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ABSTRACT

Aqueous particle suspensions of many kinds are stabilized by the electrostatic potential developed at
their surfaces from reaction with water and ions. An important and less well understood aspect of this
stabilization is the dependence of the electrostatic surface potential on particle size. Surface electrostatics
are typically probed by measuring particle electrophoretic mobilities and quantified in the electrokinetic
potential ({), using commercially available Zeta Potential Analyzers (ZPA). Even though ZPAs provide
frequency-spectra (histograms) of electrophoretic mobility and hydrodynamic diameter, typically only
the maximal-intensity values are reported, despite the information in the remainder of the spectra.
Here we propose a mapping procedure that inter-correlates these histograms to extract additional
insight, in this case to probe particle size-dependent electrokinetics. Our method is illustrated for a
suspension of prototypical iron (III) oxide (hematite, «-Fe,03). We found that the electrophoretic mobility
and {-potential are a linear function of the aggregate size. By analyzing the distribution of surface site
types as a function of aggregate size we show that site coordination increases with increasing aggregate
diameter. This observation explains why the acidity of the iron oxide particles decreases with increasing
particle size.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Most particles immersed in an aqueous solution develop a sur-
face charge that stabilizes their suspension [1]. The charged surface
attracts electrolyte ions resulting in a spatial charge distribution
known as the electrical double layer (EDL) [1,2].

0021-9797/© 2016 Elsevier Inc. All rights reserved.
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If charged particles are subjected to an external electric field,
they move in the field together with a part of the surrounding ionic
atmosphere (i.e., rigid part of EDL) [1]. The electrostatic potential
developed at the boundary between this rigid part and the remain-
ing EDL structure is referred to as the electrokinetic potential
(¢-potential) [1]. The ¢-potential is one of the most important
EDL-descriptors, essential in assessing suspension stabilities, bac-
teria/viruses adhesion, and biomolecules surface electrostatics
(e.g., proteins, liposomes, micelles) [3-8]. The {-potential is calcu-
lated from the electrophoretic mobility (i), which is a readily
accessible property in a variety of experimental techniques
based on the electrokinetic phenomena, however it is the most
frequently obtained using Zeta Potential Analyzers (ZPA).

Commercially available ZPAs can record the electrophoretic
mobility of suspended charged particles and their hydrodynamic
diameter by exploiting the phenomenon of dynamic light scatter-
ing (DLS) [9-13]. In typical settings, ZPA provides frequency spec-
tra (histograms) of the electrophoretic mobility or corresponding
{-potential and particle hydrodynamic diameter (dpydr,). Unfortu-
nately, only the average or maximal-intensity values are usually
reported, thus a large amount of data associated with the shapes
of these spectra are typically ignored despite their huge potential
value.

In this report we propose a method to more fully utilize avail-
able data by mapping u. (or {) and dyyar distributions, which we
will show can allow one to gain insight into the size-dependency
of particle surface electrostatics. We illustrated our method for
the prototypical iron (IIl) oxide hematite («-Fe,03). Hematite is a
naturally occurring semi-conductor, and one of the most stable
iron (III) oxide minerals among a wide range of possible iron oxide
phases. On the basis of the Kelvin equation it is generally accepted
that the reactivity of hematite particles will increase with decreas-
ing particle size, however at the nanoscale particle stability is not
easily predictable and much is left to be understood [14]. Although
our procedure is illustrated for metal oxide particles, we believe
that it can be applied to other suspensions.

2. Materials and protocols

Hematite (-Fe,03) nanoparticles (20-40 nm in diameter) were
purchased from SkySpring Nanomaterials Inc. (99% «-Fe,03).
The {-potential and hydrodynamic diameter were measured by a
commercially available ZPA (NanoBrook 90Plus Zeta Potential
Analyzer, Brookhaven Instruments Corporation, US). The titrations
were carried out under argon atmosphere. All solutions were pre-
pared using the distilled and deionized water and analytical grade
electrolytes (KNO3, KOH, HNOs). Particle suspensions were pre-
pared 12 h before titrations in 0.001 mol/dm® KNO; electrolyte
and kept at pH = 3.

2.1. Methodology

2.1.1. Experiment

Quasi-elastic dynamic light scattering (DLS) is the phenomenon
behind the diameter and electrophoretic mobility measurements
presented in this report. The DLS-apparatus measures the intensity
autocorrelation function of light scattered by the suspended parti-
cles (c(t)). The particles are subjected to Brownian and elec-
trophoretic (in case of the {-measurement) forces, resulting in a
fluctuation of scattered light intensity (Doppler effect) [15,16].

2.1.2. Analysis

The normalized c(t) function is related to a particle diffusion
coefficient via the dynamic structure factor providing that the
magnitude of the scattered electric field (or intensity) obeys

Gaussian statistics (Siegert relationship) [16]. By knowing the
diffusion coefficient (D) one can calculate the hydrodynamic
particle diameter, for instance by using the Stokes-Einstein rela-
tionship: dnyaro = ksT/(37nD) (where k; is the Boltzmann constant,
n is a medium viscosity, and T is temperature). In order to convert
electrophoretic mobility to {-potential, an appropriate electroki-
netic theory has to be used for a given double-layer thickness
and particle radius [17]. The thickness of the EDL is defined by
the Debye length k! as:
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where € is the dielectric constant for solution, €, is the vacuum per-
mittivity, ks is the Boltzmann constant, T is temperature, z; and c¢;
are the charge number and molar concentration of ion i. In the case
presented here (i.e., 0.001 mol/dm>® KNOs, T =25 °C, € = 78.54) the
EDL thickness (1) is equal to 9.62 nm.

In the case of a thin double layer (k! < a, where a = dpyqy,/2 is
a particle radius), the {-potential is given by the Smoluchowski
relation (or Helmholtz-Smoluchowski) [17]:
. Ul
(= (2)
In the case of a thick double layer (k! > a), the (-potential is
related to the electrophoretic mobility via Hiickel equation (or
Hiickel-Onsager) [17]:

3 uen
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To convert u, to { for systems in the xa range between thick and
thin EDL extremes one can use Henry’s formula [17]:
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where f (ka) is the Henry’s function that varies smoothly between
1 (xa < 1, Hiickel) to 1.5 (xa > 1, Smoluchowski). The Henry’s
function can be approximated by the following Ohshima’s relation
[18,19]:

fi(ka)=1 +% {1 * (Ka(l + 22;(13(—Ka))>}3 )

2.1.3. Mapping probability distributions

In this report we propose to fully utilize the data collected by a
commercial ZPA to gain an insight into the particle-size-dependent
electrostatics. We propose to map the particle size (dpyar,) Onto
electrophoretic mobility (u.) by exploiting the reversibility [20]
of their normalized probability distributions (P). Provided that pro-
portionality relationship between u, and dyyar is known, then by
setting P~ (1) = P7'(d) one can get u, = f(dnyaro) (where P7' is
an inverse of P).

On the one hand, this mapping procedure does not require any
specific functional form of P, provided that a reversible (or piece-
wise reversible) representation can be established. Here however,
we approximated the experimental histograms by a Gaussian func-
tion for the sake of computational simplicity.

On the other hand, one may notice that Gaussian statistics are
inherent to many aspects of the DLS measurements. For instance,
the Doppler broadening of scattered light frequencies (phenomena
behind dynamic scattering) obeys the Gaussian distribution with a
width of peak at half-height related to the particle diffusion coeffi-
cient [2]. The intensity autocorrelation function - the quantity
directly measured in DLS - is also related to the structure factor
only if the magnitude of scattered electric field/light intensity is
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described by a Gaussian distribution [16]. What is more, the posi-
tional correlation function, which is related to the structure factor
via the Fourier transform, is also given by Gaussian statistics pro-
viding particles are subjected only to random (Brownian) motion
[21]. It is of course a manifestation of how important Gaussian
statistics is in physicochemical measurements (cf. Central Limit
Theorem, CLT) [22,23]. In summary, one could expect that the size
and u, histograms provided by commercially available ZPAs should
in principle be Gaussian. This is consistent with an assumption that
the DLS measurement is carried out in a linear-response regime as
well as the fact that light received by a detector is a superposition
of independently scattered photons [15,23].

In summary, our mapping procedure consists of the following
steps (see Supporting Information for details):

1. calculate normalized distribution functions P(u,), P(dpnyqr) from
the experimental histograms of u, and dhydro,

2. calculate inverse functions: u, = f'(P) and dq, =f'(p),

3. if |{| increases with an increasing particle size then map
P(dhyaro) — P(—u.) for pH>IEP and P(dnar) — P(u.) for
pH <IEP; if |{ decreases with increasing particle size then
reverse the mapping.
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Fig. 1. Schematic model of the electrical double layer (EDL) developed at the
spherical o-Fe,03 particle/electrolyte interface (a): electrokinetic potential ()
forms at a boundary between the rigid and mobile parts of EDL (i.e., at the shear
plane). In panel (b) we show the electrokinetic curve ({-potential and elec-
trophoretic mobility, u.) for our hematite particles (({) = f(pH), (u.) =f(pH),
isoelectric point is the pH value at which ({) = (u.) = 0).

3. Results and discussion

In Fig. 1a we show a schematic representation of the EDL
formed at nanoparticle hematite/electrolyte interfaces. The surface
electrostatics of oxide minerals is primarily governed by the solu-
tion pH. The surface charge of oxide particles is formed due to pro-
ton uptake and release by surface-exposed hydroxyl groups,
therefore the EDL descriptors (here (-potential) are typically
reported as a function of pH [2,24]. Electrophoretic mobility and
{-potential have positive values in acidic and negative in alkaline
pH region. In particular, the pH value at which u, ={=0 is a
unique EDL quantifier and it is referred as the isoelectric point
(IEP). In Fig. 1b we show the measured pH-dependencies of the
u, and {-potential for the hematite particles at different pH values.
The presented u. and ¢ values are the maximal-intensity ones that
are averaged over several measurements. The observed IEP (6.1) is
consistent with the theoretically predicted point of zero charge
(PZC) of the (001) crystal face of hematite [25-27].

3.1. Calculating {-potential from u,

As shown in Fig. 2b the hematite aggregate diameter is between
25 and 650 nm in the considered pH-range, this corresponds to ka
values between 120 and 3126 - clearly in the thin-double layer
regime (xa > 1, Smoluchowski Eq. (2)). In addition, the values of
|¢| are below 50 mV (Fig. 1b), and u. decreases with increasing
KNOs concentration confirming that a stagnant-layer conductivity
and concentration polarization are negligible.

In Fig. 2a and b we present the probability distribution func-
tions of the electrophoretic mobility (u,, Fig. 2a) and the hydrody-
namic diameter (dnydro, Fig. 2b). The distributions are obtained by
averaging individual histograms collected in seven independent
measurements, and fitting to a Gaussian function (see Supporting
Information).

As the pH approaches the IEP the absolute values of the elec-
trophoretic mobility and ¢ potential decrease (Figs. 1b and 2a).
As a result the electrostatic repulsion - essential in suspension sta-
bility - weakens and particles start to aggregate (see change in
dhyaro, Fig. 2b). The structure and density of aggregates are critical
for their potential influence to overprint the size-dependent reac-
tivity (e.g., reductive dissolution [14,28]), so our proposed method
is potentially useful for relating the electrokinetic potential to
those physical characteristics of particle aggregates.

3.2. Relationship between { and dpydro

In Fig. 2c and d we present the mapping procedure for
Gaussian-fitted histograms of u. and dyyqr. In order to carry out
the mapping we divided the function domain into two reversible
subdomains (see Supporting Information). Note that our mapping
procedure requires prior knowledge of whether |{| increases or
decreases with aggregate size. In principle, aggregates should obey
the same relationship between u, and size as observed for
monodispersed suspensions with varying particle sizes.

Unfortunately, reported experimental data provide an unclear
relationship between particle size and { potential. For instance,
He et al. [29] and Sheng et al. [30] showed that |{| increases
with increasing particle size, whereas Madden et al. [31]
reported an opposite trend (i.e., |{| decreases with increasing
particle size).

He et al. [29] showed that as the particle size decreases the
aggregation rate increases and the critical coagulation concentra-
tion decreases. This suggests that smaller particles are less charged
than the larger ones and their electrostatic repulsion is screened at
lower concentration of background electrolyte. However, as the
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Fig. 2. Gaussian-approximated histograms of electrophoretic mobility, u. (a) and hydrodynamic diameter (b). A mapping procedure (P(u.) — P(dnyaro)) is illustrated in the

panels: (c) reverse mapping P(dpnyar) — P(—t.) and (d) direct mapping P(dnyaro) —
reversible subdomains (red/blue for u. and green/orange for dyyar) taking into

P(u,). The distribution domains (i.e., range of u, and dyyar values) are divided into two
account only 95% of the recorded values (empirical three-sigma rule, see Supporting

Information for details). One can also map the hydrodynamic diameter into {-potential providing that correct electrokinetic theory is applied to convert u, into { (see

discussion in Ref. [17]). (For interpretation of the references to color in this figure

ionic strength increases the size-potential relationship is less pro-
nounced due to thinner electrical double layers around particles
and more screened electrostatic repulsive forces [29,30]. For
instance, He et al. [29] and Sheng et al. [30] reported that there
is no significant difference in { potential between 12 and 65 nm
particles (for 100 mM NaCl) [29] and between 12 and 65 nm parti-
cles (for 60 mM NacCl) [30]. What is more, Madden et al. [31] have
reported that |{| is larger for 7 nm particles than for 25 nm particles
(for 100 mM Nacl).

In the case of dilute electrolyte solution, |{| should decrease
with particle size[29,30], therefore we map P(dpyq4,) onto P(—u.)
for pH > IEP and P(dpy4r) onto P(u.) for pH < IEP (Fig. 2¢,d). If on
the other hand |{| increases with particle size, as observed by Mad-
den et al. [31], one should reverse the mapping (i.e.,
P(dhyaro) — P(—1te) for pH < IEP, P(dpyar,) — P(u) for pH > IEP).

legend, the reader is referred to the web version of this article.)

Mapping of aggregate diameter onto {-potential is equivalent in
our case as the Smoluchowski relation is valid for our conditions
(see Supporting Information).

In Fig. 3 we show the size-dependencies of the electrophoretic
mobilities and corresponding {-potential obtained by applying
the distribution mapping procedure. Surprisingly, both u, and cor-
responding {-potential are linear functions of the particle (aggre-
gate) size. Although Smoluchowski’s formalism is valid for our
system, we have also presented in Fig. 3 the (-potential values
obtained using Hiickel (Eq. (3)) and Henry’s formulas (Eq. (4)).

3.3. Size-dependent particle acidity

To understand why the values of |u.| and |{| increases with
increasing particle size, we generated a number of hypothetical
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Fig. 3. Size-dependencies of u. and {-potential of the hematite particles at various pH - obtained by mapping P(u.) and P(dyyar)) distributions. The mapped mobility (left-
hand side, ue = f(dnyaro)) is converted to {-potential (right-hand side) using Smoluchowski (Eq. (2)), Hiickel (Eq. (3)) and Henry/Ohshima’s (Egs. (4) and (5)) formalisms. See
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Supporting Information for mapping details.

spherical «-Fe,03 particles and analyzed the populations of surface
proton-reactive groups (=Fe,0, where n indicates Fe-coordination
of the surface O atoms). Our modeling is based on the crystal

dhydro [nm]

structure reported by Blake et al. [32]. Not surprisingly, this analy-
sis shows that as the particle size increases, the molecular-scale
curvature decreases, which leads to more complete coordination
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of surface exposed oxygen atoms to lattice Fe (triply coordinated
=Fe30 in particular, see Supporting Information). Because these
triply coordinated surface sites are less reactive [25,26], the surface
becomes less acidic, consistent with observed increases of the IEP
and PZC values with increasing particle size. This less acidic surface
is also more inert in terms of surface reactivity [31,33-38].

In summary, we calculated that the particle-size dependence of
PZC and IEP values originates from the decrease of surface acidity
due to an increasing proportion of higher-coordinated and less
acidic surface sites with increasing particle size (see Supporting
Information).

However, particle-size-dependent reactivity is also affected by
other factors including particle morphology, porosity, structure
(crystal vs aggregate), and type of surface reactions considered
[14,39,40]. For instance, Lanzl and coworkers [14,28] reported that
the aggregate size has little effect on the rate of reductive dissolu-
tion, which in contrast is affected by the size of primary particles
(aggregate grains) [14,28].

It is important to emphasize that the linear relationships
Ue = f(dnydro), { = f(dnyaro) are valid only within the experimental
domains of u, and dpyq4r,. What is more, experimental histograms
of dnyaro and u, may not provide a monotonic distribution function,
if this is the case then our procedure provides an unambiguous
mapping only for the monotonic subdomains of the distributions.
Although the mapping procedure applied for hematite particles
assumes that |{| increases with increasing particle size as sug-
gested by He et al. [29] and Sheng et al. [30], the observed linearity
is independent of that assumption.

4. Conclusions

In this report, we propose a mapping of the histogram of hydro-
dynamic diameter onto the histogram of electrokinetic potential to
provide insight into the size-dependencies of the electrophoretic
mobility (u.) and corresponding {-potential for a model iron oxide
- hematite (a-Fe,03). It is generally accepted that reactivity of
hematite nanoparticles decreases with increasing particle size,
however the underlying cause of that phenomenon has not, until
now, been sufficiently explained [14].

Here, we found that u, and {-potential increase linearly with
increasing particle size. This is a manifestation of size-dependent
electrochemical reactivity of hematite particles, which is caused
by an increasing proportion of inert, triply coordinated surface
groups (=Fe30) as the particle size increases. A change in the pop-
ulation density of the most reactive surface group as the particle
size changes explains why smaller particles are more acidic than
larger ones.

Furthermore, our procedure allows one to fully utilize the data
collected by commercial ZPAs, which otherwise are often disre-
garded. We believe that the probability mapping can have a much
broader application that we demonstrated here for o-Fe,03 parti-
cles. Such mapping strategies can be useful in studying a size-
dependent surface electrostatics of biologically relevant particles,
including viruses and bacteria.
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