine and sulfate, respectively. The
particles were dialyzed with cellulose ester membrane against Milli-Q water (Millipore) until the
conductivity value became comparable to the value for pure water. The sign of the particle charge was
verified with electrophoretic mobility measurements. The particle concentrations of the stock suspensions
were determined by static light scattering after dialysis by calibration of the signal with the original
suspensions of known concentrations. Analytical grade KCI, MgCl,-6H,0 (Acros Organics), LaCls-7H,0,
KsFe(CN)es (Sigma-Aldrich), and K,SO,4 (Fluka) were dissolved in Milli-Q water and the pH was
adjusted to 4.0 with HCI (Merck). All electrolytes used dissociate fully and the resulting ions undergo
neither protonation nor hydrolysis reactions. The salt solutions were filtered with a 0.1 um syringe filter
(Millipore) to remove dust contamination. All experiments were performed at a temperature of 25.0+0.2
°C.

Particle Aggregation. Time-resolved DLS measurements were carried out with a light scattering
goniometer (ALV/CGS-8F) with a solid-state laser of a wavelength of 532 nm at a scattering angle of
90°. The experiments were carried out in borosilicate cuvettes, which were first cleaned in piranha
solution (mixture of concentrated H,SO, and 30% H,O, of a volume ratio of 3:1), then washed with pure
water, and dried in a dust-free oven. The respective salt solutions were mixed with water, which was
previously adjusted to pH 4.0, to obtain the desired salt concentrations in the cuvette, and the aggregation
was initiated by adding the latex stock dispersion, which results in a final particle concentration of 10
mg/L. The latter concentration corresponds to 6.7x10" m™ and 7.4x10™ m for amidine and sulfate latex,
respectively. The apparent hydrodynamic radii were measured at different time intervals over 8-110
minutes. The translational diffusion coefficient was extracted from the correlation function with the
second cumulant method, and the hydrodynamic radius was calculated by the Stokes-Einstein equation.’
The apearent dynamic aggregation rates were obtained from the increase in the apparent hydrodynamic
radii as

__ 1 dn()
T (0) dt @)

t—0

where r,(0) is the initial hydrodynamic radius, r, (t) is the apparent hydrodynamic radius, and t is the
time. The stability ratio W was evaluated by means of the relation



W = St )

where A, was the apparent rate determined in 1.0 M KCI solution where the aggregation processes are

diffusion controlled. The increase in the hydrodynamic radii was always below 30% during the
experiments which allowed us to study the early stages of the particle aggregation where mainly dimers
were formed.

DLVO Calculations. For the calculations of stability ratios the DLVO theory was used. This theory
defines the total interaction energy potential between two charged particles V , as a sum of van der Waals
V,qw » and double layer interactions V,,, namely

V(1) =Viaw (h) +Vy (h) @)

Van der Waals interactions between equally sized spheres are calculated with the Derjaguin
approximation and neglecting the retardation effects

vvdw(h)=—;—i (4)

where H is the Hamaker constant and R is the particle radius. Double layer interactions are obtained by
solving the Poisson-Boltzmann (PB) equation for equally charged parallel plates

dzl// q -z By
=——§ zce™ 5
dx? e ©)

where y/(X) is the electrical potential profile, z, is the ionic valence, ¢, number concentration, and i runs
over all ions in solution. The additional constants used in eq. (5) are the elementary charge g, the
dielectric permittivity of vacuum &, is the dielectric constant of water ¢, and the inverse thermal
energy S =1/KkgT . The PB equation is solved numerically within the constant regulation boundary
conditions

igoed—l// =0 -C [y(zh/2)-y, ] (6)

dX x=xh/2

where the right and left surfaces are located at x=+h/2and x=-h/2, respectively, while o denotes the
surface charge density, C, the inner capacitance, and y, the diffuse layer potential of the isolated
surface. We replace the interlayer capacitance with the regulation parameter

CD
= 7
P C, +C, ()
where C, is the diffuse layer capacitance defined as
do
C, = (8)
dys,



The surface charge density and diffuse layer potential of isolated surface are connected with the following
equation

1/2
O':i{ZkBTgog'ZCi (e_ziﬁq"’f’ —1)} 9)

Numerical solution of the PB equation yields the electric potential profile. The value of the potential at
the mid-plane y,, =w(x =0) enables the calculation of the disjoining pressure

M=k TD ¢ (e —1) (10)

Once the pressure is known, double layer force between two equally charged spherical particles can be
obtained by integration and use of the Derjaguin approximation

h
Fy = 7R[T1(h)dh" (11)
Finally, the energy potential of the double layer interaction follows from an additional integration
h
Vi = [Fa(h)dh'. (12)

When the total energy profile is known, the aggregation rate coefficient can be found through steady state
solution of the forced diffusion equation**

Al ﬁ B(h/ R)2 exp(V(h)] dh} 13)
37R |4 (2R +h) kT

where 7 is the viscosity of the medium and B is the hydrodynamic resistance function that is
approximated as*

6y? +13y +2
B(y) =2~ (14)
6y +4y
The stability ratio is then obtained analogously to the experimental stability ratio, see eq. (2)
k
W =t 15
" (15)

where the fast rate k. is calculated only with the van der Waals interaction and setting the double layer
interaction potential to zero.

Valence Dependence of the CCC. The CCC can be estimated by assuming that the energy barrier is
equal to zero.>® This condition can be described by following equations



av (h)

V(h,,)=0 and =0 (16)

h=hmax

where hp, IS the separation distance at the energy barrier. Two cases can be distinguished, namely, the
low potential and the high potential limit.

In the low potential limit, the double layer interaction is given by the Debye-Hiickel theory*
V, =2zeg,Ryle™ (17)

where « is the inverse Debye length defined by

2
K2 — 2ﬂq I (18)
&€
where 1 is the ionic strength given by
| = %szci (19)

Combining eqgns.(3), (4), and (16)-(17) one arrives at the following relation valid at CCC

24 2
= TEEW

eH (20)

where e is the basis of the natural logarithm. When one replaces in eg. (20) the diffuse layer potential by
the surface charge density o by means of the relation

O
EEK
one finds
24 2 2/3
K =] 2 (22)
eHes,
Inserting relation (18) into eq. (22), one finds that the critical coagulation ionic strength (CCIS) is a
constant,
CCIScc const. (23)
namely it does not depend on ion valence z. For the symmetric z:z electrolyte, eq. (19) simplifies to
ZZ
l=—c 24
5 (24)



where c is the salt concentration. The resulting CCC dependence becomes

CCC o 2—12 (25)

In the case of 1:z or z:1 electrolyte , eq. (19) leads to the following relation for the ionic strength

| = 2(z +1)C (26)
2
and one obtains an analogous expression for the CCC, namely
1
CCCx (27)
z2(z+1)

Note, however, that eq. (22) predicts that in this regime the CCC increases with the surface charge

density, namely as CCC oc o*.

For the high potential limit and for symmetric z:z electrolytes, the double layer potential energy can be
approximated at larger distances as'

V, =2zee,Ryl e (28)

where the effective potential can be expressed as

4 2y,
Vet = 254 tanh( 2 j (29)

Based on the same arguments, one arrives at an expression that is analogous to eq. (20) for the inverse
Debye length

e pLY IRV

30
eH (30)

For large diffuse layer potentials (y, — o), eq. (29) simplifies to

4
=— 31
l//ef'f Zﬂq ( )
while eg. (30) reduces to
o= S00ESy (32)
eH f°q°z

Combining with eq. (18) one obtains



CCIS o« Zi4 (33)

With eq. (25) one obtains the classical Schulze-Hardy rule for symmetric z:z electrolyte

CCC o 2—16 (34)

In this saturation limit, the CCC is independent of the surface charge density.

Table S1. Diffuse layer potentials at the critical coagulation concentrations for amidine and sulfate latex

particles.
Particle Salt w,at CCC (mV)

KCI +12

Amidine Latex MgCl, +11
LaCl, +12

KCI -34

Sulfate Latex K,SO, —27
KsFe(CN)s —24

The diffuse layer potentials were calculated from the fitted surface charge densities with the Poisson-
Boltzmann theory.
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ABSTRACT: Aqueous suspensions of amidine latex (AL) and sulfate latex Particle Aggregation

(SL) particles containing sodium tetraphenylborate and NaCl are studied + o
with electrokinetic and time-resolved light-scattering techniques. In Ces 0%52
monovalent salt solutions, AL is positively charged, whereas SL is negatively

charged. Electrophoretic mobility measurements demonstrate that adsorp- DLVO
tion of tetraphenylborate anions leads to a charge reversal of AL particles. At Q Ne® °

higher concentrations, both types of particles accumulate negative charge. ° S | Experiment | Non-DLVO
For AL particles, the charge reversal leads to a narrow fast aggregation region Q— B—Q 3 Attraction
and an intermediate regime of slow aggregation. For SL particles, the cﬁ » i
intermediate slow regime is also observed. These aspects can be explained 8 ° .0. ° :
with classical theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO). NaPh,B e ,ﬂ’ 00’ &

Another regime of fast aggregation is observed at intermediate
concentrations, and the existence of this regime can be rationalized by an
additional attractive non-DLVO force. We suspect that this additional force
is caused by surface charge heterogeneities.

log (Concentration)

B INTRODUCTION

Particle aggregation is one of the key pathways for the
destabilization of colloidal particle suspensions."”” Because this
process is relevant in many industrial phenomena, including
water treatment or papermaking, it has been studied in
substantial detail in the past” The time scale of the
aggregation process is set by the formation rate of particle
doublets in a dilute suspension. When the interaction between
the colloidal particles is attractive, particle aggregation is fast
and controlled by diffusional approach. When the interactions
are repulsive, the particles must overcome an activation barrier,
and therefore, the particle aggregation is slow. As the transition
region between the fast regimes is relatively narrow, it is
normally characterized by the so-called critical coagulation
concentration (CCC).

The famous theory of Derjaguin, Landau, Verwey, and
Overbeek (DLVO) suggests that the interactions between the

potential, which is also referred to as the {-potential. This
potential can be extracted from experimentally accessible
electrophoretic mobility, and such potentials have been shown
to approximate diffuse layer potentials rather well.”®
Researchers have exploited the relation between the electro-
kinetic potential and colloidal aggregation rate most success-
fully. In many systems, the aggregation rate is governed by the
electrokinetic potential, which includes effects of salt
concentration as well as of charge reversal. Examples include
solutions of various additives, such as salts containing
monovalent and multivalent ions, polyelectrolytes, and ionic
surfactants.””'® Indeed, for sufficiently high salt conditions, the
magnitude of the electrokinetic potential is low, and particles
in colloidal suspensions aggregate rapidly. For low salt
conditions, the magnitude of the potential becomes high,
and slow aggregation is observed. When an additive induces a
charge reversal, the electrokinetic potential goes through zero,

particles are governed by two main contributions, namely, van
der Waals and double-layer forces."”*° For weakly charged
particles and high salt levels, double-layer forces are negligible
and interactions are governed by attractive van der Waals
forces. Under these conditions, fast aggregation is expected.
For highly charged particles and lower salt levels, repulsive
double-layer forces become important, which induces a
slowdown of the aggregation process.

This theory further stipulates that a key parameter
determining the rate of colloidal aggregation is the electric
diffuse layer potential, because this potential dictates the
strength of the double-layer forces. For small colloidal particles,
the diffuse layer potential cannot be easily measured
experimentally, but one can instead use the electrokinetic

-4 ACS Publications  © 2018 American Chemical Society

and at this point the aggregation becomes rapid too.

Here we demonstrate that this picture is only partially valid
in the case of polystyrene latex particles with different surface
functionalities in the presence of tetraphenylborate (Ph,B")
anions. Polystyrene latex particles represent a well-studied
monodisperse and spherical colloids, whose aggregation
behavior can be well described by DLVO theory, definitely
in the case of simple monovalent and multivalent ions."" ™"
However, the charging behavior of the particles must be known
and included through measured electrokinetic potentials.

Received: September 19, 2018
Revised:  October 31, 2018
Published: November 1, 2018

DOI: 10.1021/acs.langmuir.8b03191
Langmuir 2018, 34, 14368—14377


pubs.acs.org/Langmuir
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.8b03191
http://dx.doi.org/10.1021/acs.langmuir.8b03191

Langmuir

Table 1. Selected Properties of the Latex Particles Used

radius (nm)

polydispersity (CV, %)

particles TEM® SLS® DLS* TEM”
amidine latex (AL) 150 149 + 2 183 +3 5.7
sulfate latex (SL) 125 117 £ 2 123 +2 3.1

6.5 + 0.9
72+ 0.7

SLS” C-potential? (mV)  CCC® (mM)  fast rate/ kg, (X107'8 m?/s)
+48 + 2 152 +9 31+02
=S50+ 1 149 £ 2 29 +02

“Measured by TEM by the manufacturer. “Measured by SLS. “Measured by DLS. “Electrokinetic potential measured by electrophoresis without
added salt at pH 4.0. °“CCC in NaCl solutions at pH 4.0."Measured absolute fast aggregation rate coefficients in 600 mM NaCl solutions of pH 4.0.

Ph,B” anions and analogous tetraphenylphosphonium
(Ph,P*) or tetraphenylarsonium (Ph,As") cations are hydro-
phobic monovalent ions, whose salts readily dissolve in water.
Such ions should be positioned on the extremes of the
Hofmeister series, which classifies ions according to their
hydrophobicity.'” Similar to ionic surfactants, they strongly
adsorb to hydrophobic substrates, and may induce a charge
reversal.”’~** In contrast to ionic surfactants, which comprise a
hydrophilic charged head group and a hydrophobic tail,
tetraphenyl ions bear hydrophobic phenyl groups, which are
bound to the central charged ion. To our knowledge, these
ions do not form micelles in aqueous solutions. For this reason,
they represent an interesting class of monovalent ions that are
highly suitable to study effects of hydrophobic interactions on
adsorption processes, electrophoretic mobility, or colloidal
aggregation. Although few studies are available concerning the
influence of these ions on electrokinetic and diffuse layer
potentials,”*~** there is basically no information concerning
their effects on particle aggregation.

The present study explores the aggregation of colloidal
particles in the presence of Ph,B™ ions experimentally. We
demonstrate that DLVO theory, which relies on electrokinetic
data, is insufficient even to qualitatively rationalize the
aggregation behavior in such systems. We thus argue that
additional attractive non-DLVO forces, which appear similar to
the ones recently reported in direct force measurements,”**~>°
are the cause for the presence of an additional fast aggregation
region.

B EXPERIMENTAL AND METHODS

Materials. Two types of functionalized, surfactant-free polystyrene
particles (Invitrogen Corporation) were used, namely, amidine latex
(AL) and sulfate latex (SL). The average particle radius and their
polydispersity as determined by the manufacturer with transmission
electron microscopy (TEM) are given in Table 1. The particle
suspensions were purified by dialysis in Milli-Q water (Millipore) for
about a week, until the conductivity of water was below 80 mS/m.
Polyvinylidene fluoride and cellulose ester membranes were used to
dialyze the AL and SL suspensions, respectivel_)r. The same AL
particles were already used in previous studies.”*”

Analytical-grade sodium tetraphenylborate, NaPh,B, and sodium
chloride, NaCl, both from Sigma-Aldrich, were dissolved with Milli-Q_
water and the pH was adjusted to 4.0 with HCL Prior to use, the
NaPh,B stock solution with a concentration of 1.2 M was left to stand
overnight, centrifuged at 18 000g during 30 min, and then filtered
with a 0.1 ym syringe filter (Millipore). The latter steps were needed
to free the salt solution from particulate impurities.

Electrophoresis. Zetasizer Nano ZS (Malvern Instruments) was
used to measure the electrophoretic mobility of the particles in
aqueous suspensions containing different salt concentrations.
Suspensions used in the experiments were prepared by first mixing
stock solutions of NaCl and NaPh,B stock solution with Milli-Q water
to obtain the desired concentrations. Immediately prior to the
measurement, a stock suspension of the latex particles was added and
the suspension was mixed. The final particle concentrations used were
5 mg/L for both particles. This mass concentration corresponds to a

number concentration of 3.4 X 10'* m™ for AL and 7.1 X 10" m™>
for SL. The measured electrophoretic mobility was converted to
electrokinetic potentials ({-potential) by means of the O’Brien and
White model.”*

Light Scattering. Particle aggregation was measured with a light-
scattering goniometer equipped with eight fiberoptic detectors (ALV/
CGS-8F) and a solid-state laser with a wavelength of 532 nm. The
experiments were performed in borosilicate cuvettes. The cuvettes
were cleaned in hot piranha solution, which is a mixture of 96%
H,SO, and 30% H,O, in a volume ratio of 3:1, then thoroughly
washed with Milli-Q_water, and dried in a dust-free oven at 60 °C.
The signal was accumulated for 20 s and correlation functions were
analyzed with a second-order cumulant fit. The experiments were
carried out in the early stages of the aggregation process, and this
condition was ensured by verifying that the apparent hydrodynamic
radius did not increase more than 30% during the experiment.

Absolute aggregation rates were determined in particle suspensions
by time-resolved simultaneous static and dynamic light scattering
(SSDLS). The suspensions were adjusted to pH 4.0 and contained
NaCl at a concentration of 600 mM. The particle concentrations were
0.62 mg/L (4.2 X 10" m™?) for AL and 0.69 mg/L (9.8 x 10" m™)
for SL. The apparent static £ = I(0)™" dI/dfl,_, and dynamic A =
R(0)™' dR/d#l,_, aggregation rates were extracted from the initial
dependence of the scattering intensity I and the apparent hydro-
dynamic radius R on time t. The absolute rates were then obtained by
fitting the linear relation between these two quantities™”*°

2:(1—1)A—k1\r0
a

(1)

where N, is the initial particle number density and a is the
hydrodynamic factor. The experimental results are shown in Figure 1
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Figure 1. Scatter plots of apparent static rates vs the apparent
dynamic rates measured by time-resolved SSDLS in 600 mM NaCl
and pH 4.0 to extract fast aggregation rate coeflicients, which are
given in Table 1. (a) AL, (b) SL.

and the resulting rate coefficients are given in Table 1. The fitted
hydrodynamic factors agree within experimental error with the
theoretical value of 1.38 reported earlier.”” For the AL particles, the
measured rate coefficient is the same as the one published earlier
within experimental error.”®*” For other conditions, the apparent
dynamic rate was measured at a scattering angle of 90°, from which
the stability ratio was extracted. The suspensions used in the latter
experiments were prepared in the same way as for the electrophoresis.

Static light scattering (SLS) was used to extract accurate particle
radii and polydispersities. Scattering intensity was measured as a
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function of the scattering angle in particle suspensions adjusted to pH
4.0 and without added NaCl at particle concentrations of 1.4 mg/L
(9.5 x 10" m™3) for AL and 2.7 mg/L (3.8 X 10'* m™) for SL. The
scattering profile was fitted to Mie theory, including particle
polydispersity and back reflection, as described earlier.”**” SLS was
also used to determine the particle concentrations of the dialyzed
suspensions. These concentrations were determined by comparing the
scattering intensities of dialyzed suspensions with the ones of the
original suspensions, where the concentrations were known. Particle
radius was also measured by dynamic light scattering (DLS) at a
scattering angle of 90° in particle suspensions without added NaCl
adjusted to pH 4.0 at particle concentration of 5.0 mg/L for both
types of particles. The measured radii and polydispersities are
summarized in Table 1, and they agree well with the ones reported by
the manufacturer. The slightly larger radii measured by DLS are likely
caused by polydispersity effects.

Model Calculations. The aggregation rate coefficient, k, of
doublet formation of monodisperse spherical particles can be
calculated by finding the steady-state solution of the forced diffusion
equation. This resulting expression involves the interaction potential,
V(h), acting between the particles, where h is the smallest surface
separation and can be written as"”

-4 «  B(h) —1
. 3nRp |fo (2R + h)? exp[AV (k)] dh .

where 7 is the shear viscosity, R the particle radius, # = 1/(kgT) is the
inverse thermal energy, and B(h) is the hydrodynamic resistance
function. We use 77 = 8.90 X 107 Pas as appropriate for water at 25
°C. We further denote by T the absolute temperature, by kg the
Boltzmann constant, and the hydrodynamic function is approximated

1,2
as

6h* + 13hR + 2R*

Bh) = 6h* + 4hR (3)

Instead of the rate coefficient, we normally report the stability ratio

defined as

Kt
k 4)

where ki, is the rate coeflicient under fast aggregation conditions as
realized at high salt concentration.

The interaction potential profile, V(h), between two particles is
obtained by integrating the interaction energy, W(h), in the plate—
plate geometry within the Derjaguin approximation ~

W=

V(h) = 7R fh W) dn 5)

We assume that this interaction has three additive contributions,
namely,

DLVO

—
W= Wy + Wy + Wy (6)

where W, gy denotes the contribution because of van der Waals
interaction and Wy because of the double layer, and W, is an
additional attractive interaction.

The two DLVO contributions, W,qy and Wy, are calculated as
follows. van der Waals interactions are obtained from the non-
retarded expression"2

H

W = ——2
W (7)

where H is the Hamaker constant. The double-layer interaction is
inferred from the Poisson—Boltzmann (PB) equation for a
monovalent electrolyte between two identical and homogeneously
charged plates. The electric potential profile, y(x), is a function of the
position x and satisfies the equation

= v sinh(fey) (8)

where e is the elementary charge, &, is the permittivity of vacuum, and
€ is the dielectric constant of water. The latter parameter is taken as €
= 80 throughout, as applicable for water at 25 °C. The PB equation is
solved numerically between the two charged plates located at x = +h/
2 subject to the constant charge (CC) and constant potential (CP)
boundary conditions. In either case, the charge of the isolated surface
is characterized by its electric potential, Yy, referred to as the diffuse
layer potential. The swelling pressure, II, is then evaluated from the
value of the electric potential at the midplane y,, = y(0) as

IT = 2k T[cosh(feyr ) — 1] (9)

Finally, the interaction potential between the plates is found by
integrating the pressure profile, namely,

Wa(h) = [ 110 a (o)

Py 2ec
2
x

Further details on similar PB calculations can be found in the
literature. ">’

Although DLVO theory stipulates that interactions can be
approximated with the first two terms, an additional attractive non-
DLVO force will be considered here. This additional contribution is
modeled by an exponential function, namely,

W, =—Ae (11)

al

where A > 0 is the amplitude of the interaction and q~' its decay
length. Such exponential attractive forces were proposed theoretically
to originate from patch—charge heterogeneities or hydrophobic
interactions.”** In system containing multivalent or hydrophobic
ions, direct force measurements equally reveal the existence of
exponential non-DLVO forces with a decay length around 1 nm.”****
Patch—charge interactions were also invoked to interpret forces acting
between charged surfaces with adsorbed polyelectrolytes of opposite
charge.*™*° However, the respective length scales are substantially
larger in the latter systems.

B RESULTS AND DISCUSSION

This article presents measurements of particle aggregation
rates and of electrophoretic mobilities for submicron AL and
SL particles in aqueous solutions containing sodium
tetraphenylborate (NaPh,B) and NaCl. All experiments were
carried out in aqueous solutions adjusted to pH 4.0 and at a
temperature of 25 °C. In monovalent salt solutions, the AL
particles are positively charged, whereas the SL particles are
negatively charged. Further properties of these particles are
summarized in Table 1. As the Ph,B™ anion is hydrophobic, it
strongly adsorbs on the latex particle surfaces. This adsorption
process induces an accumulation of negative charge on the
particles, and the accumulated charge modifies the aggregation
behavior substantially. Further analysis of these results and
comparison with model calculations based on DLVO theory
reveals that additional attractive non-DLVO forces are active
and modify the aggregation behavior further.

Charging Behavior. Electrophoresis measurements were
performed to study the influence of Ph,B™ ions on the charging
behavior of the AL and SL particles. The electrophoretic
mobilities were converted to electrokinetic potentials ({-
potentials) and their dependence on the Ph,B~ concentration
is shown in Figure 2. The effect of adding NaCl was equally
studied.

Figure 2a shows the measured electrokinetic potentials for
AL particles. At very low concentrations of Ph,B~, the
potentials are positive and they reflect the positive charge
caused by the cationic amidine groups at the AL particle

DOI: 10.1021/acs.langmuir.8b03191
Langmuir 2018, 34, 14368—14377


http://dx.doi.org/10.1021/acs.langmuir.8b03191

Langmuir
1007 AL © 0 mM NaCl (@)
a 8 A 10mMNaCl
— ® 50 mM NaCl
> v 200 mM NaCl
E 5041
=
=
[
e
L 0
3
£
4
[
© -504 <300 mM NaCl
o » 400 mM NaCl
@ 500 mM NaCl
-100

10° 10* 10® 102 10" 1 10 10* 10°
NaPh,B Concentration (mM)

SL <300 mM NaCl (b)
0+ » 400 mM NaCl
© 500 mM NaCl
E 20 Ny
s
S -40-
o
o
o
o 60
=
S
3
2 -801 © 0 mM NaCl
o 100 mM NaCl
+ 120 mM NaCl
-100 v 200 mM NaCl

T T T T T T T T T

10° 10™ 10° 107 10" 1 10 10° 10’
NaPh,B Concentration (mM)

Figure 2. Electrokinetic potentials ({-potentials) measured by
electrophoresis vs the concentration of NaPh,B and different
concentrations of added NaCl at pH 4.0. Solid lines are empirical
interpolating functions used in the model calculations. (a) AL, (b) SL.

surface. As the concentration is increased, Ph,B™ anions adsorb
to the positively charged AL particles and cause an
accumulation of negative charge. This accumulation first
leads to charge neutralization at a concentration of 0.030 =+
0.005 mM and subsequently to a pronounced charge reversal.
The electrokinetic potential reaches a minimum around a
concentration of 10 mM, and then the potential increases
because of screening. Addition of the indifferent NaCl
electrolyte reduces the magnitude of the potentials, but
otherwise leaves the features unchanged. However, when one
calculates the respective electrokinetic charge by means of the
Grahame equation, one observes that the magnitude of the
charge density slightly increases with increasing NaCl
concentration. This trend suggest that the presence of salt
promotes the adsorption of Ph,B” anions. However, the
position of the charge neutralization point remains the same,
indicating that this effect is relatively weak.

These observations concerning the charge reversal are in line
with recent electrophoresis experiments with negatively
charged latex particles in the presence of Ph,P* cations.”**
These authors also observe a charge neutralization point at
Ph,P* concentrations in the range 0.5—3 mM, and they do not
report any shifts of this point upon addition of KCI. Direct
force measurements between sulfate particles in the presence
of Ph,As"™ at pH 4.0 without added salt reveal that the charge
neutralization point is located at somewhat lower concen-
tration, near 0.2 mM. These publications and our findings all

14371

suggest that monovalent tetraphenyl ions systematically induce
a charge reversal of oppositely charged latex particles and that
this reversal occurs in the mM concentration range or below.

Similar charge reversal phenomena were also observed with
colloidal particles in the presence of other strongly adsorbing
species. These systems include oxide particle suspensions
containing oppositely charged surfactants'>**™*" or when
subject to pH variations,' "' ”'® and latex particle suspensions
in the presence of oppositely charged polyelectrolytes or highly
charged multivalent ions.'*" 6264142

Figure 2b shows the respective electrokinetic potentials for
SL particles. At very low concentrations of Ph,B~, the
potentials are negative, as they reflect the negative charge of
the anionic sulfate groups at the SL particle surface. Without
added NaCl, the electrokinetic potentials increase with
increasing Ph,B™ concentration. However, as soon NaCl is
added, one observes an intermediate minimum in the
electrokinetic potential, which indicates that the Ph,B™ anions
also adsorb to the negatively charged SL particles. The
potentials go again through a minimum near 10 mM and they
increase at higher concentrations. The latter increase is caused
by screening. The electrokinetic charge shows a similar trend
as for the AL particles.

The occurrence of adsorption in this like-charged situation
strongly suggests that other forces than electrostatic ones are
responsible for this adsorption process. These forces are
probably of hydrophobic nature. The presence of the phenyl
rings makes the Ph,B™ anion hydrophobic, and the same
applies to the polystyrene latex particles, and in this situation
strong hydrophobic and z—x stacking interactions are likely
present. Nevertheless, a similar accumulation of negative
charge was observed for clay minerals and carbon nanotubes in
the presence of sodium dodecyl sulfate by similar electro-
phoresis experiments.%’44

The adsorption of Ph,B™ to SL particles in the like-charged
situation further indicates that the same forces are responsible
for the adsorption of Ph,B™ to the AL particles in the
oppositely charged case. The fact that the main features of the
electrokinetic potential do not depend on the addition of an
indifferent electrolyte for both types of particles further
supports the fact that effects of electrostatic forces on the
adsorption process are minor. Thus, we conclude that
hydrophobic forces are responsible for the strong adsorption
of Ph,B™ to both types of latex particles, irrespective of the sign
of their charge.

Aggregation Rates. In solutions of indifferent NaCl
electrolyte, which are free of the Ph,B™ ions, the investigated
latex particles show the classical aggregation behavior. At high
concentrations of indifferent salt, NaCl, the particles aggregate
rapidly, and their absolute aggregation rate coefficients are
summarized in Table 1. These values are typical for fast
aggregation controlled by diffusion. When the NaCl concen-
tration is decreased, the aggregation starts to slow down, which
happens below the CCC of around 150 mM. This
concentration marks the onset of double-layer repulsion.
Model calculations based on DLVO theory reveal very similar
patterns. This observed behavior is typical for highly charged
colloidal particles and has been reported in numerous studies
earlier.” ">~

The presence of Ph,B™ in solution profoundly modifies the
aggregation rates of the AL and SL particles investigated.
Figure 3 summarizes the experimentally measured stability
ratios, which were calculated from the aggregation rates using
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Figure 3. Stability ratios measured by time-resolved light scattering vs
the concentration of NaPh,B and different concentrations of added
NaCl at pH 4.0. The solid lines serve to guide the eyes. (a) AL, (b)
SL.

eq 4. The fast aggregation rate, kg, in this relation is the one
in the concentrated NaCl solution. The effect of different
concentrations of NaCl on the aggregation behavior in the
presence of Ph,B™ was equally investigated.

The dependence of the stability ratios of the AL particles on
the Ph,B™ concentration is shown in Figure 3a. At very low
Ph,B™ concentrations, the particles are stable, but as the NaCl
concentration is increased, the stability ratio decreases to unity,
where the fast aggregation conditions are reached. As the
Ph,B™ concentration is being increased, the stability ratio
decreases, and near 0.03 mM the ratio becomes unity even in
the absence of NaCl. As evidenced by electrophoresis
experiments, this point marks the charge neutralization point.
At this point, double-layer repulsion between the particles is
absent, and therefore, the stability ratio becomes unity. As the
Ph,B™ concentration is increased further, the stability ratio
again increases strongly, mainly because of double-layer
repulsion. The minimum in the stability ratio widens with
increasing NaCl concentration, which suggests the onset of
screening effects and the importance of double forces. This
minimum in the stability ratio leads to the presence of two
CCCs, which are located below and above the charge
neutralization point. Similar minima in the stability ratios
that widen with increasing concentration of an indifferent salt
were reported for many other colloidal systems undergoing a

charge reversal. These systems include oxide particle
suspensions containing oppositely charged surfactants' 23737
or when subject to pH variations'”'® and latex particle
suspensions in the presence of oppositely char§ed folyelec—
trolytes or highly charged multivalent ions.'*'®>%*"*

At very high concentrations of Ph,B~, the stability ratio
decreases rapidly with the concentration and becomes unity for
Ph,B™ concentrations above 790 & 20 mM. This concentration
marks the CCC because of screening, and is comparable to,
but higher than, the one observed in NaCl solutions (Table 1).
In between the charge neutralization point and this CCC, the
stability ratios become very high for lower concentrations of
NaCl. At high NaCl concentrations, on the other hand, the
stability ratio is basically unity.

However, we observe an unexpected effect at intermediate
NaCl and Ph,B™ concentrations. This effect is especially
prominent in solutions containing 300 mM NaCl, where an
intermediate minimum in the stability ratio can be observed
around 10 mM NaPh,B. Moreover, for NaCl concentrations of
400 and 500 mM, a sharp maximum in the stability ratio in the
NaPh,B concentration range of 300—400 mM is present.
These features point toward the importance of an additional
attractive force.

Before discussing this unexpected effect further, let us
address the dependence of the stability ratios for the SL
particles on the Ph,B™ concentration as shown in Figure 3b.
Without added NaCl, the particles aggregate extremely slowly,
and fast aggregation is observed only at very high Ph,B~
concentrations. When NaCl is added, the aggregation behavior
becomes more complicated. At very low Ph,B™ concentrations,
the stability ratios again reflect the behavior in pure NaCl
solutions. The particles are stable at low NaCl concentrations,
and with increasing NaCl concentration, the stability ratio
decreases again to unity. As the concentration of NaPh,B is
increased, the stability ratio increases, most strongly at low
NaCl concentration, but even at the highest NaCl concen-
tration of 500 mM investigated, an onset of this increase can be
observed. This effect induces a CCC at low Ph,B~
concentrations. We interpret this stabilization by the
accumulation of additional negative charge on the negatively
charged particles. This accumulation is caused by the
adsorption of Ph,B™ ions, and this effect could also be
evidenced by electrophoresis. At very high concentrations of
Ph,B™, near 500 + 10 mM, the stability ratio becomes unity
again. This concentration again marks another CCC, above
which one enters the fast aggregation region, where double-
layer forces are screened. The fast aggregation rates attained at
high salt conditions are identical for NaCl and NaPh,B and for
both types of particles within experimental error.

At intermediate concentrations of NaPh,B and NaCl, a
similar unexpected effect as already mentioned for the AL
particles occurs. This effect is more pronounced for SL than for
AL, and now manifests itself most clearly as an intermediate
minimum in the stability ratio around 10 mM. This minimum
is measurable already at NaCl concentrations of 100 mM, but
it becomes more prominent with increasing NaCl concen-
tration. A stability ratio of unity is reached for NaCl
concentrations above 300 mM, which leads to two additional
CCCs. Furthermore, the existence of these CCCs leads to two
intermediate maxima, and even at NaCl concentrations of 500
mM, one maximum is still present.

The four CCCs observed in our system can be rationalized
as follows. The lowest CCC originates from the accumulation
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of negative charge on the SL particle through the adsorption of
the Ph,B™ anion. The highest CCC is because of screening of
the double-layer forces by salt. The two intermediate CCCs are
caused by the presence of a further destabilization region,
which must be caused by additional attractive non-DLVO
interactions. A similar intermediate destabilization region can
also be observed for AL particles.

A maximum similar to the ones shown in Figure 3b was also
reported in a like-charged systems, namely, an anionic
copolymeric latex in the presence of anionic surfactant,
potassium stearate.” However, that study reports the
maximum to occur at rather low concentrations of 0.3 mM
extending only over a narrow concentration region. The
authors interpret this maximum in terms of structural
transition within the adsorbed surfactant film. Whether this
maximum has the same origin than the ones reported here is
currently unclear to us.

The stability maps shown in Figure 4 clarify the effects of
NaPh,B and NaCl on the aggregation of the AL and SL
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Figure 4. Stability maps of the NaPh,B concentration vs the NaCl
concentration where the regions of slow and fast aggregation are
separated by the CCC at pH 4.0. (a) AL, (b) SL.

particles further. The maps show regions of slow and fast
aggregation by plotting NaPh,B concentration versus NaCl
concentration, whereby the separating lines represent the
CCCs.

Consider first the situation for AL particles shown in Figure
4a. At low NaPh,B and NaCl concentrations, one observes a
fast aggregation channel, which reflects the charge reversal. At
high NaCl and NaPh,B concentrations, the aggregation is fast
throughout because of screening. These effects generate the
coastlines of the slow regions in the bottom of the map and the
peninsula. The unexpected intermediate fast regime manifests
itself as an indentation on the right-hand side of the peninsula.
Inspecting vertical cross sections of this map, one finds three
CCCs at low NaCl concentrations, but four CCCs around 300
mM NaCl

The stability map for the SL particles shown in Figure 4b is
similar. Because the particles do not undergo a charge reversal,
the fast channel is missing. Similar to the AL particles after
their charge reversal, the SL particles also increase the
magnitude of their charge through the adsorption of the
Ph,B™ ions, which also results in a slow peninsula in the SL
system. The indentation of the right-hand side of the peninsula
is again present, but is now more pronounced, and therefore,
the intermediate fast regime is larger. At low NaPh,B
concentrations, one observes two CCCs, but again four
CCCs in the regime of 300—400 mM NaCl.

DLVO Calculations. We have first attempted to interpret
the observed stability ratios with DLVO theory. Thereby, the

interaction energies between charged interfaces were estimated
by adding van der Waals and double-layer contributions, and
subsequently the interaction energy between the particles was
estimated with the Derjaguin approximation. From these
interaction energies, the aggregation rates were calculated by
considering the diffusional motion of the particles. These rates
were subsequently normalized to obtain the stability ratio. The
strength of van der Waals interaction was estimated with the
Hamaker constant of 3.1 X 107> J, which was earlier used in
similar calculations.”” This value is very close to the ones
extracted from direct force measurements between latex
particles.”**

The double-layer force was obtained from the known
concentration of monovalent salt and by approximating the
diffuse layer potential by the electrokinetic potential (-
potential) as measured by electrophoresis. Thereby, the
experimental values were interpolated by empirical fitting
functions, as shown in Figure 2. Therefore, these calculations
contain no adjustable parameters. Computational details can
be found in the Experimental and Methods section.

The stability ratios calculated with DLVO theory are shown
in Figure 5. For AL particles, the calculations qualitatively
reflect the observed stability patterns; see Figure Sa. The
minimum in the stability ratio near the neutralization point is
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Figure S. Stability ratios calculated with DLVO theory with CP
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reproduced rather well, as well as the sharp decrease in the
stability ratio at high concentrations. DLVO theory correctly
captures the upward shift of the highest CCC to 500—800 mM
in NaPh,B solutions with respect to 150 mM in NaCl solutions
(Table 1). Otherwise, however, the predictions lack accuracy.
Especially, the DLVO theory fails to predict the experimentally
observed intermediate minimum of the stability ratio around
10 mM. Moreover, the calculations predict a too strong
dependence on the concentration, as evident from the too
steep slopes of the calculated stability curves. Overall, DLVO
theory suggests that the particles should be more stable than
they actually are.

For SL particles, the predictions of the DLVO theory
reproduce the behavior of the stability ratios only at low and
high Ph,B™ concentrations; see Figure 5b. These calculations
demonstrate clearly that the increase in the stability ratio at
low concentration is indeed because of the accumulation of
negative charge on the particle surface because of adsorption of
Ph,B”. The decrease in the stability ratio at high concen-
trations is also predicted, but this aspect is not surprising
because double-layer interactions will always be screened at
sufficiently high salt concentrations.

The stability maps calculated with DLVO theory shown in
Figure 6 clarify the situation further. These maps were
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Figure 6. Stability maps of the NaPh,B concentration vs the NaCl
concentration calculated with DLVO theory with CP and CC
boundary conditions. Same parameters as in Figure S were used. (a)
AL, (b) SL.

obtained by extracting the respective CCCs from the
calculated stability profiles and by plotting the respective
NaPh,B concentration versus the NaCl concentration. The
calculated stability maps reflect the measured ones reasonably
well, especially for the AL particles. In this case, one finds the
fast channel near the neutralization point as well the slow
peninsula at higher NaPh,B concentrations. For the SL
particles, the calculations correctly predict the existence of
the slow peninsula. For both systems, however, the DLVO
calculations fail to account for the fast indentations at the tip of
the peninsula.

In the DLVO calculations discussed so far, CP boundary
conditions were assumed. These boundary conditions
correspond to substantial regulation of the surface charge
approach, and this regulation would be caused by desorption of
the Ph,B™ anions. The other important boundary condition is
the one with CC. This condition assumes that the surface
charge remains constant and that no desorption upon
approach takes place. We have thus compared the results of
the calculations with these two boundary conditions. Because
double-layer forces with CC conditions are more repulsive
than with CP conditions, the calculated stability ratios are

higher. However, the generic features remain the same. This
effect is particularly evident in the stability maps, where results
obtained with CP and CC boundary conditions are compared.
One should further note that more appropriate boundary
conditions would lie in between CP and CC, but the
consideration of more realistic boundary conditions will not
influence these results substantially. Therefore, the origin of
the intermediate destabilization region cannot be explained by
different boundary conditions and must lie beyond DLVO
theory.

Calculations Including Non-DLVO Interactions. Vari-
ous experiments based on direct force measurements have
revealed that systems containing strongly adsorbing ions
feature additional attractive non-DLVO forces.””*~>° 1In
particular, such forces were also observed to act between SL
and silica particles in the presence of Ph,As* ions.”’ These
forces can be fitted with the exponential law given in eq 11
with a decay length around ¢! = 3 nm. The amplitude, A, of
this force goes through a maximum versus the Ph,As"
concentration. Moreover, theoretical analysis suggests that
additional attractive interactions between surfaces with a
patch—charge distribution may occur and that such inter-
actions decay exponentially.’

We suspect that similar non-DLVO forces are acting in the
systems containing Ph,B™ anions studied here. We thus use the
decay length of 3 nm, and we empirically adjust the magnitude
of the amplitude together with the position and the width of
the maximum on the concentration axis, as shown in Figure 7.
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Figure 7. Dependence of the amplitude, A, used in eq 11 on the
concentration of NaPh,B for the two types of latex particles.

The dependence of the amplitude, A, in eq 11 on the
concentration, ¢, of Ph,B™ is thus modeled by the empirical
expression

A=Ajexp

B lnz(c/co)}

2w

(12)

where we use w = 0.5 for both types of particles. The
maximum amplitude, Ay, and the concentration, ¢, at the peak
are taken to be 0.16 mN/m and 7 mM for AL and 0.24 mN/m
and 1 mM for SL. As illustrated in eq 6, the additional
interaction is added to the DLVO potential used previously,
and the respective stability ratios are calculated in the same
fashion again. The parameters were chosen such that the
experimental stability data could be reproduced best. The
width of the peak is similar to the one reported by Smith et
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al.>® for Ph,As", but the maximum amplitude chosen here is
about 2—3 times larger. The latter study reported that this
peak is positioned at charge neutralization point, but a similar
peak was positioned way above this point in a system
containing multivalent amine cations.” Note that this
interaction is assumed not depending on the concentration
of added NaCl.

The calculated stability ratios by including the non-DLVO
interaction are shown in Figure 8. The additional attractive
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Figure 8. Stability ratios calculated by including the attractive non-
DLVO interactions vs the concentration of NaPh,B and different
concentrations of added NaCl at pH 4.0. The DLVO part of the
calculations was the same as used in Figure S. (a) AL, (b) SL.

non-DLVO force indeed induces an additional destabilization
regime, which resembles the experimentally observed one. For
both types of latex particles, the calculated stability ratios now
feature four CCCs at certain NaCl levels, which is in
accordance with the experimental observations.

Clearly, the agreement is hardly quantitative. The predicted
dependencies on the concentration are again too strong, which
manifest in the large slopes in the calculated stability plots.
Nevertheless, the asymmetries between the two intermediate
maxima in the stability plots are reproduced by the calculations
reasonably well.

The calculated stability maps including the non-DLVO
interactions are shown in Figure 9 and they reproduce the
experimental maps surprisingly well. In particular, these maps
now also show the characteristic fast indentations in the
peninsulas, which is in full agreement with experiment.
Therefore, we think that the calculations including the non-

-

(=]

o

o
1

< 1000 H cc (a) (b)

100 cC
cP

=y

o

o
1

CP

-
o
1
-
o
1

1 slow

<}
-
1
o
-
L

Fast

0.01 Fast 0.01

0.001 4 oW SL

NaPh B Concentration (mM
NaPh B Concentration (mM)
1

0.001 4 5w AL

4 6

8 2 4 68 468 2 4 68
100 1000 100 1000
NaCl Concentration (mM) NaCl Concentration (mM)
Figure 9. Stability maps of the NaPh,B concentration vs the NaCl
concentration calculated by including the attractive non-DLVO
interactions vs the concentration of NaPh,B and different
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calculations is the same used in Figure 6. (a) AL, (b) SL.

DLVO force, albeit not fully quantitative, reflect the essential
features observed experimentally and thus capture the
mechanism of the aggregation process induced by the presence
of Ph,B™ anions for AL as well as SL particles.

We thus strongly suspect that additional attractive non-
DLVO interactions are responsible for the destabilization
behavior observed at intermediate NaPh,B and NaCl
concentrations. The strength of the non-DLVO interactions
goes through a maximum as a function of the NaPh,B
concentration, and these interactions appear similar to the ones
that were recently observed in direct force measurements
between negatively charged surfaces in the presence of
Ph,As".”” For this reason, we also suspect that their origin is
similar. From the direct force measurements, it was concluded
that these forces are induced by surface charge heterogeneities,
which are generated by the adsorption of the hydrophobic
ions. These heterogeneities are expected to occur in both AL
and SL systems because in the relevant region the adsorbed
films will be rather dense, but defects in these films would
induce the charge heterogeneities in question. These
heterogeneities are expected to occur on small length scales,
probably on the order of 1 nm, as one can estimate from the
Debye length at the respective salt levels. However, charge
fluctuations or hydrophobic interactions may contribute to
these interactions as well.

Our parameterization of the additional non-DLVO inter-
action is admittedly crude. In particular, we assume that this
force has no dependence on the presence of added NaCl,
which is probably incorrect.”* For the calculations of the
stability ratios, however, this force is relevant only in a
relatively narrow window of NaCl concentrations, and within
this window the parameters used might indeed remain
approximately constant. Nevertheless, more detailed studies
would be necessary to characterize this additional force more
fully. Our calculations of the stability ratios further suffer from
a too strong concentration dependence, which overestimates
the magnitudes of the slopes in the stability graphs. This
shortcoming of the DLVO theory has been remarked already
quite some time ago.'"'>*”* Although surface charge
heterogeneities have been proposed to be the origin of these
discrepancies, it remains unclear how to include this effect into
the stability calculations in a quantitative manner.

B CONCLUSIONS

Electrophoretic mobility and aggregation rates are studied in
aqueous suspensions of AL and SL particles containing
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NaPh,B and NaCl. The hydrophobic Ph,B™ anion is found to
adsorb strongly, which leads to an accumulation of negative
charge on both types of particles. This accumulation induces a
region of slow aggregation, which is consistent with the
classical DLVO theory. However, we observe an additional
region of fast aggregation at intermediate concentrations. We
argue that this fast aggregation region is caused by attractive
non-DLVO forces, which are probably caused by surface
charge heterogeneities within the adsorbed layer. Although
similar attractive forces were recently observed with direct
force measurements,””>>* the present data are the first ones
that demonstrate the importance of such attractive non-DLVO
forces in particle aggregation. Further studies have to be
carried out to find out to what extent the observed effects also
occur for other types of hydrophobic ions, especially for short-
chain surfactants.
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Introduction

The stability of colloidal suspensions can be strongly influenced
by the presence of multivalent ions, as already pointed out in the
landmark studies by Schulze' and Hardy.> Colloidal suspensions
are destabilized by the formation of particle aggregates, whereby
the early aggregation regime is governed by the formation of
particle doublets. Derjaguin, Landau, Verwey, and Overbeek
(DLVO)** have shown that the formation of particle doublets is
governed by one of the following mechanisms, namely fast and
slow aggregation. The fast aggregation process is controlled by the
diffusional approach of a pair of attractive colloidal particles, and
typically occurs at high salt concentrations. Slow aggregation is
controlled by an activated crossing of an energy barrier within an
initially repulsive potential, and occurs at low salt concentrations.
The transition between these two regimes takes place at a rather
well-defined concentration, referred to as the critical coagulation
concentration (CCC). The Schulze-Hardy rule states that the CCC
strongly decreases with increasing valence of the counterions.>®
These trends have been confirmed experimentally in various
aqueous particle suspensions in the presence of different types
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E-mail: michal borkovec@unige.ch
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constant potential boundary conditions.

of counterions.”** Time-resolved light scattering techniques have

proven to be particularly useful for such studies."*™"” Since multi-
valent counterions adsorb on oppositely charged particles
strongly, this mechanism does not only destabilize the particle
suspension, but also induces a charge reversal of the particles
in question. As a consequence, one also observes an additional
re-stabilization region at intermediate salt concentrations.'®"'®
Similarly, multivalent co-ions also lead to a decrease of the
CCC.""® However, the resulting dependence on valence is much
weaker, and has been referred to as the inverse Schulze-Hardy
rule. For spherical particles, DLVO theory can be sometimes used
to successfully predict such phenomena, including their depen-
dence on the particle size in the slow regime.'*'®*° Thereby, the
interaction potential is modeled by a superposition of van der
Waals and double layer forces and hydrodynamic interaction
must be considered as well. While these predictions are not
always accurate, we think that a reasonably good understanding
of the aggregation processes of aqueous colloidal particle suspen-
sions has been achieved today.

However, this conclusion only holds for homoaggregation,
meaning that aggregates are being formed out of identical (or
very similar) particles. Heteroaggregation, meaning that aggre-
gates are being formed out of different particles, is understood
to a much lesser extent. The most important reason for this
situation is that the measurement of heteroaggregation rates is
more difficult than for homoaggregation. The main obstacle is
that in a binary mixture of colloidal particles, the heteroaggre-
gation processes may occur simultaneously with two different
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homoaggregation processes, and these three processes must be
properly separated in order to extract the heteroaggregation
rate. One possibility to overcome this problem is to carry out
experiments with two types of particles that feature different
surface functionalities, but otherwise have the same (or similar)
size and bulk composition. One may then study such a system
using any of the established methods to study homoaggrega-
tion, and measure the apparent aggregation rate as a function
of the ratio of the two types of particles. In the early aggregation
regime, the heteroaggregation rate can be extracted from the
dependence of the apparent aggregation rate on that ratio.”' >
While such experiments are simply analyzed, this technique is
extremely laborious, and strongly limits the choice of particles
to be investigated. In spite of these reservations, a similar
approach was also used to study particles of widely different
shapes and sizes.*>>® While useful conclusions could be drawn
from these measurements too, the analysis remains qualitative,
as the situation is often further complicated by the fact that the
aggregation conditions often extend beyond early stages.

More recently, some of us have proposed an alternative
technique, which can be applied to study heteroaggregation
in any kind of mixtures of pairs of differently sized colloidal
particles.”® This technique is based on time-resolved multi-
angle light scattering, and exploits the specific angular depen-
dence of the form factors of the different particle doublets to
distinguish the contributions from heteroaggregation and
homoaggregation. While this technique offers a wider freedom
in the choice of particles, its drawback is that the data analysis
is more complex, and requires the form factors of the asym-
metric dimers in question. For spherical and monodisperse
particles, however, these form factors can be accurately calculated
using the T-matrix technique.***!

In spite of these complications, heteroaggregation processes
were addressed by these techniques to some extent. A key
finding was that the heteroaggregation rate of oppositely
charged colloidal particles is comparable to the ones in the
case of heteroaggregation at high salt levels, but becomes faster
when the salt level is decreased.”»****>*> This trend can be
quantified through the strengthening of attractive double layer
forces acting between oppositely charged particles at low salt
levels. A similar trend could be also established for the deposi-
tion of colloidal particles onto oppositely charged collector
beads.*® Another important observation was made concerning
the dependence of the heteroaggregation between two types
of oxide particles upon pH. This rate is fast between the two
points of zero charge, but is rapidly slowed down below and
above these points.*! This finding confirms the importance of
double layer forces in these processes. However, these measure-
ments reported the apparent stability ratio of binary colloidal
suspensions, and extracting the heteroaggregation rate was not
attempted. For this reason, the interpretation of these experi-
ments remained difficult.’”

Heteroaggregation processes in the presence of multivalent
ions have not been studied so far. For this reason, we investigate
here binary suspensions of amidine and sulfate latex particles.
These particles are oppositely charged in the presence of a
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monovalent salt. In the presence of multivalent ions, however,
the charge of one particle type becomes neutralized, while the
other particle type remains highly charged. No experimental
studies in such situations are available, and the present study
reports the measurements of such heteroaggregation rates for
the first time.

Theory
Heteroaggregation rates by light scattering

During the early stages of aggregation in a binary colloidal
suspension containing two different types of particles A and B,
three types of dimers may form, namely symmetric AA and BB
dimers, and the asymmetric AB dimer. For the two homo-
aggregation processes, the formation of the symmetric dimers
follows the kinetic equations

ngil;(t) = %kAANAZ(l) (1)
Wonlt) _ ka1 @)

where N,(¢) and Ng(¢) refer to the number concentrations of the
particle monomers A and B, which depend on time ¢, and Na,(¢)
and Npg(?) to the ones of the particle dimers AA and BB, which
form with homoaggregation rate coefficients kas and kgg. For
the heteroaggregation processes, the formation of the asym-
metric dimers follows

dNAB(l)

TR kasNa (t)Ng (1) 3)

where Nap(f) is the number concentration of the dimer AB,

which forms with the heteroaggregation rate coefficient kug.
These rate coefficients can be determined by time-resolved

multi-angle static or dynamic light scattering. To obtain such

results from static light scattering, one has to measure the

apparent initial rate of change of scattering intensity I(6,t),

where 0 is the scattering angle and ¢ is the time, namely

1 dio,r)

2(0) =

10,0)  di 4)

t—0

where ¢ = 0 refers to the initial time, when no aggregates have
yet occurred. This apparent static rate turns out to be a linear
superposition of the contributions from the three aggregation
processes, and can be written as®

2(0) = kaaFan(0) + 2kapFag(6) + kppFpg(6) (5)
The weighting functions are given by

~ Noxix; 1;(0) — L(0) — 1;(0)
Fi(0) = 2 xala(0) + xpIs(0)

(6)

where I;{0) is the scattering intensity for a single dimer 7j and
I{(0) the one for a single particle monomer i. The subscripts i
and j refer to particles A or B. The initial particle number
concentration is given by N, = N,(0) + Ng(0) and the particle
number fractions are denoted by x; = N;(0)/N,. The scattering
intensities for spherical particles and the corresponding dimers
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can be accurately calculated by Mie theory or T-matrix techniques,
whereby corrections for sample polydispersity and reflection from
the cuvette wall must be considered. Details of these calculations
are described elsewhere.>*' Homoaggregation rate coefficients
kaa and kgg can be determined from experiments on suspensions
containing only one type of particles. The heteroaggregation
rate coefficient kxp can be then determined by fitting the angle-
dependent apparent static rate measured in a binary suspension.
The contrast is sensitive to the number fraction of the particles,
and for a given system its value must be properly adjusted.

The analysis of time-resolved dynamic light scattering
proceeds similarly. Now one measures the apparent initial rate
of change of the apparent hydrodynamic radius R(6,t), which is
obtained from the measured diffusion coefficient by means of
the Stokes-Einstein relation. The apparent dynamic rate is
defined as

A®) = R(; 0) ! )
)

t—0

This quantity can be similarly decomposed in the contributions
of the three aggregation processes, namely>’

A(0) = kanHan(0) + 2kapHap(0) + kppHpg(0) (8)

where Hy(0) = Fy(0) — Gy(0). Thereby, the function Fy(0) is

defined in eqn (6) and the function G(0) is given by

Gi(0) = Yo 1;(0)/ Ry — 1;(0)/Ri — 1;(0)/R;
Y 2 XAIA(O)/RA +XBIB(0)/RB

©)

where R; are the hydrodynamic radii of the dimers and R; the
ones of the monomers, which coincide with the actual particle
radii. The relative hydrodynamic radii of the dimers are given
by the expression

2
o = R,-z—lil/R,- = 1.392 + 0.608 (2 n 2) (10)
This empirical relation approximates well the exact results
obtained from the analysis of the hydrodynamics of a pair of
unequal spheres at low Reynolds numbers.****

The analysis of the apparent dynamic rate proceeds similarly
to the static one. The homoaggregation rate coefficients kaa
and kgp are determined from suspensions containing only one
type of particles. The angle-dependent apparent dynamic rate
measured in a binary suspension is then fitted to eqn (8), from
which the heteroaggregation rate coefficient k,g can be
extracted. Thereby, the known values of the homoaggregation
rate coefficients kxa and kgg are used in the analysis. We find
that the dynamic data are more easily analyzed, especially since
the measured time-dependence of R(t) is linear over longer time
periods, and can be extrapolated to the initial time more easily.
This extrapolation assures that only early stages of aggregation
are being considered, and the effects of higher order aggregates
remain negligible. This analysis further assumes sufficiently
dilute suspensions, where the effects of interactions between
the isolated particles and/or between the aggregates are
negligible.® These conditions are largely satisfied in the systems
that are studied here.
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Calculation of aggregation rate coefficients by DLVO theory

In order to obtain quantitative estimates of the aggregation rate
coefficient, the interaction energy profile of a pair of particles
must be known. This profile can be calculated from the
pressure acting between two planar walls by assuming that this
pressure is dominated by two contributions from van der Waals

and double layer forces, namely>**°

Il = I gw + I g (11)

The contribution from van der Waals forces is calculated from
the non-retarded expression®

H 1

Mgy = — - — 12
aw 6n hd (12)

where  is the distance between the plates and H=9.0 x 10 2]
is the Hamaker constant, which is assumed to be the same for
the two types of latex particles investigated.*' The pressure
originating from the overlapping double layers is obtained by
numerically solving the Poisson-Boltzmann (PB) equation for
the electrostatic potential profile iy between two charged plates
immersed in an electrolyte solution containing ions of type u
with number concentrations ¢, and valence z,, and is given
by39,40

d>y q -
@ = 780—822‘“C#e ubay (13)
u

where g is the elementary charge, &, is the permittivity of
vacuum, ¢ is the dielectric constant of water, and f§ is the
inverse thermal energy given by ' = kgT, where kg is the
Boltzmann constant and T the absolute temperature. We use
the experimental temperature of 25 °C and the corresponding
value of ¢ = 80. Eqn (13) is solved subject to the constant
regulation (CR) boundary conditions at the walls situated x = +//2

dy

+epe—

Bxl, oy O~ O WEER2) 0] (14)

where o refers to the surface charge density, . to the diffuse
layer potential, and C{) to the inner capacitance of the two
isolated surfaces. The regulation properties of each surface can
be parameterized more easily using the regulation parameter

)
Cdl

C + C +

p =
where C4§) = 0o /0y, is the diffuse layer capacitance of the
isolated surface. The regulation parameter assumes simple values
for the classical boundary conditions of constant charge (CC,
p+ = 1) and constant potential (CP, p;. = 0). When the electrostatic
potential is known, the pressure originating from the double layer
overlap can then be obtained from the relation

2
_  (e—bay _ 1y _ 208 (d¥
My _.kB7*j;:cH(e : - (dx (16)

In spite of the inherent mean-field approximation and the neglect
of ion-ion correlations, PB theory is a good approximation to
calculate interaction forces at larger separations, typically beyond
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42,43

a few nm. The aggregation rate coefficients can be calculated

from the steady-state solution of the forced diffusion equation®

r By(h)e!"i® "

4
3Bnoy

ki = (17)

where # is the shear viscosity of water, B;(h) is the hydrodynamic
resistance function, and V;{(h) is the interaction energy involving
particles of types i and j, and oy is defined by 26;; ' =R; ' + R/ .
We use 17 = 8.9 x 10 * Pa s as appropriate for water at 25 °C. The
resistance function can be approximated by

B(h) o 6/’!2 + 130',j/’l + 26{/2
A 62 + 4a;h

(18)

The interaction energy Vj; is obtained by integration of the force
profile f;;, which in turn is obtained from the Derjaguin approxi-
mation

00

fi= noi,-J oHar (19)

h
where the IT is the overall pressure between the plates, which have
the same surface and bulk properties as the particles involved, see
eqn (11).

The rate coefficients were calculated by fixing the regulation
parameters to the same value for both surfaces and by assuming
that the diffuse layer potentials . can be approximated by the
electrokinetic potential obtained from electrophoresis ({-potentials).
Instead of the aggregation rate coefficients, we always report the
stability ratio defined as

Wi=— (20)

where Iéyf“t) is the aggregation rate obtained under fast aggregation
conditions in suspensions containing 0.5 M KCIL.

Experimental
Materials

Two types of spherical, surfactant-free polystyrene latex particles
were purchased from Invitrogen Corporation, namely positively
charged amidine latex (AL) particles and negatively charged
sulfate latex (SL) particles. Before use, the particle suspensions
were dialyzed about one week in pure water until the conduc-
tivity of the surrounding solution dropped below 80 pS m™".
Milli-Q water (Millipore) was used throughout. For the AL
particles, polyvinylidene difluoride membranes were used,
while for the SL particles, cellulose ester membranes were used.
The particle concentrations of the final dialyzed suspensions were
determined by comparing the light scattering intensities of dia-
lyzed suspensions with the ones of the original suspensions of
known concentrations.

Static and dynamic light scattering experiments were carried
out with stable suspensions in order to determine the accurate
radii of the particles and their polydispersities. For these
experiments, the particles were suspended in water adjusted
to pH 4.0 at a concentration of 0.6 mg L™" (4.0 x 10" m~?) for
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Table 1 Radii and polydispersities of the particles investigated
Radius (nm) CV (%)
Particles TEM®  SLS? DLS* TEM®  SLS?
Amidine latex (AL) 150 149 £2 153 +3 5.7 6.5 £ 0.9
Sulfate latex (SL) 300 29743 310+7 2.2 3.0+ 0.7

¢ Obtained by the manufacturer by transmission electron microscopy
(TEM). ® Obtained by static light scattering (SLS) and analysis using
Mie functions. ¢ Obtained by dynamic light scattering (DLS).

the AL particles and 1.7 mg L' (1.4 x 10" m?) for the SL
particles. The angular dependence of the scattering intensity
was measured using a multi-angle goniometer equipped with
eight fiber optic detectors (ALV/CGS-8F) and a solid-state laser
with a wavelength of 532 nm. The intensity profile was fitted
with a superposition of Mie functions to incorporate poly-
dispersity effects including a reflectivity correction (Fig. S1,
ESIt). The analysis further relies on the refractive indices of
1.337 for water and 1.596 for polystyrene.** The reflection
coefficient is found to be 0.042. Details of this procedure were
presented earlier.’” Dynamic light scattering was carried out at
a scattering angle of 90°.

Table 1 compares these results with the number weighted
average particle radii reported by the manufacturer. The average
particle radii are in excellent agreement with the ones obtained by
static light scattering. The hydrodynamic radii obtained by
dynamic light scattering (Table 1) are slightly larger than the ones
obtained by static light scattering, probably due to the effects of
polydispersity and hydration. The polydispersities, which were
expressed as the coefficient of variation (CV) of the number
weighted distribution, measured by static light scattering were
somewhat larger than the values determined by the manufacturer.
In further analysis, we have used the results obtained from static
light scattering given in Table 1 as well as the refractive indices
and reflection coefficient quoted above.

Analytical grade KCl (Acros Organics), K,SO, (Fluka), K3Fe(CN)g
and K,Fe(CN), (Sigma-Aldrich) were dissolved in water and the pH
was adjusted to 4.0 with HCL. In these solutions, all ions are fully
ionized, with the exception of Fe(CN)s* . In the latter case, a minor
fraction of the complex Fe(CN)s(HCN)®~ is expected to form.*>
Pentaethylenehexamine (N6) with the chemical formula
H,N(CH,CH,NH),CH,CH,NH, was obtained from Sigma-
Aldrich. A stock solution of N6 with a concentration of 39.6 g L ™"
was prepared in water and its pH was adjusted to 4.0 with HCL The
concentration of the monovalent electrolyte was adjusted by adding
KClI solution adjusted to pH 4.0. Under these conditions, the N6
molecule is partially ionized. Based on the tabulated ionization
constants at infinite dilution, the amount of the different ionic
species in the N6 solution was calculated, which was 1% of
the species with +3 charge, 88% with +4 charge, and 11% with
+5 charge."

Electrophoresis

The electrophoretic mobility of the particles was measured
using a ZetaSizer Nano ZS (Malvern Instruments). Suspensions
were prepared in an appropriate electrolyte solution of pH 4.0
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at given particle concentrations. Two sets of particle concentra-
tions were used. For the experiments in solutions of different types
of multivalent salts, the particle concentration was 0.66 mg L~ "
(4.4 x 10 m ) for the AL and 7.4 mg L * (6.2 x 10" m ) for SL.
For the experiments in the presence of N6 with different mono-
valent electrolyte backgrounds, the particle concentration was
0.6 mg L' (4.0 x 10” m™) for AL and 1.7 mg L' (1.4 x
10" m™) for SL. The electrophoretic mobility was converted
to the electrokinetic potential ((-potential) using the standard
electrokinetic model by O’Brien and White.**® Fitting the
Grahame equation to the electrokinetic potentials in KCl solutions
for concentrations above 5 x 10> M leads to surface charge
densities of 18 mC m™? for the AL particles and —40 mC m™>
for the SL particles. The surface charge densities reported by the
manufacturer are somewhat higher in magnitude.

Multi-angle time-resolved light scattering

Particle aggregation was monitored by time-resolved static and
dynamic light scattering using the multi-angle goniometer
described above. Borosilicate cuvettes were used to carry out
the experiments. Hot piranha solution, which is a mixture of
96% H,S0, and 30% H,0, with a volume ratio of 3: 1, was used
to clean the cuvettes. They were subsequently washed with
water and dried in a dust-free oven at 60 °C. The samples were
prepared by adding the electrolyte solution into the cuvette,
and particle suspensions were injected, mixed rapidly, and
inserted into the sample holder. Correlation functions were
accumulated for 20 s with an angular resolution of 2°, and
analyzed using a second-order cumulant fit. To ensure that only
early stages of aggregation were probed, the measured hydro-
dynamic radii had to extrapolate to the correct radius of the
particle monomers and the relative increase of the radius
should be not more than 30%.

Fig. 1 (top row) shows such experimental data for homo-
aggregation for both types of particles in 0.5 M KCl solution.
The angular dependence of the apparent dynamic rate was
fitted with the form factors calculated using T-matrix theory
and the respective hydrodynamic factor oy = agg = 1.392. The
absolute fast aggregation rate coefficient is then the only
adjustable parameter, and the resulting values are given in
Table 2 and Table S1 (ESIt). The stability ratios for homo-
aggregation were then determined by time resolved dynamic
light scattering at a scattering angle of 90°, as described in
earlier studies.'®*®

In the case of heteroaggregation experiments, mixtures of AL
and SL particles were used. For experiments in the presence
of different types of salts, the particle concentration was
0.66 mg L' (4.4 x 10" m™®) for AL and 7.4 mg L™" (6.2 x
10" m™3) for SL leading to a total particle concentration of
1.1 x 10" m™® and an AL number fraction of 0.42. For the
experiments in the presence of N6 with different salt back-
grounds, the particle concentration was 0.6 mg L' (4.0 x
10" m~?) for AL, and 1.7 mg L' (1.4 x 10" m™®) for SL,
which corresponds to a total particle concentration of 5.4 X
10" m? and an AL number fraction of 0.74. These different
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Fig. 1 Apparent aggregation rates obtained from time-resolved dynamic
light scattering as a function of the scattering angle in suspensions with
one type of aggregation process. The solid line is the best fit obtained by
T-matrix theory. Homoaggregation in 0.5 M KCl solutions for (a) AL at total
particle concentrations of 4.0 x 10 m~3 and (b) SL of 1.4 x 10* m~>. Pure
heteroaggregation between AL and SL particles in 0.01 M KCl solution with
(c) a total particle concentration of 1.1 x 10* m~ and an AL number
fraction of 0.42 and with (d) a total particle concentration of 5.4 x 102 m~—>
and an AL number fraction of 0.74. All suspensions have pH 4.0.

Table 2 Absolute aggregation rate coefficients in the fast regime induced
by 0.5 M KCl

System  Experiment (x10™'®* m* s™') DLVO theory (x10" ¥ m® s7")
AL-AL 2.8 £0.2 8.61
SL-SL 31+03 8.62
AL-SL 39+04 9.79

fractions were chosen in order to achieve a better contrast
between the symmetric and asymmetric dimers formed.

To test the correctness of the optical model, heteroaggregation
at low concentrations of the monovalent salt was investigated.
Under these conditions, only heteroaggregation occurs. As shown
in Fig. 1 (bottom row), the resulting apparent dynamic rates can
be well fitted with optical factors obtained from T-matrix theory
and the hydrodynamic factor of asp = 1.460. This hydrodynamic
factor expresses the ratio between the hydrodynamic radii of the
particle dimer and the average radius of the two individual
particles. Both particle number fractions yield consistent results
(Table S1, ESIT).

Similar angle-resolved measurements are used to obtain the
absolute heteroaggregation rate coefficients at high concentra-
tions of the monovalent salt. In this case, however, hetero-
aggregation occurs simultaneously with the two homoaggregation
processes. Since the respective homoaggregation rate coefficients
are known from separate measurements, the heteroaggregation
rate coefficient can be determined by a least-squares fit. Such data
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Fig. 2 Apparent aggregation rates obtained from dynamic light scattering
as a function of the scattering angle in suspension containing AL and SL
particles. The solid thick line is the best fit obtained by T-matrix theory and
the dashed thin lines indicate the contributions of the individual aggregation
processes. (@ and b) Heteroaggregation and both homoaggregation pro-
cesses occurring in suspensions containing 0.5 M KCl. Heteroaggregation
and homoaggregation processes occurring in (c) 2.5 x 10~* M KzFe(CN)g
solution and (d) a solution of an aliphatic amine N6 at a concentration of
1.9 x 107 M. All suspensions have pH 4.0. For (a and c) the total particle
concentration is 1.1 x 10** m~ and the AL number fraction is 0.42, and for
(b and d) the total particle concentration is 5.4 x 10* m~> and the AL number
fraction is 0.74.

are shown in Fig. 2 (top row) for two different particle number
fractions. The individual contributions from heteroaggregation
and homoaggregation are also shown. One should note that
these contributions are at least comparable in magnitude,
and therefore the heteroaggregation rate coefficient can be
extracted with confidence. The resulting heteroaggregation rate
coefficient is given in Table 2 and Table S1 (ESI}). Again, the
two particle number fractions yield the same results within
experimental error.

Under other experimental conditions, heteroaggregation
rate coefficients can be determined in a similar way by fitting
the apparent dynamic rate coefficients. Thereby, one can also
use the known homoaggregation rate coefficients, which were
determined in the experiments with the respective particle
suspensions containing only one type of particles. Again, the
heteroaggregation rate coefficient is the only adjustable para-
meter. Typical results are shown in Fig. 2 (bottom row). The
analysis is simplified by the fact that under most conditions
investigated, heteroaggregation occurs simultaneously only
with one type of homoaggregation process. Both contributions
must be at least comparable in magnitude such that one can
extract the heteroaggregation rate coefficient reliably. The resulting
rate coefficients are summarized in Table S1 (ESIt).
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The measurements carried out by time-resolved dynamic
light scattering were also compared with those performed by
time-resolved static light scattering. The corresponding results
are presented in the ESIt (Fig. S2 and S3). The resulting rate
coefficients were in good agreement with the ones obtained by
dynamic light scattering (Table S1, ESIt). This agreement
confirms independently the validity of the data obtained from
time-resolved dynamic light scattering. However, the latter
technique provides more reliable estimates of the heteroaggre-
gation rate coefficients and for this reason it was used to obtain
the rate coefficients presented here.

Results and discussion

Time-resolved multi-angle dynamic light scattering was used
to measure stability ratios and rate coefficients for hetero-
aggregation between amidine latex (AL) and sulfate latex (SL)
particles in electrolytes containing multivalent ions. These
results were completed with measurements of stability ratios
and rate coefficients for homoaggregation and the determina-
tion of electrokinetic potentials ({-potentials). The latter results
show that in monovalent KCI solutions the AL particles are
positively charged, while the SL particles are negatively
charged. In the presence of multivalent ions of higher valence,
however, one type of particle undergoes a charge reversal.
Comparison with calculations using DLVO theory suggests that
near the charge reversal point the heteroaggregation stability
ratios are very sensitive to the boundary conditions used to
solve the PB equation. Comparison between theory and experiment
in this region thus allows us to make conclusions concerning these
boundary conditions.

Effects of simple salts containing multivalent anions

The dependence of electrokinetic potentials on the concen-
tration of different salts is summarized in Fig. 3. The results for
the AL particles are shown on the left, while those for the SL
particles on the right. In the presence of monovalent K* cations,
we have investigated the effect of SO4>~, Fe(CN)s>~, Fe(CN)g* ™,
and monovalent C1~ for comparison. Fig. 3a illustrates that the

AL SL
S 80 @ o] ©)
= 60 20 * K:SO
'g 40 v KaFe(CN)e
§ 407 40 © KiFe(CN)s
[e] 20_
e 60|
= 0 3
€ .20 e KCI -80 v
<] A K,SO, -100 -
B 409 v K;Fe(CN)s
i -604 © KiFe(CN)s -120
T T T T T T T T T T T T T T
10° 10" 107 1 10° 10* 107 1

Salt Concentration (M) Salt Concentration (M)

Fig. 3 Electrokinetic potentials ({-potentials) of the particles investigated
versus the concentration of different salts indicated. The pH value was
adjusted to 4.0. Solid lines are empirical functions used for approximate
data interpolation. (a) AL and (b) SL particles.
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AL particles have the highest positive potential in the presence
of Cl™. This potential also remains positive in the presence of
SO4>7, but it is lowered due to adsorption of these anions. The
more highly charged anions adsorb very strongly, and both ions
induce a charge reversal, which is more pronounced for
Fe(CN)s*~ than for Fe(CN)s>~. Fig. 3b shows that the negatively
charged SL particles behave similarly irrespective of the type of
anion, since these ions do not adsorb on a like-charged particle
surface.

The stability ratios versus the concentration of different salts
containing different multivalent ions are shown in Fig. 4. The
top two rows reflect the data for homoaggregation, while the
bottom row for heteroaggregation. The data points represent
experimental data, while the solid lines are calculations based
on DLVO theory. The theoretical lines indicate three different
boundary conditions that were used to calculate the double
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layer forces, namely constant charge (CC, p = 1), constant
potential (CP, p = 0), and constant regulation (CR) with a
regulation parameter of p = 0.5. The diffuse layer potentials
entering these calculations were estimated by empirical functions
that were used for approximate interpolation of the electrokinetic
potentials (solid lines, Fig. 3).

Consider first the known situation of monovalent KCI. The
stability ratios for homoaggregation reflect the classical pattern
of slow and fast aggregation. At high salt concentrations,
aggregation is fast and the stability ratio is unity by definition.
In this regime, the aggregation process is driven by diffusion.
With decreasing salt concentration, the stability ratio increases
strongly due to the onset of slow aggregation, which is caused
by double layer repulsion. The transition between the two
regimes marks the critical coagulation concentration (CCC).
DLVO theory predicts the observed stability ratios reasonably
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Fig. 4 Stability ratios for heteroaggregation between AL and SL particles versus the concentration of different types of salts containing monovalent and
multivalent ions (columns). All suspensions have pH 4.0. Solid lines are calculations based on DLVO theory with constant regulation (CR) boundary
conditions with a regulation parameter p = 0.5. The blue-shaded regions are bounded by the corresponding results for CC and CP boundary conditions.

Homoaggregation for (a) AL particles and (b) SL particles. (c) Heteroaggregation between AL and SL particles.

15166 | Phys. Chem. Chem. Phys., 2017, 19, 15160-15171

This journal is © the Owner Societies 2017


http://dx.doi.org/10.1039/c7cp01955f

Published on 12 May 2017. Downloaded by UNIVERSITE DE GENEVE on 4/8/2019 11:38:59 AM.

Paper

well, including the lower CCC for the AL particles. This shift
is caused by the lower magnitude of the charge density for
AL than for SL. This scenario is well documented in the
literature."'®° The experimentally observed increase in the slow
regime is weaker than predicted theoretically, and these dis-
crepancies are probably related to the presence of surface
charge heterogeneities.*”™*°

The stability ratio for heteroaggregation decreases with
decreasing concentration slowly, and attains a value of about
0.5 at 1.0 x 10~* M. This trend is predicted by DLVO theory
reasonably well. The reason for this behavior is that double
layer forces acting between the oppositely charged particles are
attractive and lead to a decrease in the stability ratio. Similar
trends were reported in the literature earlier.*2%3%33

The situation in the presence of K,SO, reminds of the one in
the presence of the monovalent salt. The observed trends are
again well predicted by DLVO theory. One should note that the
substantially lower CCC for the AL particles is caused by the
adsorption of SO,>~ to the oppositely charged surface of the AL
particles, which leads to a lowering of their diffuse layer
potential. The stability ratio for heteroaggregation again
decreases weakly with decreasing salt concentration.

The qualitative behavior of the homoaggregation stability
ratio changes for K;Fe(CN)s. While the stability ratio for the SL
particles remains very similar to the other salts, the behavior of
AL particles is now different. At low concentrations, the stability
ratio decreases strongly and goes through a minimum near the
charge reversal point. This quantity increases again at higher
concentrations, and goes through an intermediate maximum.
At very high concentrations, one again attains a stability ratio of
unity. This characteristic behavior is related to the charge
reversal induced by the adsorption of the Fe(CN)s*>~ ions to
the AL particles. At low concentrations, the surface is positive,
but reverses its charge with increasing concentration. At higher
concentrations, the charge becomes screened and fast aggrega-
tion is induced. Similar patterns for homoaggregation in the
presence of multivalent counterions have been reported
earlier.'*® The DLVO theory predicts this behavior semi-
quantitatively provided the CP boundary conditions are being
used. CR or CC boundary conditions overestimate the height of
the maximum substantially. The remaining discrepancies
between experiment and DLVO theory are probably related to
additional non-DLVO forces due to the ion-ion correlation or to
the presence of surface charge heterogeneities,*>*”4%°

The dependence of the CCC on valence is shown in the
stability maps (Fig. 5). The two columns compare the experi-
mental (left) and calculated (right) CCCs and they agree for
homoaggregation rather well. For the AL particles, the CCC at
low salt concentration decreases strongly with the valence of
the counterions. The classical Schulze-Hardy rule suggests a
dependence z~® where z is the valence of the counterion.® The
present data follow this rule quite well, similarly to other
systems as described earlier.®* For the SL particles, a smaller
shift of the CCC towards lower concentrations is caused with
increasing valence z of the multivalent co-ions. In this case, the
CCC scales rather accurately as z'. This dependence was
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Fig. 5 Stability maps featuring the dependence of the critical coagulation
concentration (CCC) versus the valence of the multivalent anions originating
from KCl, K>SOy, KsFe(CN)e, and K4Fe(CN)e. Experimental data (left column)
and DLVO calculations indicating the results obtained with CC and CP
boundary conditions (right column). Schulze-Hardy and the inverse
Schulze—Hardy rules are indicated in purple (left column). Homoaggregation
for (a) AL particles and (b) SL particles. (c) Heteroaggregation between AL and
SL particles. The data are also given in Table S2 (ESI¥).

referred to as the inverse Schulze-Hardy rule and can also be
derived from DLVO theory."

The heteroaggregation stability ratio features a novel pattern
(Fig. 4c). At low concentrations, the stability ratio lies below
unity, indicating the presence of attractive double layer forces.
With increasing concentration, the stability ratio increases strongly
and goes through a maximum at intermediate concentrations. This
maximum is caused by the charge reversal of the AL particle, which
induces repulsive double layer forces between the equally charged
AL and SL particles. At higher concentrations, the double layer
forces become progressively screened until the fast aggregation
regime is attained. DLVO theory predicts the width of the slow
aggregation regime reasonably well, provided CP boundary condi-
tions are being used. The regime of slow heteroaggregation is wider
than the one for homoaggregation and DLVO theory predicts this
trend correctly as well. This difference can also be clearly seen in
Fig. 5, as the peninsula of slow aggregation for the AL-SL system is
larger than for the AL-AL system. This difference is related to the
different magnitudes of surface charge densities near the charge

Phys. Chem. Chem. Phys., 2017, 19, 15160-15171 | 15167


http://dx.doi.org/10.1039/c7cp01955f

Published on 12 May 2017. Downloaded by UNIVERSITE DE GENEVE on 4/8/2019 11:38:59 AM.

PCCP

reversal point. For heteroaggregation, the magnitude of the surface
charge of the AL particle is small, while the respective magnitude of
the SL particle remains high. For homoaggregation, the magnitude
of the surface charge of the two AL particles involved is low.
Therefore, the repulsive double layer forces are weaker for homo-
aggregation than for heteroaggregation, which leads to a wider
region of slow aggregation for the latter. One should further note
the substantial sensitivity of the heteroaggregation stability ratio on
the boundary conditions in the low concentration regime. This
sensitivity is clearly visible in Fig. 5. The lower coastline of the
peninsula shifts upwards by about one order of magnitude when
the boundary conditions are changed from CC to CP. This
sensitivity originates from the fact that near the charge reversal
point the nature of the regulation influences the double layer
forces very strongly.* This situation is in contrast to homoaggrega-
tion, where boundary conditions influence the CCCs weakly.

The data for K,Fe(CN)s follow similar patterns, but the
tetravalent anion involved induces a stronger charge reversal.
In this case, we were unable to estimate the stability ratios at
higher salt concentrations, probably due to the limited solubi-
lity of this salt and the formation of surface precipitates, which
are possibly related to the traces of Prussian blue, Fe,[Fe(CN)g]s.

The fast absolute aggregation rate coefficients in monovalent
salt solutions are compared with the theoretical values obtained
from DLVO theory in Table 2. These coefficients are comparable
for all three different particle pairs, as they are all determined by
their diffusional approach. The DLVO calculations were carried
out by assuming that the interaction between the particles is
governed by van der Waals forces only. While the calculation
correctly predicts the fact that the rate of heteroaggregation is
about 20% larger than that of homoaggregation, the values
calculated systematically are about a factor 2-3 smaller than the
experimental ones. This discrepancy does not disappear when the
measured Hamaker constant is used in the calculation.’® We
suspect that discrepancies between experiment and DLVO theory
are related to inaccuracies in the model used to describe the
hydrodynamic friction at small surface separations.

Effects of an aliphatic polyamine and monovalent salt

The dependence of the electrokinetic potential on the concen-
tration of an aliphatic polyamine, referred to as N6, is shown in
Fig. 6 at different levels of the added monovalent salt. The
lowest concentration of 1.0 x 10~* M originates from the added
HCI to adjust the pH to 4.0 and higher concentrations result
from further additions of KCl. This polyamine is not fully
ionized, and the valence of the principal species is +4. One
observes that the electrokinetic potential of the AL particles
remains positive in the presence of the like-charged N6 cation
(Fig. 6a). On the other hand, this ion induces a pronounced
charge reversal of the oppositely charged SL particles (Fig. 6b).
With increasing concentration of the monovalent salt, however,
the charge reversal point shifts to higher concentrations due to
the competition between N6 and K" ions.'%>?

The charge reversal is also clearly evident in the homo-
aggregation stability ratio for the SL particles, which goes
through a pronounced minimum near the charge reversal

15168 | Phys. Chem. Chem. Phys., 2017, 19, 1516015171

View Article Online

Paper
AL SL
1209 (a) o 1.0x10*M (b) * 0.070M
4 16x103M| 60+ = 050M
100+ v 0.015M
40
20

0 » 1
204 \% -ZO—W

0{F—w—8 =88 n -40 -

I.7 T I-5 T 1.3 T I.1 1.7 T I-5 T l.3 T I.

10 10 10 10 10 10 10 10
Concentration N6 (M) Concentration N6 (M)

Electrokinetic Potential (mV)

1

Fig. 6 Electrokinetic potentials ({-potentials) of the particles investigated
versus the concentration of aliphatic polyamine N6 at different concen-
trations of the added monovalent salt at pH 4.0. Solid lines are empirical
functions used for approximate data interpolation. (a) AL and (b) SL
particles.

point, see Fig. 7. The stability ratio increases upon increasing
the N6 concentration to very high values, which cannot be
measured experimentally. At high concentrations, this ratio
decreases again and attains unity as characteristic of the fast
aggregation regime. The homoaggregation stability ratio for AL
particles follows the simple pattern observed for the monovalent
salt. This behavior confirms that the N6 cations interact with the
AL particles only weakly. We have further verified that the stability
ratio is unity within experimental error in solutions containing
0.5 M KCl within the whole concentration range of N6 investigated.
The stability pattern of AL particles follows the classical behavior
of slow aggregation at small N6 concentrations, and fast aggrega-
tion at higher ones.

Fig. 8 summarizes the dependence of the CCCs on the
monovalent salt concentration. The two columns compare the
experimental (left) and calculated (right) CCCs. The CCC in
the AL-AL system, where N6 is the co-ion, remains approxi-
mately constant. The CCC for the SL-SL system, where N6 is the
counterion, shows a coastline at low concentrations and a
peninsula at intermediate concentrations. DLVO theory pre-
dicts this behavior reasonably well. This behavior was reported
for a similar system earlier."® The tips of the peninsulas were
located by performing experiments in solutions containing
0.1 M KCI. The corresponding calculation was based on inter-
polations of the electrophoretic data at a fixed N6 concentrations
of 4.0 x 10~ M and 0.01 M.

The heteroaggregation stability ratios shown in Fig. 7 again
feature a novel pattern, which resembles the one for different
salts discussed above. The stability ratio for heteroaggregation
is below unity at low concentrations, which indicates the
presence of attractive double layer forces acting between oppo-
sitely charged particles. After the charge reversal point, the
heteroaggregation stability ratio increases rapidly. Only at high
concentrations, the stability ratio decreases again to unity. The
charge reversal is weakened upon addition of KCl and shifts
towards higher N6 concentrations. One observes a subsequent
narrowing of the regions of slow aggregation for homoaggrega-
tion and heteroaggregation, which leads to an intermediate
maximum at 0.07 M KCl. Again, the width of the intermediate
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Fig. 7 Stability ratios for heteroaggregation between AL and SL particles versus the concentration of an aliphatic polyamine N6 at different
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with constant regulation (CR) boundary conditions with a regulation parameter p = 0.5. The blue-shaded regions are bounded by the corresponding
results for CC and CP boundary conditions. Homoaggregation for (a) AL particles and (b) SL particles. (c) Heteroaggregation between AL and SL particles.

regime of slow aggregation is wider for heteroaggregation
than for homoaggregation. This trend can be seen more clearly
in Fig. 8.

As in the previous system, the experimental stability ratios
are rather well predicted by DLVO theory. The intermediate
region for slow heteroaggregation is again wider than the one
for homoaggregation, and this difference is also related to the
different surface charge densities of the particles involved. The
calculated stability ratios for heteroaggregation are sensitive to
the nature of the boundary conditions, as illustrated in the
lower coastline of the peninsula shown in Fig. 8. When going
from CC to CP conditions, their position increases by about an
order of magnitude. Comparison with experimental data suggests
that CP boundary conditions are the more appropriate ones. This
finding is in line with earlier direct force measurements in a
similar system.>” That study also suggests that similar SL particles
regulate close to CP boundary conditions in the presence of N6.

This journal is © the Owner Societies 2017

At low N6 concentrations, the experimental stability ratios are
systematically lower than the ones calculated by DLVO theory.
This trend indicates an additional attractive non-DLVO force,
which could originate from attraction due to the ion-ion correla-

tion or the presence of surface charge heterogeneities.*>*”*%>!

Conclusion

This study reports for the first time, the measurements of
absolute heteroaggregation rates and corresponding stability
ratios for heteroaggregation between amidine and sulfate latex
particles in the presence of multivalent ions. These results are
complemented by the respective measurements of stability
ratios of the two systems containing the same type of particles
and the corresponding electrokinetic potentials. Based on the
latter measurements, the stability ratios can be calculated by
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Fig. 8 Stability maps featuring the dependence of the critical coagulation
concentrations (CCCs) of the aliphatic amine N6 on the concentration of
the added monovalent salt. Experimental data (left column) and DLVO
calculations indicating the results obtained with CC and CP boundary
conditions (right column). Homoaggregation for (a) AL particles and (b) SL
particles. (c) Heteroaggregation between AL and SL particles. The data are
also given in Table S3 (ESI).

DLVO theory, and they show a reasonably good agreement with
the experimental results. In monovalent salt solutions, these
two types of particles are oppositely charged. In the presence of
multivalent ions, however, one particle type reverses its charge,
while the charge of the other particle type remains approxi-
mately unaffected. With such data now available, we can draw
two novel conclusions concerning heteroaggregation processes.

First, we identify two patterns for heteroaggregation between
two types of oppositely charged particles. The classical pattern
features fast aggregation under all conditions. This pattern is
characteristic of oppositely charged particles, and in the pre-
sent system occurs in solutions containing ions of low valence.
The novel pattern shows an intermediate region of slow hetero-
aggregation. This region occurs, when one of the particles
undergoes a charge reversal, which can be induced by addition
of multivalent ions of higher valence. While these intermediate
regions of slow heteroaggregation resemble the ones observed
for homoaggregation, which are systematically wider for hetero-
aggregation than for homoaggregation. This difference is
related to the fact that double layer forces are more repulsive
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in the asymmetric system, which involves one highly charged
and another weakly charged surface. The symmetric system, on
the other hand, features two weakly charged surfaces, which
induce a weaker repulsion.

Second, stability ratios and CCCs for heteroaggregation
are very sensitive to the boundary conditions entering the
calculations of double layer forces, especially where one of the
particles is close to the charge reversal point. This sensitivity is
related to the fact that double layer forces acting between a
charged and a neutral particle strongly depend on the charge
regulation characteristics of the more weakly charged surface.
When this surface is neutral, the charge regulation conditions in
fact determine the sign of the interaction force.*® Comparison of
the present experimental data with DLVO calculation thus allows
drawing conclusions concerning the charge regulation properties
of the surfaces involved. The presently investigated systems are
found to closely follow CP boundary conditions.
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Figure S1. Static light scattering on suspensions of latex particles used in pure water adjusted to pH

4.0. Solid lines are best fits with Mie theory including polydispersity and a correction due to

reflection. (a) AL and (b) SL particles.
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Figure S2. Apparent aggregation rates obtained from time-resolved static light scattering as a

function of the scattering angle in suspensions with one type of aggregation process. Solid line is the

best fit with T-matrix theory. Homoaggregation in 0.5 M KCI solutions for (a) AL at total particle

concentrations of 4.0x10"* m and (b) SL of 1.4x10"* m™. Pure heteroaggregation between AL and

SL particles in 0.01 M KCI solution with (c) total particle concentration of 1.1x10* m~ and an AL

number fraction of 0.42 and with (d) total particle concentration of 5.4x10" m~ and an AL number

fraction of 0.74. All suspensions have pH 4.0.
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Figure S3. Apparent aggregation rates obtained from static light scattering as a function of the

scattering angle in suspension containing AL and SL particles. Solid thick line is the best fit with T-

matrix theory and the dashed thin lines indicate the contributions of the individual aggregation

processes. (a,b) Heteroaggregation and both homoaggregation processes occurring in suspensions

containing 0.5 M KCI. Heteroaggregation and one homoaggregation process occurring in suspension

in (c) 2.5x10* M KsFe(CN)s solution and (d) a solution of an aliphatic amine N6 at a concentration of

1.9x10°° M. All suspensions have pH 4.0. For (a,c) the total particle concentration is 1.1x10* m™ and

AL number fraction 0.42, and for (b,d) the total particle concentration of 5.4x10" mand an AL

number fraction of 0.74
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Table S1. Comparison of absolute aggregation rate coefficients obtained by dynamic light scattering

(DLS) and static light scattering (SLS).

System Figures® DLS (x10*® m®s) | SLS (x10*® m’/s)
AL-AL, 0.5 M KCI la, S2a 2.8+0.2 2.9+0.3
SL-SL, 0.5 M KCI 1b, S2b 3.1+0.3 3.3+x0.3
AL-SL, 0.01 M KCI 1c, S2c 5.0+0.4 4.6+0.4
AL-SL, 0.01 M KCI 1d, S2d 5.7+0.4 5.4+0.4
AL-SL, 0.5 M KCI 2a, S3a 3.9+0.4 3.0+0.5
AL-SL, 0.5 M KCI 2b, S3b 3.9+0.4 3.6£0.4
AL-SL, 2.5x10*M KsFe(CN)g 2¢, S3c 3.6£0.4 3.4+0.4
AL-SL, 1.9x10 ° M N6 2d, S3d 3.2£0.3 2.91£0.3

®Data presented in respective figures.
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Table S2. Comparison of experimental and calculated CCCs (M) for homoaggregation and heteroaggregation in systems containing different types of salt.

The different boundary conditions are indicated.

Particle Salt Experiment CP(p=0) CR(p=0.5) CC(p=1)
pair
AL-AL | KCI 2.5x10" 1.2x10" 1.3x10°* 1.4x10°"
K,SO, 3.0x10°° 1.1x10°° 1.2x10°2 1.2x10°2
KsFe(CN)g | 2.5x10°*, 1.0x10°, 4.0x10° | 1.2x10%1.6x10° 8.8x10° | 1.3x10* 1.3x10°,1.2x10% | 1.4x10* 8.5x10*, 1.8x10*
K,Fe(CN)g | 3.0x10°, 1.6x10°* -2 3.2x10° 1.9x10 % 4.2x10° | 3.4x10° 1.7x10* 5.0x10% | 3.7x10°, 1.4x10* 6.2x10°°
SL-SL KCI 4.0x10" 2.8x10°" 3.0x10" 3.2x10"
K,SO, 2.1x10! 1.1x10" 1.2x10°! 1.3x10°*
KsFe(CN)s | 1.3x10°" 6.3x10° 6.9x10° 7.6x10°
K,Fe(CN)g | - 6.1x10° 6.5x10° 7.4%x10°
AL-SL KClI
KzSO4
KsFe(CN)g | 2.5x10*, 7.1x10 4x107 2.9x10°? 2.8x10* 3.8x10° 5.4x10°, 4.9x10°*
KsFe(CN)g | 1.0x10°*, -2 8.9x10°°, 4.6x10° 6.9x10°, 5.2x10° 1.9x10°, 6.2x10*

®The respective CCC could not be measured.
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Table S3. Comparison of experimental and calculated CCCs (M) of N6 for homoaggregation and heteroaggregation in systems containing different

concentration of monovalent salt. The different boundary conditions are indicated.

Particle Monovalent | Experiment CP(p=0) CR(p=0.5) CC(p=1)
pair Salt (M)
AL-AL 1.0x10* 6.8x10* 6.4x10°* 7.7x10°° 1.0x10*
1.6x10° 7.0x10°* 9.3x10°* 1.1x10* 1.5x10*
1.5%10°? 6.6x10* 1.0x10* 1.3x10* 1.8x10*
7.0x10°? 6.7x10* 2.7x10°? 3.1x10° 4.1x10°
8.0x10° 1.0x10 2
1.0x10* 4.3x10° 1.0x10°2
1.1x10* 4.0x10°°
1.3x10°* 4.0x10°°
SL-SL 1.0x10* 3.5x107,1.5x10° 1.9x10% | 5.2x10',1.7x10° 2.2x10° | 5.3x10 ', 1.8x10°,2.7x10° | 6.1x10 ', 1.5x10°®, 3.4x10°*
1.6x10° 43x107,2.7x10° 2.4x10° | 3.8x10 ', 4.8x10°°,2.4x10° | 4.2x10",4.3x10°, 2.7x10% | 5.0x10", 3.9x10°, 3.4x10*
1.5%10°? 1.7x10° 4.7x10°,2.1x10% | 1.0x10° 6.9x10°, 1.9x10% | 1.2x10° 6.0x10°,2.5x10% | 1.4x10°, 4.7x10°>, 3.4x10*
6.2x10 2 4.0x10°
7.0x10°? 2.5x10° 2.1x10°% 2.9x10% | 6.5x10 " 9.6x10 7, 3.8x10 %, 1.7x10% | 1.7x10°°, 1.9x10 ®, 3.8x10*
7.1x10°° 1.0x1072
8.4x10°* 4.0x10°°
1.0x10* 8.6x10°° 1.0x10°
AL-SL 1.0x10* 1.5x10°®, 6.3x10* 9.1x10 ', 4.0x10°* 7.5x10 7, 4.8x10°* 8.5x10 %, 6.4x10°?
1.6x10° 1.7x10°°, 6.4x10* 1.3x10°°,4.3x10°° 9.1x10 ", 5.4x10°* 1.7x10°7, 7.9x10°°
1.5x1072 1.4x10°°, 5.8x10°* 1.7x107°, 3.6x10°° 1.3x10°°, 4.8x10°* 5.5x10°, 6.5x10?
7.0x10°° 4.6x107* 5.6x107 5.8x10°*, 2.3x10°? 4.1x107 3.3x10°? 1.9x10* 4.4x10°°
7.6x10°° 1.0x107?
8.3x10°? 4.0x10°°
1.0x10* 1.7x10°°, 3.9x10° 1.0x10°
1.1x10* 4.0x10°°
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Abstract

Heteroaggregation rate coefficients can be monitored by time-resolved multi-angle dynamic
light scattering. However, the measured heteroaggregation rates are in a narrow range,
typically over one order of magnitude. In the present work, we propose an approach to
enhance the range of measured heteroaggregation rates by enlarging the contrast of the
scattering profiles between the different aggregates. In the new system of AL particles (302
nm in diameter) and SL particles (250nm in diameter) containing anionic surfactant—sodium
n-octyl sulfate (SOS), one observes that the scattering profiles of hetero-aggregates (AL-SL)
and homo-aggregates (SL-SL) exhibit a similar characteristic peak, while homo-aggregates
(AL-AL) have a different one. Thus, the contrast between the scattering profiles can be
increased by suppressing the homoaggregation of SL particles in the presence of SOS. As a
result, the heteroaggregation rates between AL particles and SL particles in the SOS solution

are measured in a much wider range, namely over two orders of magnitude.

Introduction

Numerous studies focus on colloidal aggregation, but one normally investigates the
aggregation of the same kind (or very similar) particles, referred to as homoaggregation.'”
Such investigations are surely important, as many applications involve precisely such systems,
for example, in the formulation of drugs, fabrication of paints, or food processing. However,
at least as many applications concern aggregation in systems involving two or more types of
particles, referred to as heteroaggregation. Notable examples are ceramic processing,
papermaking, water treatment, or groundwater remediation. Aggregation processes in such

mixed particle systems are much less understood.

The simplest example of such a mixed system consists of a binary suspension involving two
types of particles. The initial states of particle aggregation are governed by the formation of
particle dimers, and larger aggregates form at later stages of aggregation. In the early stages
of aggregation in a binary suspension, three types of dimers may form, namely two types of

symmetric homoaggregates, and one type of heteroaggregate.

While many experimental techniques to probe homoaggregation processes are available, the
choices are rather limited concerning heteroaggregation processes. The main challenge in
such studies is to distinguish the formation of homoaggregates and heteroaggregates. One

approach is single particle counting.®’ Thereby, one forces the aggregating suspension
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through a narrow capillary, and then one is able to probe one particle aggregate after another,
typically through conductivity or light scattering. While this technique normally achieves an
excellent resolution, and is often able to distinguish various types of aggregates, it is very
slow and may disrupt the aggregates though the high shear rates present.

The other approach is to use time-resolved light scattering techniques.®*? While such
techniques are well established to probe homoaggregation processes, they have not been used
to investigate heteroaggregation processes widely. One possible approach is to measure an
apparent aggregation rate, and to vary the fractions of the two types of particles.>® The
presence of heteroaggregation leads to a characteristic dependence of the apparent
aggregation rate on this fraction, from which the heteroaggregation rate can be extracted.
However, this approach is very laborious, as for each condition different suspensions must be

prepared and analyzed.

Here we take another approach, and exploit the different angular dependencies of the
scattering profiles of the different aggregates.’®*2 In particular, when the size of the particles
involved is chosen to be somewhat different, the different dimers can be distinguished
through the angular variation of the scattering signal. Such studies were already carried out in
the past, and it was indeed possible to extract heteroaggregation rates over a wide range of
conditions. However, the drawback of these approaches is that the contrast between the
different aggregates was poor, and therefore heteroaggregation rates were not accessible over

a very wide range, typically over one order of magnitude or less.

In the present study we will demonstrate that by appropriate choice the particles involved, the
contrast between the different aggregates can be substantially enhanced. This approach
enables us to measure heteroaggregation rates over a much wider range, and as we shall see,

the heteroaggregation rates can be measured over more than two orders of magnitude.
Experimental

Materials. Monodisperse amidine and sulfate latex were purchased from Invitrogen
corporation, denoted as AL300 and SL200. These abbreviations indicate the approximate
diameters of these particles in nm, which are 302 nm and 250 nm. The same batches of
particles were extensively characterized as described in a previous study.*® Before use, the
particle suspensions were dialyzed for about one week in Milli-Q water (Millipore) until the

conductivity of the surrounding solution dropped below 80 mS/m. For the dialysis,
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polyvinylidene fluoride and cellulose ester membranes were used for the AL200 and sulfate
SL200 particles, respectively. Analytical grade sodium n-octyl sulfate (SOS) (Alfa Aesar)
and NaCl (Sigma-Aldrich) were dissolved with Milli-Q water and adjusted to pH 4.0 with
HCI.

Electrophoresis. The electrophoretic mobility was measured with Zetasite Nano ZS
(Malvern Instruments). Suspensions were prepared by adding a small aliquot of the dialyzed
latex suspension to the solution containing the appropriate amount of SOS and NaCl. The
particle concentrations were 0.50 mg/L (3.4x 10 m™) for the AL300 particles and 0.23
mg/L (3.3x10* m™3) for SL200.

Light scattering. A multi-angle light scattering goniometer (ALV CGS-8F) was used to
measure the aggregation rates. The goniometer uses 8 fiber-optic detector and a solid-state
laser operating at a wavelength of 532 nm with an angular resolution of 4.25°. Borosilicate
cuvets were used to carry out the experiments, which were first cleaned with hot piranha
solution, which was prepared by mixing concentrated H,SO,4 and 30% H,0, in a volume ratio
3:1. Then they were washed in plenty of Milli-Q water and dried at 60°C in a dust-free oven.
The aggregation process was initiated by injecting the respective particle suspensions into the
solutions containing SOS and NaCl, and subsequent rapid mixing. For each time point, the
light scattering signals were measured during 20 s, and the hydrodynamic radii were
extracted from the second cumulant fit of the correlation function by means of the Stokes-
Einstein relation. The aggregation was typically monitored over 30 min. From these

experiments, the apparent dynamic rate is extracted

1 drR@.Y)|

A0 o |,

)

This rate is obtained for each @ scattering angle by fitting the time dependence of the

apparent hydrodynamic radius R(#,t) with a straight line, and dividing its slope by the

intercept at the beginning of the experiment. All experiments were carried out in the early
stages of the aggregation process. This condition was ensured that the hydrodynamic radius
did not increase by more than 30% during the overall measurement time. In suspensions of
one particle type, homoaggregation stability ratios were determined in a similar fashion, but
only carrying out measurements at one scattering angle of 90°. These types of measurements

were described in detail earlier.>*3
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Evaluation of heteroaggregation rates. The early stages of the aggregation are governed by
the formation of particle dimers from particle monomers. In a binary mixture of colloidal

particles of type A and B, three possible pairs may form. There are two types of

homoaggregates
A+A->AA
o @)
+B—> BB
and one type of heteroaggregate
A+B—AB 3)

One can show that that these three aggregation processes contribute to the apparent dynamic

rate in an additive fashion, namely'%*?

A(H) = kAA HAA (9) + 2kAB HAB (9) + kBB H BB (‘9) (4)

where k; are the aggregation rate coefficients for the reactions given in egs. (2) and (3) and
H; () are characteristic functions that are dependent of the scattering angle. The subscripts i

and j refer to the particles A and B. This angle-dependence will enable us to separate the
contributions from the different aggregation processes, and thus enable us to extract the
heteroaggregation rate coefficient k,, . The characteristic functions are somewhat
complicated and given here without derivation. We refer to the literature for further details."*

12 This function is best represented as the difference of two other functions

H; (0)=F;(0)-G;(9) (5)
where
Fij ) = No>2(in . Iij @)—-1,(0) - |J.(<9) (6)
XAIA(9)+XBIB(9)
and
G,(0) = NoXX; ' ;@) /Ry =L ()R —1,(O) /R -

2 Xl (0)/ R, +Xg15(6) / Ry

Here, 1,(0) is the scattering intensity and R; the hydrodynamic radius of the particle

monomer of type i, and I;(6) is the scattering intensity and R; hydrodynamic radius of the
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particle dimer of type ij. The quantities x, are the number fractions of the particles of type i
and N, is the total particle number concentration of both types of particles. Note that
X, + Xz =1. Thus, the characteristic functions also depend on the number fraction of one
particle type. This dependence is essential, since one needs both types of particles to make

heteroaggregation possible. In a suspension where only one type of particle is present, say A,

one has x, =1 and H,, =H,, =0. The expression for H,, then becomes identical to the know

relation for homoaggregation, and one can extract the homoaggregation rate coefficient.™

The mixture is then used to obtain the heteroaggregation rate coefficient k,, . An appropriate

number fraction to obtain the best contrast is chosen for all experiments.

When one uses spherical and monodisperse particles, the scattering intensities and

hydrodynamic radii can be calculated. The scattering intensities of the particle monomers can

be evaluated with Mie theory and the ones of the particle dimers with T-matrix theory.'>*°

Minor polydispersity effects can also be included in the calculation. The hydrodynamic radii

of the dimers can be obtained from the empirical formula ***’

"R +R R +R

i j i j

2
2R, R —R,
o =—0 =1.392+0.608-[ ' ’] (8)

This formula accurately represents the exact results obtained from the analysis of the
diffusion coefficients at low Reynolds numbers of pairs of unequal spheres. For the particles

used, the theoretical hydrodynamic radii were used in the data analysis.

To align with previous studies, we report the aggregation rate coefficients in terms of the
stability ratios defined as

Wij - (9)

where k; and k{™ are the experimental and fast aggregation rate coefficients, respectively.

We choose 0.8 M NaCl to define the fast aggregation conditions.
Results and Discussion

Heteroaggregation rate coefficients were measured with time-resolved multi-angle dynamic

light scattering in the past.’®*? In all these studies, however, the rate coefficients of

homoaggregation and heteroaggregation were quite comparable. In consequence, highest
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measured heteroaggregation stability ratios remained low, below 10 at best. In the present
study, we show how to extend this restriction, and will report reliable measurements of

heteroaggregation stability ratios exceeding 100.

To this aim we study aggregation in mixed latex particles suspensions with amidine and
sulfate surface functionalities. These particles will be denoted AL300 and SL200, since their
diameters are very close to 300 nm and 200 nm, respectively. The same particles were used in
a previous study, where extensive characterization is reported.™ Their polydispersity is below

6%. The pH of all suspensions was adjusted to 4.0.

Behavior in NaCl solutions. Figure 1 shows the electrophoretic mobility of these particles in
NaCl solutions. One observes that the AL300 particles are positively charged, while the
SL200 particles negatively. The sign of the charge can be easily understood by considering
the chemical nature of the surface groups. The magnitude of the mobility of the AL300
particles is higher, suggesting that the magnitude of the charge is higher for AL300 particles
than for SL300. Moreover, the mobility of AI300 particles goes through a maximum, as
suggested by the standard electrokinetic model due to O’Brien and White."®*® The SL200
particles do not show this maximum, which is also consistent with a lower magnitude of the

charge density.

We have first studied homoaggregation in separate suspensions of particles AL300 and
SL200 in NaCl solutions. Such investigations were already described in a previous study*?,
but we present these results here as well. Here their analysis will be further extended with T-

matrix theory.

The stability ratios for homoaggregation are shown in Fig. 2a and 2b. One observes the
typical behavior reported for charged latex particles in earlier studies.’® At high salt
concentrations, the aggregation rate is fast, and independent of the salt concentration. By
definition, the stability ratio is set to unity in this regime. With decreasing salt concentration,
the stability ratio increases steeply and the aggregation becomes slow. At 10 mM and below,
the suspensions are perfectly stable. The transition between slow and fast aggregation is
referred to as the critical coagulation concentration (CCC). For both systems, the CCC is

around a NaCl concentration of 0.15 M.*3

Let us now focus on the analysis of the absolute homoaggregation rates under fast conditions.

These conditions were realized in 0.8 M NaCl. The rate coefficients were extracted with T-
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matrix theory. These results are summarized in Fig. 3a and 3b. These figures show the
apparent dynamic rates for the homoaggregation process in suspensions containing AL300 or
SL200 particles, respectively. One observes that the T-matrix theory describes the measured
angle dependence perfectly well. One should note that the fit involves only one adjustable
parameter, namely the respective aggregation rate coefficient. Adjusting this coefficient only
changes the overall magnitude of the apparent rate, but not its characteristic angular
dependence. We also remark that for the AL300 and SL200 particles the angular dependence
of the apparent dynamic rates is very different.

The fitted homoaggregation rate coefficients are shown in Table 1. One observes that these
coefficients are very similar. In particular, these numbers agree with the fast aggregation rate
coefficients for the same particles measured in 0.6 M NaCl solutions within experimental
error.*® However, the latter number were determined without making any assumptions about
the actual optical response of the particles, and it is most comforting to see that both

approaches yield the same results.

Let us now focus on the heteroaggregation process, where a mixed suspension of AL300 and
SL200 particles was investigated in 10 mM NaCl solution. Fig. 2a and 2b show that the
stability ratios are way above 100, and these processes can be thus perfectly neglected. Since
the particles are oppositely charged, however, at these conditions only heteroaggregation
occurs. Figure 3c confirms that this is indeed the case. This figure compares the measured
apparent dynamic rate with the T-matrix theory calculation for the heteroaggregates. The
very good agreement indicates that only these aggregates form. One can again adjust the
heteroaggregation rate coefficient, and one finds that this coefficient is (4.6+0.2)x10 % m%s.
This experiment confirms that the T-matrix theory described the optical response of the
heteroaggregates very well. Note however that the respective rate coefficient does not

correspond to fast aggregation conditions.

To determine the heteroaggregation rate coefficient in the fast aggregation conditions, a
similar experiment was carried out in 0.8 M NaCl solution. The result is shown in Fig. 3d.
Now both homoaggregation processes occur together with the heteroaggregation. However,
the homoaggregation rate coefficients are known under these conditions, and thus the only
unknown is the heteroaggregation rate coefficient. Adjusting this parameter one obtains an

excellent fit of the experimental data, and the respective rate coefficient can be extracted.
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This number is reported in Table 1, and is very comparable to the homoaggregation rate

coefficients.

With this number at hand, one can also calculate the stability ratios for heteroaggregation.
The available values are reported in Fig. 2c. The observed decrease can be explained by the
salt dependence of the double layer attraction between two oppositely charged surfaces. This
attraction strengthens with decreasing ions strength, which results in decreasing stability ratio
with decreasing salt concentration. The same trends in the heteroaggregation between

oppositely charged particles were already described in the literature earlier.>*?

Behavior in SOS solutions. The aggregation behavior of these latex particles was further
studied in solutions containing the short-chain anionic surfactant sodium octyl sulfate (SOS).
This additive was chosen as it strongly adsorbs to positively charged surfaces and thereby

inducing a charge reversal.

Fig. 4a illustrates this behavior for the AL300 particles. At low SOS concentrations, the
particles are positively charged. Within increasing SOS concentration, the charge decreases,
and vanishes at a concentration around 0.3 mM. Upon further addition of SOS, the charge
decreases further, thereby making the particles negatively charged. This behavior is due to
the adsorption of the negatively charged SOS on the positively charged particle surface.
When NaCl is being added, the magnitude of the charge decreases somewhat, but the overall

behavior remains the same.

Fig. 4b shows the corresponding electrophoretic mobility results for the SL200 particles. The
particles are negatively charged, but addition of SOS increases the magnitude of their charge,
which suggests that SOS also adsorbs to these negatively charged particles. Adding NaCl, the

magnitude of the mobility decreases.

Let us now focus on the aggregation behavior in the presence of SOS. Given the high charge
density of the SL200 particles, these suspensions remain stable for all conditions investigated.
On the other hand, the AL300 particles aggregate rapidly near the charge reversal point. This
situation is illustrated in Fig. 5a. When one plots the stability ratio versus the SOS
concentration, one observes a pronounced minimum near 0.3 mM. The aggregation is fast
near this minimum, and slows down substantially when one moves away from it. Moreover,

this minimum widens with the addition of NaCl.
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This behavior is easily understood since the particles are neutral near the charge reversal
point, and thus they interact with attractive van der Waals forces only. These forces induce
fast aggregation. Away from the charge reversal point, the particles become charged, and
their aggregation is slowed down by repulsive double layer forces. Adding a monovalent
electrolyte screens the double layer forces, thereby making them less repulsive, and thus
reducing the stability ratio. Very similar type of stability behavior was already observed in
other systems, for example, for hematite particles versus pH>, for amidine latex particles in

the presence of tetraphenylborate or polystyrene sulfonate'®?°

12,21,22

or sulfate latex particles in the

presence of aliphatic polyamines or polyethyleneimine.

Let us now focus on the aggregation in the mixed suspension containing AL300 and SL200
particles. Fig. 6 illustrates the angular dependence of the apparent dynamic rates for different
SOS concentrations. Fig. 6a shows the situation at the charge reversal point. One observes
that heteroaggregation dominates the signal, as evident from the peak near 100°. As the SOS
concentration is being increased, homoaggregation becomes increasingly important. This fact
can be inferred from Figs. 6b and 6c, as the maximum is reduced, and is replaced by a
minimum near 120°, which is characteristic for homoaggregation. Fig. 6d illustrates the
extreme situation, where the signal is almost fully dominated by homoaggregation, but the
contribution from heteroaggregation can be still detected, albeit barely. By fitting these

apparent dynamic rates, the heteroaggregation rate coefficients can be extracted.

The respective heteroaggregation stability ratios are shown versus the SOS concentration in
Fig. 5b. At low SOS concentrations, these ratios are below unity, since the heteroaggregation
is enhanced by attractive double layer forces. When one adds NaCl to the system, the stability
ratio becomes unity. The same situation was already encountered in the absence of SOS, and
is illustrated in Fig. 2c. As the SOS concentration is being increased, the heteroaggregation

stability ratio starts to increase steeply.

This increase can be explained by the onset of repulsive double layer forces between
negatively charged surfaces. In this situation, however, one deals with an asymmetric
situation where a strongly charged surface of the SL200 particles interacts with a weakly
charged surface of the AL300 particle, which is decorated with adsorbed SOS molecules. For
this reason, the onset of the increase in the heteroaggregation stability ratios occurs at lower
SOS concentrations than for homoaggregation shown in Fig. 5a. For homoaggregation, one

deals with a symmetric situation, where the two decorated AL300 particles interact. In this
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case, the double layer repulsion is weaker, and thus the onset is shifted to higher
concentrations. A similar shift between the onset between slow heteroaggregation and slow
homoaggreation was already observed in similar binary suspensions containing amidine and
sulfate latex particles in the presence of cationic polyamines.*? In the latter situation, however,

the polyamines induced the charge reversal of the negatively charged sulfate particles.

The novel aspect of this study is the present measurement of heteroaggregation stability ratios
up to 100, see Fig. 5b. One observes that the dependence of these stability ratios on the SOS
concentration is similar as for homoaggregation. However, it appears that the slope of the
homoaggregation stability plots in the slow regime remains the same for different NaCl
concentrations, while for heteroaggregation the slope is being modified. This observation is
novel, since such high heteroaggregation stability ratios were not reported in the literature so

far. The only comparable data is the mentioned study by Cao et al.*

However, that study
only reports heteroaggregation stability ratios up to 10, and based on these data

considerations concerning the slope of the stability plots is hardly possible.
Conclusions

This study investigates heteroaggregation between amidine and sulfate latex particles in the
presence of a short chain anionic surfactant SOS by time-resolved multi-angle dynamic light
scattering. This surfactant strongly adsorbs to the amidine particles, which induces their
charge reversal. The homoaggreagtion of these particles was equally studied, as they
aggregate rapidly near the charge reversal point. The sulfate particles remain negatively
charged and stable. The heteroaggregation process is probed in mixed suspensions of amidine
and sulfate latex particles, whereby one can clearly separate the contributions between
homoaggreagtion and heteroaggregation. In this fashion, the heteroaggregation rate can be
measured. The heteroaggregation rate is fast at low SOS concentrations, where the two
particles are oppositely charged. This rate slows down at higher SOS concentrations due to
double layer repulsion between the negatively particles. However, the onset of this slow
heteroaggregation occurs at lower SOS concentrations than for homoaggregation. The reason
for this shift is that the double layer repulsion between two SOS-decorated amidine particles

is weaker than between one sulfate particle and one SOS-decorated amidine particle.
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Table 1. Absolute aggregation rate coefficients in 0.8 M NacCl.

System Fast rate coefficient (x10™ m*®/s )
AL300-AL300 3.1+0.2
SL200-SL200 2.8+0.2
AL300-SL200 3.1+0.2
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Figure 1. Electrophoretic mobility versus the NaCl concentration for the latex particles
investigated at pH 4.0. (a) AL300 and (b) SL200.
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Figure 2. Stability ratios for the different aggregation processes versus the NacCl
concentration at pH 4.0. Homoaggregation for (a) AL300-AL300 and (b) SL200-SL200. (c)
Heteroaggregation for AL300-SL200.
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Figure 3. Apparent dynamic rates versus the scattering angle at pH 4.0. The points are the
experimental results and the solid lines best fits with T-matrix theory. Homoaggregation in (a)
AL300 and (b) SL200 suspensions with 0.8 M NaCl. (c) Pure heteroaggregation in 10 mM
NaCl suspension. (d) Mixed homoaggregation and heteroaggregation in 0.8 M NacCl.
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Figure 4. Electrophoretic mobility versus the SOS concentration at different levels of added
NaCl for the latex particles investigated at pH 4.0. (a) AL300 and (b) SL200.
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Figure 5. Stability ratios versus the SOS concentration at different levels of added NaCl for
the latex particles investigated at pH 4.0. (a) Homoaggregation AL300-AL300 and (b)
heteroaggregation AL300-SL200.
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Figure 6. Apparent dynamic rates versus the scattering angle in solutions containing 30 mM
NaCl and pH 4.0. The points are the experimental results and the solid lines best fits with T-
matrix theory. SOS concentration (a) 0.3 mM, (b) 0.8 mM, (c) 1.1 mM, and (d) 2.5 mM.
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CHAPTER 6

Conclusions

Throughout the present thesis | investigated homo- and hetero-aggregation processes of
colloidal particles in the solution containing various charged species. Light scattering gave
the access to the aggregation rate coefficient either for homoaggregation or for
heteroaggregation. Electrophoresis measurements provided insight concerning the charging
properties of particle surfaces, which can also be used to calculate the aggregation rate by
means of DLVO theory. This thesis contributes towards the better understanding of particle

aggregation.

The effect of multivalent counterions on the colloidal stability of particle suspension was
studied for more than one century. The well-known Schulze-Hardy rule was proposed to
rationalize these findings, stating that multivalent counterions destabilize the particle
suspension much more effectively than the monovalent ones. We studied the effect of
multivalent co-ions on the homoaggregation of particles for the first time. It was found that
the CCCs of particle suspension are inversely proportional to the valence of the co-ions. The
DLVO theory calculations also revealed the same dependence. We proposed the inverse

Schulze—Hardy rule to summarize this dependence.

DLVO theory is powerful in predicting the aggregation behavior of colloidal particles.
However, we described a colloidal system where DLVO theory is only partially valid in
quantifying the aggregation behavior. In suspensions of AL particles or SL particles in the
presence of PhyB ™ anions and NaCl, Ph,B™anions were found to adsorb strongly on both types
of particle surfaces. This leads to an accumulation of negative charge on the particle surfaces,
and induces a slow aggregation regime for both AL and SL particles. DLVO theory predicted
this aggregation behavior successfully. Furthermore, for both types of particles, an additional
region of fast aggregation at intermediate concentrations of Ph,B~ was observed. DLVO
theory failed to predict this intermediate fast aggregation region. We suspect that this region
of fast aggregation results from additional attractive non-DLVO forces, which might be
induced by surface charge heterogeneities within the adsorbed layer on the particle surfaces.
When adding such additional forces into DLVO theory, the updated calculations can reflect

the intermediate fast aggregation region reasonably well.
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Heteroaggregation processes in mixtures of AL particles (300 nm in diameter) and SL
particles (600 nm in diameter) were investigated in the presence of multivalent ions with
multi-angle light scattering. Two patterns of heteroaggregation between these two types of
particles were identified. In monovalent salt solutions, fast heteroaggregation occurred under
all the conditions since these two types of particles were oppositely charged. In solutions
containing multivalent ions, one type of particles remained the same charge sign, while the
other type of particles reversed their charge. As a result, intermediate region of slow
heteroaggregation was observed. This behavior was reproduced by DLVO theory reasonably
well. The calculations of the stability ratios for heteroaggregation process were sensitive to
the boundary conditions, which were used to calculate double layer forces. The experimental

results were close to the calculations for constant potential boundary conditions.

Considering that the heteroaggregation rate measured by multi-angle light scattering was in a
narrow range, an approach was proposed to improve the range of measured heteroaggregation
rates by increasing the contrast of the scattering profiles between the different aggregates. In
the new system of AL particles (302 nm in diameter) and SL particles (250nm in diameter)
containing anionic surfactant—sodium n-octyl sulfate (SOS), it was found that the scattering
profiles of hetero-aggregates (AL-SL) and homo-aggregates (SL-SL) presented a similar
characteristic peak, while homo-aggregates (AL-AL) had a different one. Therefore, the
contrast between the scattering profiles can be enlarged by suppressing the homoaggregation
of SL particles in the presence of SOS. As a result, the heteroaggregation rates between AL
particles and SL particles in the SOS solution could be measured in a much wider range,

namely over two orders of magnitude.
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