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Abstract: Streaming current measurements were used to study the interaction of polyoxometalates
(POMs) and nanoparticles (NPs) with flat surfaces as an alternative, innovative approach to infer
POM and NP properties of potential sparse material in terms of charge and magnitude. With respect
to POMs, the approach was able to reveal subtle details of charging properties of +7 vs. +8 charge
at very low POM concentrations. For NPs, the sign of charge and even the zeta-potential curve was
retrieved. Concerning NPs, mutual interaction between TiO2 and SiO2 surfaces was studied in
some detail via macroscopic measurements. Post-mortem analysis of samples from electrokinetic
studies and separate investigations via AFM and HRTEM verified the interactions between TiO2

NPs and SiO2 collector surfaces. The interactions in the SiO2/TiO2 system depend to some extent
on NP morphology, but in all our systems, irreversible interactions were observed, which would
make the studied types of NPs immobile in natural environments. Overall, we conclude that the
measurement of streaming currents at flat surfaces is valuable (i) to study NP and POM collector
surface interactions and (ii) to simultaneously collect NPs or POM (or other small mobile clusters) for
further (structural, morphological or release) investigations.

Keywords: polyoxometalates; nanoparticles; DLVO; SiO2; TiO2

Colloids Interfaces 2020, 4, 39; doi:10.3390/colloids4030039 www.mdpi.com/journal/colloids

http://www.mdpi.com/journal/colloids
http://www.mdpi.com
https://orcid.org/0000-0002-0611-2746
https://orcid.org/0000-0002-7413-1199
https://orcid.org/0000-0002-5830-2138
https://orcid.org/0000-0001-5085-5806
http://dx.doi.org/10.3390/colloids4030039
http://www.mdpi.com/journal/colloids
https://www.mdpi.com/2504-5377/4/3/39?type=check_update&version=2


Colloids Interfaces 2020, 4, 39 2 of 25

1. Introduction

1.1. Background

Nanoparticles (NPs) are entering the environment, largely unnoticed by the general public,
although scientific investigations are numerous and the concern for potential adverse effects on human
health need not even be referenced.

The use of engineered NPs in science and technology arises from a strong interest in the surface
properties of NPs. The NPs emerging in nature are expected to cause adverse effects in various
compartments of the environment [1–8]. Among the most important groups of such emerging materials
are TiO2 NPs. Various aspects of NP physico-chemical behavior or transport processes have been
addressed, including the role of air–water interfaces [9], the effect of UV radiation [10], the desorption of
adsorbed metal ions that can be transported by TiO2 NPs [11], and the respective influences of natural
organic matter [12] or surfactants [13], to name only a few. Overviews addressing the role of TiO2 NPs
in the environment concerning processes and modelling have been published by Ju-Nam and Lead [14],
Petosa et al. [15], Goldberg et al. [16], and Schaumann et al. [7], with this list being by no means
complete. Since NPs are emerging in so many environmentally relevant contexts, simple methods for
detecting and characterizing NPs are required.

Within this broad area of research, the present study partially focuses on the interaction of NPs
with collector surfaces in relation to NP transport in the environment, be it as intrinsic NPs or as NPs
attached to other (larger) particles or agglomerates. In the latter case, the detachment of the NPs from
the collector substrates is of interest. For example, if the larger particles are retarded or retained in a
porous medium (due to size), smaller particles when detached may regain mobility. In NP-transport
and other contexts, the interactions of various sub-micrometer particles with surfaces have been
studied [17–21]. Moreover, TiO2 NPs have been the subject of various kinds of hetero-coagulation
experiments [22,23]. The study of such interaction frequently involves electrokinetics and adhesion
isotherms, but also light scattering and direct force measurements. In one case where the interaction of
small SiO2 colloids with larger TiO2 particles was studied [22], it was observed that the composite
electrokinetic behavior of the system turned towards that of SiO2 when the weight ratio of SiO2 to
TiO2 was about 0.5 g/g. In another case, adhesion isotherms of small TiO2 on larger SiO2 particles were
reported [23]. In that study, a strong effect of the pH on the uptake was observed up to a pH of 6
(the typical isoelectric point, IEP, of TiO2), whereas above this pH, where both surfaces were negative,
the uptake became independent of pH. The resulting composites were not further studied. In a different
context, composite TiO2-SiO2 particles have, e.g., been prepared via evaporation methods [24] because
of their photocatalytic activity [25]. In aqueous solution the behavior of such composites may be
highly complex, and properties such as the point of zero charge of mixed oxides are of fundamental
interest [26–30]. The mutual electrostatic potential effects involve charge regulation, the extent of which
will depend on the size of the patches generated by the pattern that evolves when one oxide is fixed on
the supporting surface [26,31].

Compared to colloids and NPs, the interaction of polyoxometalates (POMs) with collector surfaces
appears to be much less explored. POMs are small inorganic polymeric species that can be seen as
intermediates between solutes and NPs. They share properties with either of them but also show
behavior that is unique [32,33]. The interaction of small Keggin-ions with surfaces was pioneered in
the thesis of Hernandez [34], who systematically studied the interaction of some Keggin-ions with
various oxidic minerals and highlighted chemical similarities among Al-based Keggin-ions and gibbsite
basal planes, which led him to interpret their mutual interactions from a structural point of view.
Overall, strong interaction was observed, even between strongly positively charged Al13 entities and
positively charged collectors.

Since we are interested in both the oxide mineral and POM electrolyte interfaces, the remainder of
the introduction addresses relevant details on oxide–electrolyte interfaces and subsequently on the
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aqueous chemistry of the Al13 type Keggin ions of interest, before introducing the methods used in
this work and finally defining the aims of the study.

1.2. Short Survey of Oxide–Electrolyte Interfaces

The behavior of oxide surfaces in aqueous electrolyte solutions has been the subject of many
investigations. A major property of a given interface is the pH at which the interface is net uncharged.
Depending on the method used to obtain this pH it may be referred to as isoelectric point (noted
IEP and referring to the zero point of charge based on an electrokinetic method) or as point of zero
net proton charge (noted PZNPC and referring to the zero point evaluated from potentiometric or
mass titrations). The particles assume a positive charge below such a point of zero charge and a
negative charge above. This is, in oxidic minerals, at the fundamental level caused by the uptake
or release of protons by surface functional (hydroxyl) groups. For a given pH below the PZNPC
net proton uptake is favored when the salt content in the suspension increases. The increase in salt
concentration concomitantly causes stronger shielding of the fundamental charge, which in a somewhat
counter-intuitive way decreases the net-charge within the slip plane (the sum of the fundamental
charge brought to the surface by proton adsorption and the opposite charge brought to the interface by
counter-ions, i.e., anions for pH < IEP/PZNPC). Originally, such properties of particles in suspension
were studied in colloids, which already included particles that are nowadays called NPs.

Therefore, bare, uncoated NPs in terms of surface charging behave in many ways as classical
colloids. In practice, many NPs in suspension as supplied by manufacturers will be stabilized against
aggregation, often by a layer of organic material, typically surfactants [35]. In our study, we exclusively
use purely inorganic NPs without organic stabilizers. Colloidal stability of products from surfactant-free
synthesis routes typically originates from the above-mentioned surface functional groups, which form
charged surface-species. In TiO2 stock suspensions (such as those we are using), a pH below the IEP
is imposed, such that positively charged surface groups dominate (Scheme 1a). These are partially
neutralized by a layer of counter-ions (for example nitrate ions, NO3

–). In the present context this causes
sufficient positive charge via dominant site protonation (pH < IEP by HNO3 addition, for pH > IEP
net deprotonation yields negative surface charge), which results in sufficient kinetic stability against
agglomeration. Sufficient excess of positive charge (or low pH) assures repulsive electrical double layer
forces (according to the DVLO theory) between the NPs which limits aggregation. Scheme 1b shows
the electrical double layer, here a triple layer model [36,37], for the particle in Scheme 1a. The surface
potential (Ψo) is a consequence of the adsorption (or the release) of protons to surface functional
groups which is characterized by the measurable surface charge density (σo,H) via potentiometry.
The interfacial potential decays towards the solution with a linear decrease in the Stern layer and
an exponential decay in the diffuse layer. The fundamental charge (σo,H) is partially screened by the
adsorption of counter-ions in the Stern layer. The remaining excess charge is neutralized in the diffuse
part of the double layer. The measurable zeta-potential (ζ) pertains to at an unknown position close to
the onset of the diffuse layer. It corresponds to the potential at the plane of shear, which divides the part
of the interface that sticks to the surface (i.e., the layers of water and ions that move with the particle
in an applied electric field, or remain immobile under an applied pressure in a streaming potential
experiment). The interactions of particles among themselves or with collector surfaces (aggregation,
stabilization, deposition) are governed by solution chemistry (pH, ionic strength, general known
solution composition, and impurities), particle morphology (surface topography), surface roughness
or even, if applicable, hydrodynamic (flow velocity) parameters.

There is common agreement that primary effects on surface charging of oxide minerals occur
via changes in (i) pH (changing the charge in terms of sign and magnitude due to protonation and
deprotonation of surface functional hydroxyl groups), (ii) ionic strength (fixed by simple, ideally inert,
background electrolyte salts, that only screen, where increased salt levels favor screening and
interaction between like-charged particles), and (iii) specifically adsorbing solutes (other than proton
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and hydroxide affecting IEPs and changing the behavior more dramatically beyond simple screening,
including overcharging or charge reversal).

Scheme 1. (a) Schematic drawing of a charge stabilized TiO2 NP in acidic HNO3 solution. (b) Electrical
double layer around the particle sketched in (a). The zeta-potential (ζ in the scheme) is at located at
some unknown position (indicated by “?”) close to the onset of the diffuse layer.

To define optimum conditions for NP aggregation, for example, the fundamental surface
charge density due to proton interaction, zeta-potentials and IEPs have to be measured for any
relevant set of particles, since nominally identical particles may have different IEPs due to differing
origin (e.g., varying synthesis procedures). In more complex situations, properties of the solution
(i.e., temperature, potential presence of specifically adsorbing ions, etc.) will affect interfacial
electrostatics. Apart from the electrostatic contribution due to interacting double layers classical DLVO
theory involves attractive short range (van der Waals) forces. Phenomena beyond classical DLVO
theory may also be at play [17,38].

1.3. Short Survey of MeAl12-Keggin Acid–Base Chemistry

The approximately 1-nm Keggin-ions considered in the present work are polyoxometalates
(POMs). Structural properties of the substrates have been summarized by Casey [39]. The ε-Keggin
ions [AlO4Al12(OH)24(OH2)12]7+ (referred to as Al13), [GaO4Al12(OH)24(OH2)12]7+ (GaAl12),
and [GeO4Al12(OH)24(OH2)12]8+ (GeAl12) will be denoted as MeAl12, where Me represents the cation
in the tetrahedral unit in the center of the Keggin-ion. The three compounds have been extensively
studied in terms of acid–base behavior in aqueous electrolyte solutions [32,33,40]. Results are shown
in Scheme 2a for Al13 in terms of surface charge density in comparison to typical data for the
two oxides used in the present study. Clearly, the surface charge density is much higher on Al13.
Moreover, we emphasize that for silica type surfaces at least two distinctly different surface charge
curves can be found in the literature. One involves a single deprotonation step (Bolt-type), with no
significant charge from silanol deprotonation below pH 5, while the other exhibits two deprotonation
steps. The TiO2 curve in Scheme 2a exemplifies the behavior of most oxide minerals with a sharp point
of zero charge resulting in positive and negative charge densities in the common pH ranges.

Scheme 2b shows the distinct effect of charge on the Keggin-ions as a function of pH in terms of
ZB. ZB is defined as the number of protons reacted per Me, where ZB = 0 corresponds to the maximum
charge of a given ion, i.e., +8 for Me = Ge, and +7 for Ga and Al. One ZB unit corresponds to the
release of one proton from a Keggin-ion. At ZB = −7 the Al/Ga polymorphs are uncharged, while the
Ge polymorph has a +1 charge. The deprotonation is extremely steep (i.e., much steeper than for oxide
minerals, see Scheme 2a), and GeAl12 with its +8 charge deprotonates at lower pH than the other two,
which behave more or less identically. The +8 charge at pH < 5 leads to about 14 per cent higher charge
density on GeAl12 compared to Al13 (Scheme 2a).
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Scheme 2. (a) Acid–base properties of ε-MeAl12 Keggion-ions in relation to oxides: Surface charge
density of Al13 [39], TiO2 [41] and SiO2 [42,43] as a function of pH in 0.1 M monovalent electrolyte
concentration. (b) Acid–base behavior of ε-MeAl12 Keggion-ions compared to each other [33]:
ZB (i.e., the amount of protons released per Me unit) as a function of pH for Me = Ge (+8 charge),
Me = Al (+7 charge) or Me = Ga (+7 charge). TOTMe is 12.5 µM and 0.1 M monovalent electrolyte
concentration is used as background electrolyte.

In summary, the Keggin-ions investigated in the present work may exhibit proton related charge
densities significantly higher than typical oxide minerals. Furthermore, their deprotonation occurs in a
very narrow pH interval, again different from oxide minerals which in most cases deprotonate over all
the pH range accessible to pH measurements.

1.4. Corollary of Methods Applied and Systems Studied in the Present Work

Classical colloid chemistry techniques to obtain information about surface charging involve to a
large extent potentiometric acid-base titration [44] and electrophoretic mobility measurements [45].
The former yields primary proton uptake and release, on a relative scale (ultimately, this technique
yields σo,H or ZB, i.e., data shown in Scheme 2). The latter yields absolute values of the typically
published zeta-potentials as obtained from fundamental data (in most cases electrophoretic mobility,
i.e., the particle velocity divided by the applied electrical field).

Besides the more frequently used determination of zeta-potential via scattering techniques,
the present work mainly involves streaming current measurements at flat surfaces [46].
The determination of zeta-potential of flat collector surfaces covered by NP layers via streaming
current measurements were inspired by previous work on adhesion techniques involving porous
media [47], where the breakthrough of a particle suspension through a column of larger beads with a
given charge at the respective pH value was observed. By changing the pH and thus the charges of
the collector and the suspended particles, it was possible to infer the IEP of the suspended particles.
Similar studies with flat surfaces have been reported to obtain the IEP of the flat surface based on the
knowledge of the IEP of the added NPs [48] using a rotating-disk method. In work by Adamczyk
and co-workers, adhesion of particles on flat surfaces was previously studied via streaming potential:
examples involve mica as a collector surface [49,50], including oxides as added particles [51]. No direct
comparisons between the properties of the added particles prior to and the properties of the collector
surfaces after the addition of the particles was available. In general, with the appropriate set-up, the
changes in the streaming potential of the supporting (collector) surface resulting from the addition of
NPs can be directly measured, and the idea was to try and correlate the composite zeta-potential of the
binary system TiO2 NP/SiO2 collector to the independently determined zeta-potential of the TiO2 NPs
for the same solution composition.

A second series of experiments aimed at verifying to what extent interactions between the
studied surfaces (SiO2 and TiO2 polymorphs, see Scheme 2a for typical charging curves (σo,H) of
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these substrates) can be generalized, because we observed irreversible interactions (aggregation,
adhesion), as well as adhesion under conditions when both surfaces were negatively charged. For this
aspect, different TiO2 NPs were used that varied in properties due to the method of preparation,
i.e., had different morphology. More specifically, the interactions among TiO2 NPs with SiO2 collector
surfaces, quartz (001) single crystal surfaces and amorphous SiO2 colloids, were studied by streaming
current and electrophoretic mobility, respectively [52,53]. This was completed by interacting SiO2 NPs
with flat TiO2 surfaces via streaming current.

In the first part, the streaming current measurements at flat surfaces involved the study of the
Keggin-ions discussed in Section 1.3 with flat surfaces to learn about the sensitivity of the technique
to slight changes in charge of the added material in more detail than previously reported [54].
The Keggin-ions can be seen as proxies for nuclear waste related radioactive polymeric species which
have been found to be mobile, but difficult to study in terms of charge [55,56].

1.5. Aims of the Study and Strategy

The initial aim of the work was to test to what extent streaming current measurements
(i.e., the determination of zeta-potentials) at flat surfaces in the present study can access systems
(with POMs and NPs as target compounds) that might be otherwise difficult to characterize in terms
of charge. Thus, the Keggin-ions of different charge as proxies for Eigen-colloids of radionuclides
that form small polymers [57] were used to show how sensitive the method is. Likewise, we use the
approach to study the charging of NPs/colloids. This is similar to experiments by Morga et al. [58] on
even more complex systems, where at constant pH bilayers of hematite and silica were studied on mica
(i.e., a ternary particle system). Here, we perform such experiments on binary particle systems, but we
(i) typically vary the pH to (a) identify the IEP and (b) to compare it to the IEP of the target compounds,
and (ii) exchange the role of collector and target surface. In the course of the experiments, we became
interested in the non-reversibility of the interaction in the SiO2/TiO2 system and attempted to gain
more information as to whether observed persistence under like charge conditions can be generalized.
Ideally, the number of particles deposited on the support in such systems should be quantified in
particular if one wants to draw conclusions about the surface coverage. This is also done in more
fundamental research where the coverage is quantified by imaging or via separate experiments in
much more detail than in the present work [51,58–60]. In the present study, we emphasize that the
total amount of particles added to a given collector is not necessarily the amount of deposited particles.
Our goal was to gain insight in the total amount required to produce the properties of the adsorbing
particles or to show the sensitivity of the approach to small differences in the charge of the Keggin-ions
or the collector surface.

Concerning terminology, we note that by “unfavorable conditions” for interaction between
particles we will here understand conditions that correspond to surfaces of like charge irrespective
of charge density, interfacial potential or electrolyte concentration. For unlike charge, we may expect
that adhesion will occur irrespective of salt level for example. For like charges the situation is more
complicated because particles with like charge may aggregate at sufficiently low surface charge
(for example close to the IEP) and also at sufficiently high salt concentration with high surface charges.

2. Materials and Methods

2.1. Solutions

Aqueous solutions were prepared from MilliQ water that had been bubbled with purified Ar to
remove carbon dioxide. The Ar gas was purified via washing bottles consisting of sodium hydroxide
solution (to strip off residual carbon dioxide in the Ar) and medium solution (to minimize water
evaporation from the solutions). Salt solutions were prepared from dried salt. Dilute NaOH or KOH
and HNO3 or HCl solutions were used to adjust the pH. No buffers were used to fix pH values.
All chemicals were obtained from VWR and were analytical grade.
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2.2. Materials

2.2.1. Nanoparticles

Three kinds of TiO2 NPs (Samples A–C) were used. The synthesis of Sample A will be briefly
described below. The preparation of Sample B has been previously described in detail [61], and some
characterization of the resulting NPs is available [62]. Samples A and B are comparable in terms of
size, while Sample C involves nanowires (NWs) with different shape and size compared to the two
other samples. A separate batch of Sample C has previously been extensively characterized [63] and
studied in some detail. The SiO2 NPs were commercial products. In the following, relevant details of
the synthesis of the TiO2 NPs and the sources of the SiO2 NPs will be given.

TiO2 Nanoparticles

Sample A: The preparation of Sample A TiO2 NPs was carried out via controlled aqueous
precipitation without surfactant [64]. Primary NPs are on the order of a few nanometers on average
diameter and are charge-stabilized in their acidic stock suspension/dispersion, but are expected to
agglomerate to some extent in salt solutions and/or at changed pH conditions. In the present work,
specific characterization of the bare stock suspensions was done by AFM and TEM after deposition on
a mica surface or a carbon-coated Au grid, respectively.

Sample B: The preparation of the charge stabilized sample [61] was carried out by drop-wise
addition of Titanium iso-propoxide, TTIP, (w = 98%, for synthesis, 17.5 mL) to 108 mL of a 0.1 M HNO3

solution at room temperature under vigorous stirring. After adding the TTIP precursor the resulting
suspension was stirred for 8 h at 80 ◦C. The synthesis is finished when a fine white-milky dispersion
is observable. The respective dispersion was allowed to cool down to room temperature (RT) and
possible impurities or remains of unreacted Ti-precursor were removed by a paper filter. The final
dispersion is long-term stable and can be stored at RT in brown bottles.

Sample C: The TiO2 NWs were prepared hydrothermally similar to a procedure published by
Kasuga [65]. Briefly, a mass of 2 g TiO2 powder (P-25 Degussa, Degussa, now Evonik, Esssen, Germany)
was added to 65 mL of 10 molar NaOH aqueous solution. The resulting suspension was stirred for 3 h
under Ar and ultrasound and then transferred to a PTFE-lined autoclave and heated at 190 ◦C for 24 h.
The obtained precipitate was filtered and washed with deionized water until pH remained close to 6.5
for at least two subsequent washing steps. The sample was then magnetically stirred for three hours
in 0.1 M HCl to remove excess sodium, filtered and washed with deionized water repeatedly until
pH remained close to 7 and conductivity was close to that of de-ionized water (<10 µS/cm). The TiO2

NWs were dried at 80 ◦C for 6 h in air and finally stored in a glass bottle. Since one dimension of the
otherwise rather large TiO2 NWs is below 100 nm, we refer to this sample as NPs.

SiO2 Nanoparticles

Two kinds of SiO2 NPs were used. Ludox TMA was obtained from Sigma Aldrich (Munich,
Germany). Aerosil OX 50 was obtained from Degussa. Both products were used as received.

Selected properties of all NPs are summarized in Table 1.
Differences in the primary particle size and the measurements in suspension are not unusual and

are caused by aggregation of the primary NPs.

Table 1. Properties of the nanoparticles used in the present work.

TiO2 NP A TiO2 NP B TiO2 NP C SiO2 NP A SiO2 NP B

Source/Reference Synthesized [64] Synthesized [61] Synthesized [63] LUDOX TMA
Sigma Aldrich

Aerosil OX 50
Degussa

Primary particle size <5 nm 4–8 nm 50–300 nm (diameter)
500–300 nm (length) 22 nm 40 nm

Size from measurements
in suspension 60 nm 30–60 nm NA 40 nm 450 nm

IEP (electrophoresis) 4.4–5.1 6.1 3.6 <3 1.0



Colloids Interfaces 2020, 4, 39 8 of 25

2.2.2. Keggin-Ions

Solutions of Keggin-ions were prepared according to published recipes [32,33]. The resulting
solutions were not crystallized (as selenate or sulfate salts) but directly used as crude solutions
as in other studies [40,66,67]. The solutions are dominated by the Al13

7+, GaAl12
7+, and GeAl12

8+

Keggin-ions with minor amounts of unreacted Al monomers or dimers. The interest is here in the fact
that the Ge-polymorph has a slightly higher charge (+8) in its natural form compared to the +7 charges
of the two other polymorphs. Work on the Keggin-ions was carried out in sodium chloride solutions
with HCl and NaOH to adjust the pH.

2.2.3. Collector Surfaces

Quartz (001) single crystals were obtained from Mateck (Jülich, Germany). The 20 mm by 10 mm
substrates, epi-polished on one side by the supplier, as all other single crystals, were cleaned following
a procedure previously established for sapphire-c single crystals [68]. The quartz (001) samples were
used as collector surfaces for the TiO2 NPs. Their charging behavior has been studied previously [69,70].

Rutile (TiO2) single crystals exposing the (001) face, obtained from TBL Kelpin (now Mateck),
were used as collector surfaces for interaction with SiO2 NPs (Ludox TMA, Sigma Aldrich,
Munich, Germany).

For the interaction with Keggin-ions a set of sapphire-c crystals (i.e., the 001 plane) and a set
of fused SiO2 single crystals were used as collector surfaces. The crystals were obtained from TBL
Kelpin (now Mateck). The sapphire-c samples have been previously studied by streaming current/
potential approaches [54,68,71].

For some of the separate size measurements using AFM, freshly cleaved mica sheets (Sparsh Mica
Co., Giridih, Jharkhand, India) were used.

2.3. Experimental Procedures and Methods

All measurements were carried out at RT. Details on the preparation of solutions, the synthesis,
origin and treatment of the NPs and the origin and cleaning of the single crystal systems were included
in the previous sections.

2.3.1. Electrophoretic Mobility Measurements

Classical electrokinetic measurements involving NPs were done using the Brookhaven PALS
apparatus. The data were obtained in simple electrolyte solutions (concentration typically 1 mM) under
inert gas N2/Ar atmosphere. Additionally, data in 10 mM NaNO3 medium were collected for Sample
A TiO2 NPs, since the location of the IEP needed to be established more rigorously. Data for Sample
C have been previously published [64], and the new data agree well with those. The results for the
bare SiO2 colloids are presented as electrophoretic mobility, mainly because the range of ionic strength
varies over three orders of magnitude between the starting values at alkaline pH (dominated by 1 mM
NaNO3 or KCl) and the isoelectric point at pH 1 (dominated by 100 mM HNO3 or HCl). Care was taken
to avoid mixed electrolyte solutions, i.e., the anions nitrate/chloride and cations potassium/sodium
were never mixed. The main interest of these measurements is to determine the IEP.

The measurements were started from suspensions at low pH. Suspensions of Samples A and B
were charge stabilized at low pH, while suspensions of Sample C were initially adjusted to low pH.
Low pH facilitates removal of carbon dioxide. Subsequently, NaOH solution was added to the aqueous
suspensions to gradually increase the pH, whereupon the suspensions were left to equilibrate for at
least 10 min. During the experiment, a stream of inert gas flowed over the suspension. Empty cuvettes
for the zeta-potential measurements were flushed with Ar and after filling with the appropriate volume
of suspension the cuvettes were contacted with Ar again by a stream of purified Ar over the cuvette
prior to inserting the measurement cell. The measurement device was also kept under Ar.
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Electrophoretic mobilities of mixed TiO2 (Sample A) and Aerosil OX 50 suspensions were
determined in 1 mM NaNO3 at distinct pH values as a function of TiO2/SiO2 ratios. TiO2 NPs were
added to SiO2 suspensions. Procedures were as described above. Zeta-potentials were, when required,
calculated using the Hückel equation.

2.3.2. Determination of Zeta-Potential at Flat Surfaces

The determination of zeta-potential at flat surfaces was carried out via streaming current
measurements on quartz (001) surfaces in 1 mM NaNO3 in the absence and presence of Sample
A TiO2 NPs. NaOH and HNO3 solutions were used to adjust the pH. Additional measurements
were done on the rutile (001) surface in 1 mM KCl in the absence and presence of Ludox TMA SiO2

NPs (at pH 4.1). pH-scans in this system were done using KOH and HCl solutions. Furthermore,
experiments with the Keggin-ions on sapphire-c and fused SiO2 single crystals were carried out either
at constant pH and ionic strength for increasing Keggin-ion concentration or at a given Keggin-ion
concentration and constant ionic strength as a function of pH in 1 mM NaCl involving appropriate
acid and base solutions (HCl and NaOH). All these measurements were performed with the SurPass
apparatus (Anton Paar) using the gap-cell, which operates at a rectangular flow channel with a height
of about 100 µm. A schematic presentation of the set-up is shown in Scheme 3 in an exemplifying
way for the TiO2 NP/quartz system. The experiments were typically started at low pH by adding
a small amount of NP suspension (100 µL of 1 g/L suspension) to a solution (500 mL) containing
1 mM NaNO3 and HNO3 to obtain pH about 4. Then an automated pH titration by NaOH solution
(50 mM) was started. The equilibration time in the zeta-potential measurements was 10 min for each
pH. Six pressure ramps were recorded for each pH and no transient behavior was observed during
data collection at a given pH, which suggests that a steady state was obtained in all cases under the
chosen experimental conditions. At the end of the titration (i.e., pH 7) the quartz (001) samples were
dismounted and used for AFM measurements. The zeta-potential measurements with the other single
crystals were carried out in the same way. The measurements were carried out as streaming current
measurements to avoid problems related to surface conductivity. The zeta-potentials were calculated
from the measured quantity (i.e., current ramps dI/dp) by the formula

ζ =
dI
dp
×

η

ε× εo
×

L
A

where ζ is the zeta-potential, η is the electrolyte viscosity, εo is the vacuum permittivity, ε is the dielectric
constant of the electrolyte solution, L is the length of the channel (20 mm) and A is the cross-section of
the channel (10 mm × 100 µm). The built-in software accounts for the temperature dependence of the
solution properties. Temperature, pH, and conductivity are constantly monitored by the software.

2.3.2.1. pH Measurements

For the conventional electrokinetic experiments pH measurements were carried out using
Ross-Orion or Orion 720 electrodes and an Orion 720 A+ pH meter (Fisher Scientific) or a Metrohm
system (microelectrode 6.0234.110 and 827 pH meter). The pH measurement set-ups were calibrated
using commercial pH buffers (ranging from pH 2–10) on the millivolt scale. The pH measurements
in the SurPass apparatus were done using the built-in device, involving a Schott BlueLine 15 pH
electrode. The calibration on the pH scale involved three commercial buffers (3, 6 and 9) via the SurPass
internal procedure.

2.3.2.2. Size Measurements

Size determination for Sample A NPs diluted in a 1 mM NaNO3 solution was done by the
Brookhaven apparatus. Additional size measurements were carried out using the Brookhaven apparatus
with NPs in MilliQ water and by AFM and TEM as described below. Information on the size of the
different NPs is summarized in Table 1.
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Scheme 3. Scheme of the gap-cell for determining zeta-potentials at flat surfaces, here as streaming
potentials, (a) for the quartz (001) plane and (b) for the quartz (001) plane in the presence of the TiO2

NPs. For streaming current measurements, the set-up measures the current generated by the movement
of liquid through the channel.

2.3.2.3. AFM and TEM Measurements

These methods were selectively used for size characterization of NPs in their original state and on
the collector surfaces but also to verify NP collector interactions. AFM measurements were carried out
in contact mode using a dimension 3100 (Bruker, Ettlingen, Germany) equipped with a Nanoscope IV
controller. Studies were carried out with the TiO2 (Sample A NPs) on the quartz (001) collector surfaces
after the end of the zeta-potential measurements, i.e., for samples retrieved at pH 7. Some additional
tests were done with freshly cleaved mica planes instead of quartz (001) planes, since the former are
much cheaper. The cleaved mica planes have a negative zeta-potential (similar to SiO2 surfaces).

Additional AFM studies were undertaken to test the reversibility of interactions. In such
experiments as an example a volume of Sample A TiO2 NP suspension with known pH was added to
quartz (001) surfaces under unlike and like charge conditions based on the known IEPs of the surfaces
involved. These tests were carried out, after experiments with TiO2 Sample A NPs had shown that
the latter (i) were not removed from quartz (001) at pH 7, and (ii) interacted with amorphous SiO2

under unfavorable conditions. The intention was to confirm that NPs indeed adhered to the collector
surface. Subsequently, the pH was raised to unfavorable conditions and new AFM images were taken
to check whether the NPs were still adhering. During these measurements the systems were never
dried. Similar tests were carried out with Sample B and C NPs.

The bare NP and binary systems were studied by TEM. TEM Images were obtained on an
image-corrected FEI Titan 80−300 microscope operated at 300 kV, equipped with a Gatan Tridiem
energy filter providing an information limit of 0.08 nm in TEM mode. HAADF-STEM operation with a
nominal probe size of 0.19 nm was performed by diluting the material in MilliQ water and dispersing
it on a carbon-coated Au grid (Quantifoil GmbH, Großlöbichau, Germany).

3. Results and Discussion

3.1. Determination of Zeta-Potentials of Flat Collector Surfaces Covered by POMs

Figure 1 shows the results of experiments with different MeAl12
n+ specimen in contact with flat

sapphire-c and fused SiO2 crystals exposing overall 4 cm2 collector surface area. In MeAl12
n+, Me can

be Al and Ga (n = 7) or Ge (n = 8). The charge of the Keggin-ions is pH-dependent, as shown in
Scheme 2 [32,33,40]. The aqueous equilibria responsible for the behavior sketched in Scheme 2 may
change in an unknown manner when the Keggin-ions are adsorbing to a surface.
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Figure 1. Zeta-potential of sapphire-c (a–d) or fused SiO2 (d) in the presence of Keggin-ions in
1 mM ionic strength (NaCl). (a) Adsorption on sapphire-c at constant pH as a function of Keggin-ion
concentration. (b) Behavior as a function of pH for constant Keggin-ion concentration for two different
Keggin-ions. (c) Effect of pH for two different Keggin-ions at two different Keggin-ion concentrations.
(d) Comparison of pH dependent behavior between sapphire-c and fused SiO2 at constant GaAl12-ion
concentration. TOTMe represents the concentration of the central ion and thus to that of the Keggin-ion.

Figure 1a shows a comparison between Al13
7+ and GeAl12

8+ solutions for 1 mM NaCl solution
at pH 4.3. The IEP of the collector surface is at about 4.5 [72]. The data reveal that the POMs adsorb
on the initially positively charged collector surface (ζ ≈ +10 mV at pH 4.3). The presence of about
0.05 µM Al13

7+ is sufficient to increase zeta-potential by as much as 15 mV, and the effect of GeAl12
8+

is even more pronounced, i.e., the observed response is highly sensitive to the increase in charge of the
adsorbing entity. This is confirmed in a pH-scan of sapphire-c zeta-potentials (Figure 1b) in the presence
of about 0.7 µM GeAl12

8+ and GaAl12
7+, respectively. A pronounced but unexpected pH dependence

occurs at pH about 5.3 to 5.5, maybe due to the decomposition of the POM and subsequent adsorption
on the collector surface of the species or resulting from decomposition or additional adsorption of
previously dissolved Keggin-ions following the typical pH dependence of cation adsorption. In the
present work, no attempt was made to study this phenomenon in more detail.

Figure 1c shows a more extended pH range in the results for Ge from Figure 1b (0.17 µM) and
the results of an experiment in the presence of Al13 (0.65 µM). The IEPs obtained for both systems
are at pH ≈ 9. The unaggregated Keggin-ions in solution exhibit a very steep deprotonation at pH
about 6.5 (Ga and Al), or 6.0 (Ge), see Scheme 2b. In this pH range, the point of zero charge should
occur, but the IEP due to “adsorbed” Keggin-ions (or the products of the Keggin-ions) is much higher,
i.e., in the typical range of aluminum oxide or hydroxide particles or aluminum hydroxide layers
on sapphire-c [73].

Figure 1b,c shows a somewhat unconventional behavior in the sense that the zeta-potential
increases with increasing pH. We are confident that this is due to the properties of the Keggin-ions.
In fact, unpublished uptake data for GaAl12 on gibbsite show the same step-behavior that is seen on the
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two figures, while the uptake on gibbsite from a Ga(III) solution of similar concentration (in Me) does
not show this step (but was at 100 % for all pH values). Additionally, in these adsorption experiments,
the Ga uptake in both cases was never zero at the lowest pH value studied (pH 4), but showed a
constant value for GaAl12 (around 80 %) before jumping to 100% at about pH 5.5 (i.e., in the range
where the step in zeta-potential was observed in Figure 1b,c).

Figure 1d finally shows a comparison for the Ga compound on two different collector surfaces
(sapphire-c and fused SiO2). Results of interaction experiments with fused SiO2 as a collector surface
suggest that both surfaces are equally responsive to the Keggin-ions and could be used as collectors in
applications devoted to other polymeric species (e.g., of radionuclides). The use of the less expensive
fused SiO2 is preferable, since the single crystals can hardly be reused without significant treatment
due to the potentially irreversible interaction with many inorganic pollutants. The experiment with
sapphire-c was reiterated by readjusting the pH at the end of the first experiment to acidic values,
whereupon the upward pH-scan was started again. The data for the first titration on sapphire-c in the
presence of GaAl12 agree with those in Figure 1c for the other Keggin-ions on this collector surface.
The higher concentration of Me in the case of Ga compared to Al results in a higher magnitude of the
zeta-potential, while for similar concentrations the higher charge of the Ge compound again yielded
higher zeta-potentials relative to the Ga case. In the experiments with Ge, at the high pH values
strong buffering was observed, comparable to the behavior of GeAl12 (Figure 1c) at similar Keggin-ion
concentrations, with a steep decrease in zeta-potential close to the IEP. Under these conditions a pH
increase was difficult to achieve, and in the case of the GaAl12, the pH even decreased on adding base.
For Al13 no such buffering was observed, potentially due to the more than 4 times lower concentration.
The observed buffering also occurs in titrations of the dissolved Keggin-ions (absence of a collector
surface) at pH ≈ 6 for GeAl12 and pH ≈ 6.5 for GaAl12 and Al13 depending on the total concentration
(see Scheme 2b).

The reiteration experiment (Figure 1d) clearly shows at low pH the behavior has become different
in the second pH-scan, whereas the behavior at pH > 8.5 is rather generic and does not depend on
the nature of the collector surface. The buffering behavior and the difference in behavior at low pH
for the two sapphire-c experiments support the idea that the Keggin-ions at pH > 9 have undergone
irreversible changes (decomposition/aggregation or transformation). Thus, in the second run, the
behavior changed probably due to the decomposition of the compounds at the high pH in the first run
(at the latest). The behavior of the Keggin-ions on surfaces remains largely unexplored.

As a conclusion of the POM study, it appears that with the collector surfaces used here,
small concentrations of polymeric units in a solution will be observable via the streaming current
technique (if interaction occurs and if this interaction affects the charging properties of the collector
surfaces, which is generally expected). In the case of extremely small sample volumes, it would be
possible to deposit the sample on the collector surface, and then start the experiment with the usual
500 mL solution volume, assuming the interaction is similarly strong. In such a procedure, the analysis
of the collector surfaces ideally before the streaming current measurements (to avoid possible leaching)
and post-mortem would allow more detailed, ideally structural investigations.

3.2. Determination of Zeta-Potentials via Streaming Current Measurements on Quartz (001) Single Crystals in
the Presence of Aqueous Sample A TiO2 NPs

In the first part of this section, the results from separate size measurements of the TiO2 Sample
A NPs are reported. Subsequently, the charging properties of the involved surfaces are discussed,
and finally, in some detail, the results of streaming current measurements at flat surfaces on the
binary systems.

3.2.1. TiO2 Sample A Size Measurements

Size measurements using the Brookhaven set-up indicated the presence of the expected sub
10 nm size NPs in the case of Sample A, along with larger aggregated NPs. AFM images of Sample A



Colloids Interfaces 2020, 4, 39 13 of 25

suspensions deposited on a mica sheet from the stock suspension showed the primary NPs and no
larger aggregates. The height distribution of the deposited NPs suggests a consistent size below 5 nm
in this dimension. The lateral dimensions of aggregated particles are much larger than hydrodynamic
radii obtained from the Brookhaven set-up and as subsequently confirmed by TEM.

The observation that primary NPs and larger aggregates coexist is not unusual, and has been
reported, for example, for ferrihydrite. The primary NPs of this iron hydroxide are also in the sub 10 nm
range, but the suspended material consists at least partly of larger agglomerates in aqueous media [74].

3.2.2. TiO2 Sample A Charging Characteristics

Figure 2 shows zeta-potentials for Sample A NPs in 1 mM and 10 mM NaNO3. The IEP of this
sample is between pH 4.4 and 5.1 when the range of experimental data points with both positive
and negative mobilities for the two salt media is considered. The ionic strength dependence of
Sample A particle zeta-potentials is as expected (Figure 2), i.e., lower absolute values for higher ionic
strength. The data at lower ionic strength will be used for comparison with the results of zeta-potential
measurements discussed in the next section.

Figure 2. Zeta-potentials of Sample A NPs in 1 mM and 10 mM sodium nitrate solution.

Zeta-potential results for the flat collector surface, quartz (001), before and after addition of the
NPs are shown in Figure 3a. The bare quartz (001) plane exhibits negative zeta-potentials for the pH
values studied so that the IEP of the bare quartz (001) surface is below pH 4. Its precise value was not
determined in the present study. The charging behavior of this plane is rather in agreement with the
full red triangles than with the classical (Bolt-type) SiO2 behavior (open triangles) in Scheme 2a.

The addition of TiO2 NPs strongly affects the electrokinetic properties of the system, which is
most evident from the observed charge reversal. The measured negative zeta-potential in the absence
of NPs changes to slightly positive values in their presence below 4.6. This can only be caused by the
adhesion of NPs to the quartz (001) plane. Since the charging of the two surfaces is pH dependent,
the net interaction is a complex function of the individual charging behaviors. These are controlled
by the relevant surface chemical reactions (equilibria), and the concomitant effects of interfacial
potentials [26]. We cannot know the number of NPs on the collector surface, and only control the total
amount of NPs in the present work. It is obvious though that, ultimately, the NPs govern the overall
measured zeta-potential. The IEP of the “composite” system is at about pH 5.0, which corresponds
to the IEP independently found for the pure NP system (Figure 2). Figure 3b directly compares the
zeta-potentials of the bare NPs with those of the binary system (i.e., collector surface in presence of
the NPs). The independent results are in surprisingly good agreement, which leads us to propose
that streaming current measurements at flat surfaces could be a rather convenient way to determine
the zeta-potential of NPs that are for some reason not accessible to conventional scattering methods.
Such reasons could be limited amount of material, or difficulties due to very small size (see Section 3.1).
Indeed, adhesion methods have been previously shown to yield reliable values for IEPs in comparable



Colloids Interfaces 2020, 4, 39 14 of 25

systems, where large particles were used as collector surfaces [47]. The latter technique involves higher
surface area, which makes it less sensible for small amounts of target material.

Figure 3. (a) Zeta-potential of the quartz (001) plane in the absence and presence of Sample A TiO2 NPs
(total amount 0.125 mg/m2). Background electrolyte is 1 mM NaNO3; 0.5 mL of 1 g/L NP suspension
was added to 500 mL of 1 mM NaNO3 solution at pH around 4. (b) Comparison of the zeta-potentials in
1 mM NaNO3 obtained for the colloidal system from electrophoretic mobilities and those obtained in the
quartz (001)—TiO2 system using zeta-potential from streaming current measurements at flat surfaces.

The comparison in Figure 3b further suggests that quartz (or more generally SiO2) surfaces would,
as in the case of the POMs, be good “test” (collector) surfaces. We propose that the determination of
zeta-potentials from streaming current measurements at flat surfaces could allow the determination of
the IEP of NPs, and we emphasize that only very small quantities are required for the measurements.
A drawback arising from the injection of the TiO2 NPs into the SurPass apparatus was contamination
of the set-up. The NPs clearly remained in the closed cycle of the set-up, in particular on the surfaces
of the glass cylinders that serve as syringes which press the solution through the flow-channel
(Scheme 3). In subsequent measurements with various other surfaces, the results were still affected due
to the persistence of TiO2 NPs in the set-up. This entailed substantial cleaning efforts, and eventually
required replacement of some parts (such as the glass cylinders), before standard results could be
reproduced with the Anton Paar standard foil, Teflon [75], or sapphire-c [68] surfaces. We did not
notice a general risk of such expensive contamination. For example, no persistent contamination
was observed when POMs or SiO2 NPs were injected to study their interaction with single crystal
collectors. Additionally, the SiO2 NPs used in the experiments discussed in a subsequent section were
rapidly removed from the set-up and standard results were obtained after applying the usual cleaning
procedures as was the case with the Keggin-ions.

Interestingly, the results in Figure 3 imply that NP retention on the substrate occurs even for
unfavorable conditions (ζcollector < −70 mV, ζNP < −25 mV), i.e., the data in Figure 3b suggest that the
NPs adhere to the flat surface even when both individual surfaces bear negative charges. This was
further verified by AFM measurements (Figure 4) on the sample retrieved from the set-up in contact
with a solution at pH 7. A classical interaction model would suggest the NPs to be released under
conditions, where both surfaces have a significant negative charge. However, the AFM measurements
show that the NPs indeed persist on the quartz surface at the end of the experiment. This is not an
artifact of drying. The samples were taken from the set-up after the emptying step (as controlled by
the SurPass software, i.e., no unnecessary rinse) and were then dismounted from the holders. Lack
of reversibility has also been reported in Quartz Crystal Microbalance (QCM) experiments for TiO2

NP interaction with SiO2 as a flat collector surface [76]. Only at very high pH (pH 9) or if the NPs
had been deposited at the high pH, release of the NPs could be observed in that study [76]. The fact
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that adhesion occurred when negatively charged TiO2 NPs were contacted with negatively charged
SiO2 collector surfaces seems to be rather the rule than the exception as it was also found in direct
adhesion experiments [23]. From the AFM investigation we can also discuss the particle size of the NPs
on the collector surface. The height of the major part of the NPs is clearly below 10 nm, while lateral
dimensions are between 80 and 100 nm (Figure 4d), c.f. Section 3.2.1.

Figure 4. (a) AFM images of the quartz (001) surface after the zeta-potential measurements in the
presence of the NPs Sample A (Figure 3, blue data points, pH 7); (b) magnified image of nanoparticles
on surface; (c) height profile (along the line highlighted in b of NPs; (d,e) mean diameter and mean
height of the NPs.

In summary, as for the POM systems the results from streaming current measurements at flat
surfaces yield reliable data on the properties of the added NPs. Interestingly, interaction of NPs with
collector surfaces also occurred under “unfavorable” conditions and was irreversible. This latter aspect
also reported in independent studies is further addressed in a subsequent section.

3.3. Interaction of Sample A TiO2 Nanoparticles with SiO2 Collector Particles

The experiments leading to the data presented in Figure 3 were performed at a given ratio between
the mass of NPs and the quartz collector surface area. The results suggest that streaming current
measurements at flat surfaces yield the IEP of the NPs. It is important to verify that the charge of the
collector (SiO2) surface is not significantly affecting the results. Or in other words, it should be verified
that the target particle surface coverage on the collector surface is sufficient to dominate the measured
zeta-potentials. Binary particle suspensions (Sample A TiO2 NPs in the presence of excess Aerosil
OX 50 NPs substantially larger in size than the Sample A primary NPs) were studied by combined
electrokinetic and TEM/AFM approaches.

The bare SiO2 NPs in 1 mM NaNO3 exhibit an IEP at pH 1 (Figure 5a). The ionic strength
necessarily changes at such low pH, which will affect the magnitude of the electrokinetic data, but will
ideally not change the sign. Figure 5a also includes mobilities measured for Sample A TiO2 NPs and
we obtain an IEP in the range measured independently (see Figure 1).

Based on Figure 5a, the SiO2 colloids bear a negative electrokinetic charge over the whole pH
range of interest (as do the flat SiO2 collectors). Within the currently studied pH-range, conditions for
hetero-aggregation should be favorable for pH < 5 at the latest, and be most unfavorable at around
pH 8.
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Figure 5. (a) Electrophoretic mobility of SiO2 (AEROSIL OX 50) nanoparticles and TiO2 NPs (Sample A)
in the absence of the respective other sample as a function of pH in nominal 1 mM NaNO3 electrolyte.
(b) Electrophoretic mobility of AEROSIL OX 50 nanoparticles in the presence of TiO2 NPs (Sample A) at
selected pH values (represented by different colors) in 1 mM NaNO3 electrolyte. The dashed horizontal
lines correspond to the mobility values measured for bare Sample A TiO2 NPs (in the absence of SiO2)
at the respective pH (indicated by the color). The vertical line corresponds to the condition under
which the zeta-potential experiments with quartz (001) and Sample A were carried out. (c) Bright-field
TEM overview image of Sample A TiO2 NPs with an SAED pattern as inset. (d) HRTEM micrograph of
the Sample A TiO2 NPs.

Figure 5b shows measured mobilities of binary suspensions with various ratios of Sample A
TiO2 mass relative to the available SiO2 surface area as measured for different pH values. The line
perpendicular to the x-axis at about 0.125 mg/cm2 corresponds to the condition in the streaming current
measurements shown in Figure 3b. The horizontal dashed lines correspond to the results obtained
for the bare TiO2 NPs. Figure 5b clearly shows that the mobilities of the binary systems approach
those of the pure TiO2 NP system with increasing TiO2 NP content. Thus, for the condition concerning
the streaming current measurement at the flat surface the overall charging properties of the system
should indeed have been controlled by the NPs. Interestingly, the trends of the electrophoretic mobility
at all pH values studied, i.e., for positive, neutral and negative NPs on the negatively charged SiO2

NPs, corroborate attractive interactions under “unfavorable” conditions. This would mean that the
interaction between the NPs and the SiO2 surfaces is beyond simple electrostatic attractions and could
even overcome electrostatic repulsion. This concurs with the zeta-potential data from the previous
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section, and with the observation that (after the experimental period with the SurPass) the NPs stuck
so strongly to the glass syringes that the latter had to be replaced before standard results could be
reproduced with the SurPass.

Our results agree with work by others [77] showing that with sufficient TiO2, the composite system
loses the SiO2 properties and assumes those of the TiO2 NPs. In the cited work, several SiO2 supports
(particles varying in size) were tested and the observed interaction occurred both with near-neutral
SiO2 and positively charged TiO2 and when the system was exposed to pH values above the IEP of
TiO2. Furthermore, the trend of increasing IEP with increasing amounts of TiO2 was retrieved [77,78].
Interaction of small TiO2 NPs with larger grains of quartz was also reported to occur from pH 3 to 8,
i.e., even under unfavorable conditions [23]. The above mentioned QCM data [76] and the isotherm
data clearly agree with our results.

Obviously, and in particular for the unfavorable conditions, the mobility data are only meaningful
if the added NPs indeed adhered to the bigger SiO2 particles, i.e., there should be no significant separate
contribution to the observed electrophoretic mobility from free TiO2 NPs. Although the independent
data cited above support this, we verified by TEM whether the TiO2 Sample A NPs adhered to the
SiO2 NPs. We first discuss the results for bare NPs of Sample A and the SiO2 NPs.

The bright field TEM image with an inset of the selected area electron diffraction pattern (SAED)
and HRTEM micrograph of the bare NPs are shown in Figure 5c,d, respectively. The measured
d-spacing from the SAED pattern and from the fast Fourier transformation of the HRTEM micrograph
are consistent with the PXRD results of dried TiO2 (data not shown).

Figure 6a,b indicates that no aggregation of the NPs in the stock suspension over time has occurred,
so that observed aggregation on a collector surface (Figure 4b) is not due to the instability of the NPs in
the stock suspension. Since the injection of the NPs was done at low pH, it cannot be inferred whether
aggregates at the surface formed at the low pH or only with increasing pH. Concerning the collector
surfaces relevant to the data in Figure 5a,b and Figure 6c shows that the bare SiO2 NPs are aggregates
of smaller primary NPs.

Figure 6. Bright field TEM images of Sample A TiO2 NPs (a) directly after synthesis and (b) after the
end of the experiment period, and (c) of the SiO2.

With respect to the macroscopic data, the electrokinetic method could easily lead to
misinterpretation, and therefore we have attempted to prove the presence of the NPs on the SiO2 NPs
and show here the results for the most unfavorable conditions investigated (Figure 7). At pH = 8,
the mobility of the two kinds of NPs is showing strongly negative values.

Figure 7 exhibits evidence for the association of the TiO2 Sample A NPs with the SiO2 colloids.
Here, high-angle annular dark field–scanning transmission electron microscopy (HAADF-STEM) with
EDX area scans clearly show the fingerprint of TiO2 NPs on the SiO2 colloid for the samples after the
addition at pH 8 (i.e., under unfavorable conditions).

From the experimental data, we can conclude that the small NPs are attracted to the collector
surfaces (the SiO2 type flat plates or the SiO2 aggregates) and finally control the electrokinetic properties
of the system.



Colloids Interfaces 2020, 4, 39 18 of 25

Figure 7. STEM-EDX area scans of Sample A TiO2-NP/SiO2-colloid agglomerates at pH 8. The three areas
marked in red of the area scans depict (1) Si and O, (2) Ti and O and (3) Si, Ti and O signals respectively.

3.4. Additional Binary Systems Involving SiO2 and TiO2 Surfaces

In this section, we report the results of further experiments focused on interactions between SiO2

and TiO2 surfaces under “unfavorable” conditions. We first present the charging properties and then
discuss the results of the interaction studies.

3.4.1. Particle Charging Characteristics of TiO2 NPs (Samples B and C)

The zeta-potentials of TiO2 NP Samples B and C are shown in Figure 8a,b. Sample B NPs have
their IEP at about pH 6 (Figure 8a), i.e., slightly higher than Sample A (Figure 2). Compared to Samples
A and B, TiO2 nanowires (Sample C) exhibit a significantly lower IEP at pH 3.5 (Figure 8b). The data
for Sample C are in agreement with independent electrokinetic measurements on this material [63].
Thus, concerning interactions with SiO2 type systems, for Samples B and C, clearly favorable pH
ranges for adhesion with negative SiO2 NPs (i.e., the range of pH values studied here for the mixed
systems) and positive TiO2 NPs (i.e., pH < 6, and pH < 3.5 for Samples B and C, respectively) can be
defined. Based on the IEPs of the different materials alone, the very small “spherical” NPs (Samples A
and B) would exhibit a broader pH-range of “favorable” conditions compared to Sample C.

Figure 8. Zeta-potentials of TiO2 NPs (Samples B and C) and in 1 mM NaNO3 solutions. (a) TiO2

Sample B. (b) TiO2 Sample C.



Colloids Interfaces 2020, 4, 39 19 of 25

3.4.2. Sample B NP Interaction with Quartz Collector Surfaces

The interaction of Sample B (positively charged, charge-stabilized at low pH in the stock suspension)
TiO2 NPs with negatively charged surfaces was similar to the results with Sample A. Compared to
Sample A, Sample B NPs have similar sizes and slightly higher IEP (Figure 5b). The AFM interaction
study showed that Sample B NPs adhere to negatively charged quartz (001) under all conditions tested,
i.e., irrespective of the pH and even if both surface charges were negative. Furthermore, Sample B NPs
could not be released by switching the conditions from “favorable” to “unfavorable”.

3.4.3. Sample C NPs in the Presence of Quartz Collector Surfaces

To study morphologically different NPs Sample C (TiO2 NWs) was contacted with flat negative
quartz (001) collector surfaces. Sample C NPs not only have a different morphology compared to
Samples A and B. They are also larger in at least one dimension, and the IEP of Sample C (Figure 5c)
is significantly lower than for Samples A and B, leading to “unfavorable” conditions for pH > 3.5.
Unlike for Samples A and B, AFM showed that Sample C NPs only adhered to the test surfaces under
favorable conditions, i.e., <pH 3.5. However, once adhering to the supporting surfaces, they were not
released under unfavorable conditions. This is different from the results of Fatisson et al. [76] who did
observe release. However, they observed this only at pH 9.

3.5. Interactions of SiO2 Nanoparticles with Flat Rutile Collector Surfaces

This system was studied to further verify the ability of streaming current measurements at flat
surfaces to retrieve the properties of NPs. Experiments were carried out at about pH 4 in 1 mM KCl
solutions. The Ludox TMA NPs were initially investigated by conventional electrophoretic mobility,
resulting in zeta-potentials of about −20 mV between pH 3.5 and 4.5.

The IEP of the rutile (001) plane was found to be at pH about 5.9 in 1 mM KCl and 1 mM NaClO4

(data not shown). This is in agreement with independent AFM force distance measurements, suggesting
an IEP between 5.5 and 5.8 [79]. The single crystal collector surface involved in this experiment could
be a good candidate to study negatively charged NPs.

Figure 9 shows that with increasing concentration of the SiO2 NPs, the initially positive
rutile surface turns negative (at about 2 mg/cm2 SiO2 concentration) and asymptotically attains
the zeta-potential of the SiO2 NPs. As in the inverse system, the streaming current measurements at flat
surfaces make it possible (i) to obtain the sign of the charge of the NPs at very low NP concentration,
and (ii) to retrieve good estimates of the NP zeta-potential at sufficiently high NP concentration.

Figure 9. Zeta-potential of rutile (001) single crystals at pH 4.1, in 1 mM KCl, as a function of Ludox
TMA solid concentration (blue symbols) and average zeta-potential of Ludox TMA nanoparticles
(dotted line). The fine dotted lines show the three sigma limits of the repeated measurements on
the nanoparticles.
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The IEP of the combined system at the end of the addition experiment was below pH 4 (as inferred
from Figure 9). The sample involving SiO2 NPs attached to the rutile (001) planes was exposed to high
pH (where both surfaces are negatively charged, i.e., “unfavorable” conditions) by carrying out a pH
scan. The solution was then replaced by a SiO2 free 1 mM KCl solution of pH 4 and another pH scan
was carried out. It was observed that the IEP occurred at pH 5.1 (compared to 5.9 prior to contact with
SiO2 NPs) for the collector surface, i.e., rutile (001), suggesting detachment of a large part but not all
of the SiO2 NPs under “unfavorable” conditions. While the strong interactions in this system where
we inversed the target NP and collector role were again established, reversibility again showed new
nuances, in the sense that part of the NPs could be released under high pH conditions, even if they
were attached at low pH conditions.

4. Conclusions and Summary

Various aspects of using streaming current measurements at flat surfaces as a tool for studying
the properties of POMs and NPs were addressed, and the results of our experimental work suggest
the following:

• The proposed approach is able to detect and collect very small NPs present in very small quantities.
• The collected NPs can subsequently (i.e., after, e.g., a streaming current experiment) be used for

further studies.
• The interfacial behavior can be studied in more detail addressing for example interactions or

remobilization under what we defined as “unfavorable” conditions.

As a conclusion, zeta-potential determination of flat surfaces with known charging properties by
streaming current measurements could be a simple and efficient way of obtaining reliable zeta-potentials
for NPs that are not accessible by the more common measurements (either being too small and/or not
available in sufficient amounts). Our zeta-potential data derived after NP addition to the collector
surface are similar to zeta-potentials obtained for the bare NPs by conventional electrophoretic mobility
measurements. The streaming current/potential technique requires sufficient coverage of the collector
surface by the colloidal or nanosized particles. This was shown to be the case for the respective system
via a comparison with separate results for the bare NPs. In the inverse system, where SiO2 NPs
were added to TiO2 single crystals, the dependence on NP concentration was studied in more detail
via streaming current measurements at flat surfaces. The results corroborate that very little material
is required to obtain information about the sign of charge of the NPs (under favorable conditions).
With sufficient addition, the properties of the NPs were also retrieved in this case.

We have furthermore shown that different TiO2 NPs (Samples A, B and C) may exhibit very strong
interactions with SiO2 surfaces in aqueous solutions. The interactions of Sample A with SiO2 type
surfaces were found to be strong enough to overcome electrostatic repulsion. Both streaming current
and electrokinetic data suggest that the NPs adhere to a negatively charged surface when they bear a
negative charge themselves. Results from AFM and (S)TEM studies show more direct evidence for
this. The fact that the TiO2 NPs are so strongly retained on the SiO2 support suggests that such purely
inorganic NPs will not be mobile in natural environments, which might be different for NPs that are
stabilized by some organic layer.

The interactions of polymeric radionuclide species with surfaces have been studied by synchrotron
methods [80] without knowledge about the charging properties. Our results involving POMs
suggest that charging properties of such polymeric species could be studied by measurements
of zeta-potentials at flat surfaces. Polymeric species of Plutonium have been reported to be quite
mobile in natural environment [56]. The study of their interaction with surfaces would be an important
step in understanding this unexpected mobility. In several systems, polymeric or colloidal species
of radionuclides have been identified in solubility studies, but neither their composition nor their
physico-chemical properties are precisely known [81,82]. Investigations involving the procedure
suggested here could shed some light on the IEP of such hazardous and potentially mobile species.
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Once concentrated on a support the composition could be further studied. The success obviously
depends on the (known) properties of the support and the (unknown) properties of the NPs, which
requires trial and error or estimates based on available information.

The results that might suggest some effect of size (i.e., Sample C vs. Samples A and B) are in
line with observations that at the very small sizes (i.e., around 10 nm), particle properties start to
change. Thus, the charge density of NPs with identical properties but decreasing size start to be affected
by particle geometry at these very small sizes [83]. Experiments and independent calculations also
support the idea that small NPs exhibit higher surface charge densities [84]. Finally, size can even
affect the point of zero charge as has been demonstrated for ultrafine maghemite NPs (γ-Fe2O3) in
the size range from 12 to 7.5 to 3.5 nm, respectively [85]. According to the literature, particle–particle
interactions between identical NPs of sufficiently small size exhibit non-additivity [35].

Hetero-aggregation under unfavorable conditions for various sizes of TiO2 NPs with SiO2 has
been previously observed [23]. The interaction of the two kinds of NPs has led to the appearance of
new infrared bands [22], which would suggest forces beyond those resulting from barely physical
interactions controlled by charge. This is in agreement with our results under “unfavorable” conditions.

The potential effect of aging on the measured zeta-potentials or electrophoretic mobilities is
beyond the scope of the present study. Since we concluded, in agreement with previous reports, that
there might be chemical interactions between SiO2 and TiO2 samples, it is likely that such interactions
affect the behavior of the binary suspension significantly, for example, due to the dissolution of SiO2

and the adsorption of dissolved silicic acid on TiO2. Aging certainly plays a role in the POM systems,
which was obvious in some of the experimental data.
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