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Abstract: Commodity formulations contain many chemically distinct components and their mutual
interactions define the beneficial characteristics of the formulation. Mixing oppositely charged
polymers and surfactants invariably induces macroscopic phase separation, to a degree dependent
on the prevailing polymer and surface charge densities, and the interaction can be modulated by
added ionic surfactants. Here, it is shown that a general universality exists between the charge
present on a series of cationic-modified cellulose polymers—the charge being controlled either by
the degree of cationic modification of the polymer itself or through the subsequent level of anionic
surfactant binding—and its capacity to remove anionic colloidal material from solution, be that silica
particles or polystyrene-butadiene lattices. Particulate material not removed from solution bears no
adsorbed polymer, i.e., the particle surface is bare. Addition of nonionic surfactant does not negate
this universality, implying that the nonionic surfactant is largely a spectator molecule or structure
(micelle) in these systems, and that the dominant force is an electrostatic one.
Keywords: flocculation; polyelectrolyte; bridging flocculation; solvent relaxation; charge-charge
interactions; polyelectrolyte-surfactant interactions

1. Introduction
The adsorption of polymers to particulate surfaces continues to attract much attention due to its
diverse industrial relevance, and depending on the specific application, the role of the polymer may be
to promote stabilization of the dispersion, to induce flocculation or otherwise destabilize the dispersion,
or a combination of both, dependent on the polymer concentration [1–5]. The adsorption of neutral
homopolymers and copolymers onto surfaces is driven by a complex and subtle interplay between
molecular weight and concentration-dependent enthalpic and entropic factors in defining the amount
of adsorbed polymer, and inter alia its conformation at the particle surface [6,7]. The presence of charge
on the polymer leads to additional contributions to the thermodynamics of adsorption when exposed
to both oppositely and like-charged surfaces, and usually, the electrostatic force dominates [8–10].
The structure of the resultant polyelectrolyte-particle complex is defined by the polyelectrolyte and
surface charge densities, polymer molecular weight and architecture, salt concentration/ionic strength of
the medium, nonelectrostatic polyelectrolyte-surface interactions and the quality of the solvent [11–13].
Flocculation-inducing adsorption of polyelectrolytes to particle surfaces has been studied in
some detail (e.g., [14–18]), and generally, there are three dominant mechanisms dependent on the
molecular weight and/or charge density of the polyelectrolyte: (i) neutralization of the charge on the
particle surface leading to attractive van der Waals-driven aggregation; (ii) interparticle bridging by
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low/medium charge density, high-molecular-weight polymers; and (iii) attraction between uncoated
surfaces and oppositely charged patches on adjacent particles formed by the localised adsorption of
high charge density, low-molecular-weight polyelectrolytes [19–21].
The impact of added surfactant on polyelectrolyte-induced flocculation of particle dispersions
has also been explored. For example, Barany and Skvarla [22] studied the adsorption of both cationic
and anionic high-molecular-weight, high-charge-density polyelectrolytes to carboxylated polystyrene
particles in the presence of hexadecyl pyridinium bromide (HPB) or anionic surfactant sodium dodecyl
sulfate (SDS). Taubaeva et al. [23] extended that study to bentonite dispersions and showed that
addition of mixtures of cationic surfactants and polyelectrolyte induces a substantial reduction in
the negative charge on the particles, including a reversal of the sign of their charge, whereas, the
addition of anionic surfactant/polyelectrolyte mixtures leads to a substantial increase in the particle
charge. Besra et al. [24] studied the flocculation of kaolin suspensions with high-molecular-weight
polyacrylamide flocculants (cationic, anionic and nonionic) of varying ionic character in the presence
of cetyl trimethyl ammonium bromide (CTAB), SDS, and Triton-X 100. Karlson et al. [25] explored
the interaction of two cellulosic polymers, ethyl hydroxyethyl cellulose (EHEC) and hydrophobically
modified ethyl hydroxyethyl cellulose (HM-EHEC), with both polystyrene latex and silica particles, in
the presence of SDS, CTAB, and octaethylene glycol mono n-dodecyl ether (C12 E8 ). Lele and Tilton [26]
examined the depletion and structural forces operating between silica spheres and plates in solutions
containing the anionic polyelectrolyte sodium polyacrylate (Na-PAA) and SDS, and observed situations
where the depletion attraction was synergistically enhanced or antagonistically weakened and where
one species was the dominant depletant and indistinguishable from its single component behavior.
Matusiak and Grzadka
˛
[27] studied the efficiency of cationic starch to flocculate silica dispersions in
the presence of anionic surfactants, highlighting the switch from bridging flocculation at low-polymer
concentrations to a depletion mechanism at higher concentrations, surfactant-induced enhancement in
polymer adsorption at low-surfactant concentrations and polymer-surfactant complex adsorption at
higher concentrations.
Cationic hydroxyethylcellulose (cat-HEC) polymers, produced by quaternization of
hydroxyethylcellulose, are widely used in water-based formulations, since the cationic groups along the
polymer backbone lead to significant increases in viscosity and offer control over colloidal stability [28].
Extending the work of Shubin [29], Terada et al. examined the effect of the anionic surfactant SDS on
the adsorption of cationic hydroxyethyl celluloses to silica surfaces (in the presence of 10 mM NaCl)
using null ellipsometry. They showed that the surfactant-concentration-dependent associative binding
of the surfactant to the polymer defined the interfacial behaviour, that maximum adsorption was
observed in the low-surfactant concentration one-phase region, whilst higher SDS concentrations led
to desorption of the complex from the surface [30].
This study focuses on the interaction of cat-HEC with anionic particles, in the presence of
the anionic surfactant sodium dodecyl sulfate (SDS) and its mixture with the nonionic surfactant
hexaethylene glycol monododecyl ether (C12 E6 ), to explore how the degree of apparent cationic charge
on the polymer defines its ability to adsorb to silica and thus, to understand how the surfactant(s)
modulate(s) the polymer-particle interaction.
2. Materials and Methods
Four cationic cellulosic polymers have been explored in this work, in concert with an anionic silica
dispersion (Ludox TM-50, particle size 22 (+/–2) nm, surface area 140 m2 ·g−1 ) and a hydrophilic, anionic
polystyrene-polybutadiene latex (particle size 100 (+/–5) nm, surface area 53 m2 ·g−1 ). The majority
of samples have been prepared in deionized water, with the particle dispersions being extensively
dialyzed prior to use. Sodium dodecyl sulfate (SDS) and hexaethylene glycol monododecyl ether
(C12 E6 ) were used as received (Sigma-Aldrich). For both surfactants, the surface tension data showed
no minima characteristic of significant levels of impurity, and the mass spectrometry and NMR data
were consistent with the accepted structures.
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added, the volume of the opaque phase also depends on [SDS]. In some cases, the opaque phase is the
supernatant, and in some cases the subnatant. As one moves vertically through the series, the same
gross pattern is observed, but it is clear that the switch from super- to subnatant is displaced, and the
phase volumes vary.
Further interpretation of these visual phase diagrams is challenging, as the composition of each
phase is unknown, and that of the opaque phase continues to change with time. Given the density of
the silica, it is slightly surprising that the opaque phase creams at all. If one removes the dense phase,
and allows it to stand, it will further phase separate, leading to additional volume of clear phase and
more dense phases. Therefore, to accelerate this phase separation, the samples were gently centrifuged.
In order
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The uncharged (parent) polymer induces flocculation of the silica dispersion via a bridging
mechanism, most likely through the hydroxyl groups. The grossly similar behavior of the three
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charged polymers indicates that the presence of the charge on the polymer leads to an increased
capacity to remove silica, with the electrostatic interaction promoting the polymer bridging. Adding
surfactant to the polymer solution induces complex formation through an associative interaction,
which stoichiometrically reduces the prevailing charge on the polymer, and inter alia, its capacity to
flocculate the silica. The uniformity of all these datasets, and the fact that all the surfaces detected in this
manner are bare, indicates that the polymer-surfactant interaction must dominate the polymer-particle
interaction, as found by Terada et al. [30], thus accounting for the lack of dependence of the phase
diagram or solvent-specific relaxation rate on [SDS]. Two populations of particles exist in these slowly
flocculating systems—bare (equilibrium phase) and fully/partially coated particles (dense phase), the
balance of which is defined by the polyelectrolyte concentration, or more accurately, the concentration of
oppositely charged polymer segments, the latter also defined by the presence of any added competing
surfactant. Adding anionic surfactant that competes preferentially for the cationic charges on the
polymer weakens the polymer-particle interaction. Accordingly, experimental protocols that focus on
the particle behavior (e.g., electrophoretic mobility) might not adequately capture this bare/coated
particle distribution.
4. Conclusions
Dispersions of anionic particles are often destabilized by the addition of cationic polymers.
Here, it is shown that macroscopic phase separation may be induced through a bridging mechanism
when cationic hydroxycellulose derivatives are added to silica (and latex) dispersions, with the
high-molecular-weight polymer aggregating sufficient particles to neutralize its charge completely,
leaving any excess particle surface uncoated, i.e., a coexisting dense phase of aggregated material and
an equilibrium phase of bare particles. This charge-neutralization-driven adsorption leads to a simple
universal relationship between the initial polymer concentration, the degree of cationic modification of
the polymer and the mass (or more precisely, surface area) of silica removed from solution. The same
universality exists when anionic surfactants are present, with the appropriate modulation of the phase
behavior being understandable in terms of the stoichiometric binding of surfactant to polymer.
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