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The present study demonstrates that multivalent counterions trigger
adsorption of polyelectrolytes on a like-charged substrate. In particular,
adsorption of polystyrene sulfonate on silica is studied experimentally
in NaCl, MgCl,, and LaCls solutions by optical reflectivity. While
adsorption is negligible in the presence of Na*, the polyelectrolyte
adsorbs in the presence of Mg2+ and La**. The adsorbed amount of the
polyelectrolyte goes through a maximum as a function of the salt
concentration. This maximum increases with increasing valence and
shifts to lower salt concentrations. At low salt concentration, the
adsorption is negligible. At intermediate salt level, ripening and multi-
layer formation leads to continuous growth of the adsorbed layer. At
higher salt level, blocking and formation of a monolayer lead to
saturation. These results are tentatively interpreted in terms of a charge
reversal of the polyelectrolyte—metal complex. The molecular mass of
the polyelectrolyte has an important effect on the adsorption behavior,
whereby the tendency towards ripening becomes more pronounced at
large molecular mass.

Polyelectrolytes adsorb readily to oppositely charged substrates,
and this process is exploited in various applications, including
water treatment, papermaking, formulation of foods, or multilayer
coatings."” The adsorption process is mainly driven electrostatically.
Thereby, attraction between the polyelectrolyte and the oppositely
charged substrate induces rapid formation of the adsorbed layer,
while repulsion between the equally charged polyelectrolyte
segments leads to surface saturation and blocking.

Given the importance of electrostatic interactions in the
adsorption process, one might be tempted to think that poly-
electrolytes should not adsorb on like-charged substrates. How-
ever, numerous applications rely on polyelectrolytes carrying the
same charge as the substrates, for example, DNA imaging, water
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treatment, or formulation of particle slurries.””® Moreover, several
studies suggest that polyelectrolytes actually do adsorb to like-
charged substrates.”™*® In such situations, salts containing multi-
valent cations are often added (e.g, Ca®*, Ni**, Fe*', AI*").7">"13
Specific interaction of polyacrylates with calcite might involve
similar processes, since their adsorption leads to calcite dissolution
and release of Ca** ions."”

A potential like-charge adsorption mechanism stresses the
importance of non-electrostatic forces, such as van der Waals or
hydrophobic interactions.">"*'#?° This mechanism seems particu-
larly pronounced for comb-like or block-copolymers, whereby the
hydrophobic part of the polymer is mainly responsible for the
adsorption. An alternative mechanism came to focus recently,
especially in the theoretical community. Computational studies
suggest that polyelectrolytes adsorb to like-charged substrates
through electrostatic forces only.’®*** A simplified interpretation
of these findings involves a charge reversal through the binding
of multivalent ions to the substrate or the polyelectrolyte. This
situation may again lead to electrostatically induced adsorption,
similar to the case of oppositely charged polyelectrolytes.

The effect of multivalent ions on polyelectrolyte adsorption
to like-charged substrates was so far only studied for DNA and
mica in detail.’™*" Imaging by atomic force microscopy (AFM)
was used to demonstrate that anionic DNA does not adsorb to
negatively charged mica in monovalent salt solutions, but that
adsorption occurs from solutions containing divalent and
trivalent cations. AFM was also used to show that Mg®" ions
induce adsorption of poly(styrene sulfonate) (PSS) on mica.®
Classical batch experiments also suggest that Ca>* and Mg”*
ions enhance the adsorption of anionic polyacrylates to
negatively charged alumina and titania particles.">"* With the
exception of DNA, however, the available experimental data
base remains weak.

For these reasons, we report experimental findings demon-
strating that multivalent counterions strongly promote adsorp-
tion of negatively charged PSS on like-charged silica in aqueous
solutions. Our technique of choice is optical reflectivity,” as it
permits to study in real time adsorption to a planar substrate
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Fig. 1 Adsorbed mass of negatively charged polyelectrolyte PSS on like-
charged silica substrate in various electrolytes measured by optical reflectivity.
The substrate is first rinsed with pure electrolyte solution and then the PSS
solution is injected at time (1). The PSS concentration is 10 mg L™ and solution
pH 6.0. Molecular mass of PSS is 30 kg mol™! unless indicated otherwise.
(a) Adsorption in electrolyte solution with various counterions Na*, Mg?*, and
La®* at a concentration of 100 mM. At time (2) the substrate was flushed with
pure electrolyte solution. Adsorption traces for (b) low and (c) high LaCls
concentrations. The different concentrations are labeled.

in situ in the impinging-jet geometry with excellent sensitivity
down to few pg m . Experimental details are given in the ESL{

The silica substrate was first flushed with pure electrolyte
solution of pH 6.0, and subsequently a solution of the sodium
salt of PSS of a molecular mass of 30 kg mol™" of a concen-
tration of 10 mg L ™" in the same electrolyte of the same pH was
injected. After a period of time, the substrate was again rinsed
by the pure electrolyte solution. The recorded traces of the
adsorbed amount are shown in Fig. 1a. As one expects, there is
very little adsorption in the presence of Na'. Adsorption already
occurs in the presence of Mg”*, while for La*" the adsorbed
amount is substantial. The latter two ions were chosen due to
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Fig. 2 Adsorbed mass and initial adsorption rates for PSS on like-charged
silica at pH 6.0. The PSS concentration is 10 mg L™ and the molecular mass
of PSS is 30 kg mol ™%, unless indicated otherwise. (a) Amount adsorbed after
30 min and subsequent desorption during 10 min with the same electrolyte
solution. (b) Adsorbed mass after 30 min versus the molecular mass. Initial
adsorption rate versus (c) the concentration of the LaCls salt and (d) the
polyelectrolyte concentration in 50 mM LaCls solution.

negligible hydrolysis.>* Appreciable concentrations of hydroxide
complexes MgOH" form above pH 10, and LaOH>" above pH 8.
After rinsing the adsorbed layer with pure electrolyte solution,
only minor desorption could be evidenced.

The adsorbed amount was studied for different salt concen-
trations, and the result is shown in Fig. 2a. In the presence of
monovalent counterions Na', adsorption remains negligible.
For Mg>" one finds a maximum adsorbed amount of 0.2 mg m > at
a salt level around 300 mM, while for La*" the maximum exceeds
1.5 mg m~ > and shifts to lower concentrations around 3 mM. The
present data suggest that the adsorbed amount goes through
a maximum, and that its position decreases with the valence of
the counterion. A similar maximum was predicted by computer
simulations for the adsorption of polyacrylates to silica in the
presence of Ca®" ions, albeit at lower salt concentrations."®

To obtain better insight into the adsorption mechanism of
PSS to silica in the presence of La**, a detailed kinetic study was
carried out. The initial adsorption rates were also studied.* The
respective traces are shown in Fig. 1b and c and the corres-
ponding initial adsorption rates in Fig. 2c. At a concentration of
La** <0.1 mM, the adsorption is negligible. However, the
adsorbed amount increases quickly with increasing concen-
tration. While the initial adsorption rate remains low, the
adsorbed amount starts to increase after an initial induction
period. More surprisingly, however, the adsorbed amount continues
to increase, without showing any signs of saturation. In some
experiments, adsorbed amounts even exceed about 10 mg m™ >,
but these conditions were not analyzed in detail due to eventual
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non-linearity of the detector. This situation indicates that the
initial adsorption step of the polyelectrolyte to the surface is
unfavorable, but once few polyelectrolyte chains are adsorbed,
they serve as nucleating sites for further adsorption. In this
regime, the surface undergoes ripening, whereby a polyelectrolyte
multilayer is being formed.

A saturation of the surface sets in about at concentrations
>3 mM, and this blocking process becomes fully evident at
higher salt concentrations. The observed saturation amount of
about 1.0 mg m™? roughly corresponds to a dense polyelectrolyte
monolayer. In this regime, the initial adsorption kinetics is fast and
first order with respect to the polymer concentration (Fig. 2d). The
resulting adsorption rate coefficient is 1.8 pm s~'. When one
assumes perfect sink conditions at the surface, one can evaluate
the transport controlled rate coefficient of the impinging-jet
geometry.»*® By approximating the diffusion coefficient of PSS
to be comparable to the one in a monovalent salt solution of the
same ionic strength,>” one obtains a sticking coefficient of about
0.2. These features resemble adsorption of polyelectrolytes to
oppositely charged substrates.>*

The molecular mass of the polyelectrolyte has an important
effect on the adsorption of PSS on silica as induced by La**
ions. This effect was studied in 300 mM LaCl; solutions. As
illustrated in Fig. 2b, the adsorbed amount goes through a
maximum around 3.2 mg m~> near 700 kg mol . At low
molecular mass, the adsorption saturates, while at higher
molecular mass, a gradual increase of the adsorbed amount
can be evidenced without a clear onset of saturation. The actual
adsorption traces shown in the supplement suggest that ripening
becomes more important with increasing molecular mass.

We propose the following tentative interpretation of these
results. PSS is a highly charged and hydrophobic polyelectrolyte,
and therefore we suspect that it binds La®* ions, forming a strong
metal-polyelectrolyte complex. At low La®* concentrations, the
number of the bound La®* ions is small and the polyelectrolyte-
metal complex remains negatively charged. With increasing La**
concentrations, however, the number of bound La*" ions increases.
At a particular La*" concentration, the polyelectrolyte-metal
complex will be neutral, probably around 1 mM. Increasing the
La*" concentration further, additional La®" ions are bound by the
polyelectrolyte, leading to a positively charged metal-polyelectrolyte
complex. The fact that such a charge reversal might occur was also
suggested by computer simulations.””® This charge reversal is also
consistent with the observed precipitation of PSS by La®" ions,
which occurs at intermediate La®>" concentrations, while at low and
high concentrations, the polyelectrolyte remains soluble.”**° These
precipitation experiments were carried out at much higher PSS
concentrations than the ones used for the present experiments. We
have no evidence of precipitation in the PSS solutions prepared
here. On the other hand, we surmise that silica substrate remains
negative. Divalent ions were shown to lead to a weak charge reversal
of silica in weakly basic solutions at very high salt concentrations.**
Silica is less charged at the pH used suggesting that charge reversal
of the substrate by La*" is unlikely.

Based on this charge reversal scenario, the observed results
can be interpreted as follows (see Fig. 3a-c). At low La’*
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Fig. 3 Proposed mechanism of the polyelectrolyte adsorption on like-
charge substrates mediated by multivalent counterions. (a) No adsorption
at low salt concentration, (b) ripening involving multilayer formation at
intermediate concentrations, and (c) monolayer formation and blocking at
high salt concentration. (d) Adsorption of PSS in LaCls solution and
desorption with NaCl at pH 6.0. The substrate is flushed with 50 mM
LaCls solution, then at time (1) PSS solution of 10 mg Lt in the same LaCls
solution is introduced, at time (2) the substrate is rinsed with pure LaCls
solution, at time (3) a pure NaCl solution of the indicated concentration is
introduced, and at time (4) the substrate is finally rinsed with pure LaCls
solution. The different traces shown between (1) and (3) are repetitions of
the same adsorption experiment, and illustrate the good reproducibility of
these experiments.

concentrations, the negatively charged metal-polyelectrolyte
complex does not adsorb to the negatively charged substrate
due to electrostatic repulsion. At intermediate La*" concentra-
tions around 1 mM, the hydrophobic forces acting between the
neutral polyelectrolyte-metal complexes induce a continuous
surface deposition, leading to ripening, and the formation of a
thick multilayer. At higher La®" concentrations, the positively
charged polyelectrolyte-metal complex adsorbs rapidly due to
electrostatic attraction to the negatively charged silica surface.
The adsorption process continues until the electrostatic repul-
sion between the adsorbed complexes becomes sufficiently
important such that the surface saturates. At this point, the
adsorbed polyelectrolyte monolayer develops a positive charge,
which prevents further adsorption of the positively charged
polyelectrolyte-metal complexes. The latter situation resembles
the adsorption of a polyelectrolyte to an oppositely charged
substrate. While the present interpretation in terms of the
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charge reversal of the polyelectrolyte seems suggestive to us,
other possible mechanisms may include aggregation of poly-
electrolytes in solution, surface induced precipitation, or con-
tributions of hydrophobic interactions.

The fact that this mechanism based on the charge reversal is
incomplete is further underlined by the non-monotonous
molecular mass dependence discussed above (Fig. 2b). While
the increase in the adsorbed mass is consistent with the initial
increase in size of the polyelectrolyte-metal complex, the
decrease at larger molecular mass and the tendency of the
adsorbed layer towards ripening suggests the possible onset of
different processes. They could involve the formation of pearl-
necklace structures within the polyelectrolyte-metal complex or
the formation of polyelectrolyte aggregates in solution men-
tioned above.*** The deposition of such aggregates may lead
to the observed ripening of the adsorbed layer. The formation
of these structures could be mediated by complexation of
multivalent ions by the polyelectrolytes, and could resemble
the effect on the aggregation of colloidal particles due to charge
reversal induced by adsorbing polyelectrolytes or multivalent
ions.>** The presently proposed adsorption mechanism
remains speculative for the moment.

We remarked that rinsing the layer with the pure electrolyte
solution containing multivalent ions does not lead to any
appreciable polyelectrolyte desorption, which indicates irreversible
adsorption within the experimental time window. However,
desorption can be readily induced by rinsing with a solution
containing monovalent counterions (Fig. 3d). Desorption becomes
increasingly rapid with increasing concentration of NaCl, indicating
that bound La*" in the adsorbed layer is exchanged with Na*, and
the resulting polyelectrolyte layer containing Na" becomes unstable
and desorbs. Desorption process can be stopped by reintroducing
the LaCl; solution, whereby Na* ions are exchanged back with
La*" ions.

To conclude, we provide experimental evidence with optical
reflectivity that highly charged polyelectrolytes adsorb to a like-
charged substrate in the presence of multivalent counterions.
The adsorbed amount of the polyelectrolyte versus the salt
concentration goes through a maximum, which becomes
higher with increasing valence and shifts to lower concentra-
tions. At low concentration of multivalent ions, no adsorption
is observed. At intermediate ionic levels, the adsorbed layer
forms slowly, but continues to grow due to ripening and
multilayer formation. At higher ionic levels, the adsorption
saturates, probably leading to blocking and formation of a
monolayer. The tendency towards ripening increases with
increasing molecular mass of the polyelectrolyte. A tentative
interpretation of these findings is based on the formation of a
polyelectrolyte-metal complex between the anionic polymer
chains and the multivalent cations, which undergoes a charge
neutralization and subsequent charge reversal. Since computer
simulations have shown that such adsorption of polyelectrolytes
to like-charged substrates to be governed by electrostatic forces
only, we suspect that the present findings could be generic and
possibly applicable to a wide variety of systems. Specific inter-
actions may of course modify the behavior of individual systems,

This journal is © the Owner Societies 2015

View Article Online

PCCP

for example, hydrophobic interactions may act together with the
electrostatic interactions discussed here. While the extension of
the present results to the practically more relevant multivalent
cations Fe*" and AI*" would be important, such systems are
probably complicated by the extensive hydrolysis reactions of
these ions.>*
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