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Nanoparticle agglomeration is a naturally occurring physicochemical process which is utilized for environmental
remediation. Investigations of agglomeration equilibria have hitherto been challenging because of the lack of an
appropriate in-situ analytical method. We investigate dynamic equilibria between individual and agglomerated
hematite nanoparticles in 20mMKCl solution at pHbetween 2.0 and 4.0 using the newly establishedparticle-im-
pact chronoamperometry. The results reveal that the electrochemical technique primarily detects individual
Fe2O3 nanoparticles dissociated from the agglomerates indicative of the rapid and reversible nature of the ag-
glomeration/dis-agglomeration process. A shift of the agglomeration equilibria towards cluster formation as
pH increases from 2.0 to 4.0 is made apparent by the changes in the relative number and the size distribution
of the monomeric nanoparticles detected. The work demonstrated herein opens a new way of investigating
the agglomeration behavior of mineral nanoparticles in aquatic media.

© 2016 Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Main text

Hematite (α-Fe2O3) is a naturally ubiquitousmineral and is themost
thermodynamically stable form of iron oxide in the Earth's upper crust
[1]. Owing to its photoelectrocatalytic properties, it has gained signifi-
cant technological interest in recent years [2]. This mineral also plays
various important roles in natural settings. In particular it is an effective
adsorbent for various pollutants, such as natural organicmatters [3] and
(in)organic colloidal particles [4], that are then removed from the
groundwater or transported. The ability of the colloidal iron oxide to re-
mediate groundwater is becoming increasingly important due to the
vast amounts of engineered nanomaterials that have been released
into the natural water systems in recent years [5]. Sedimentation pro-
moted by agglomeration with the naturally occurring nanoparticles is
a key process to determine the fate of potentially toxic nanomaterials
of anthropogenic origins in aquatic systems [6]. In this respect, knowl-
edge of the dynamic equilibria of hematite nanoparticles agglomeration
in an aqueous solution is essential.

The term “agglomeration” used throughout this article describes a
reversible adhesion of dispersed particles driven byweak physical forces
[7]. This is in contrast to aggregation, which IUPAC [7] defines as an irre-
versible assemblage of nanoparticles. For minerals, whose chemical
properties are defined by their crystal structure, aggregate formation
occurs under special circumstances such as at 100 °C for hematite dur-
ing forced hydrolysis, whereas individual particles in agglomerates are

separated by grain boundaries. Agglomeration behavior of nanoparti-
cles has been challenging to investigate using conventional methods.
For instance, electronmicroscopies require drying samples before anal-
ysis, which itself induces the formation of agglomerates [8]. Nanoparti-
cle tracking analysis (NTA) is more suitable for the purpose because of
its ability to track individual diffusible entities [9]. Still, this technique
is largely indiscriminate and requires careful analysis to determine the
size of monomers; it is also limited to relatively large nanoparticles
(N30 nm), nor it can be applied to optically opaque media. Particle-im-
pact chronoamperometry offers a unique alternative way of particle
sizing that can complement the conventional methods to investigate
dynamics of hematite agglomeration. Based on the random motion of
dispersed nanoparticles to collide with a stationary microelectrode,
this electrochemical technique has been successfully utilized for the
characterization of various nanoparticle systems [10–12]. This tech-
nique has been applied to address the reversible nature of silver nano-
particle agglomeration in aqueous solutions that contained various
concentrations of KCl to provide proof-of-concept for this study [13].
Further investigation has shown that, when the agglomeration/dis-
agglomeration process is sufficiently faster than the voltammetric time-
scale (i.e. r2 /D where r is the radius of the microelectrode and D is the
diffusion coefficient of a nanoparticle), this technique preferentially de-
tects dis-agglomerated particles, or monomers, that are less affected by
the near-wall diffusional hindrance than larger clusters [14]. This tech-
nique is therefore employed herein to obtain insights into the agglom-
eration behavior of the Fe2O3 mineral in a simple aqueous solution of
20 mM KCl. The pH of the electrolyte solution was varied between 2.0
and 4.0 using 20 mM HCl prior to the addition of hematite. In light of
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the point of zero charge of themineral being ca. 9.2 [15], the fundamen-
tal mechanism of nanoparticles agglomeration is expected to be the
same as at pHs more commonly found in the natural environment;
the pH of this study provides better colloidal stability. There was no sig-
nificant change in the pH of the electrolyte solution after the addition of
hematite nanoparticles. Under the experimental conditions, the ionic
strength is below the critical coagulation concentration, which also en-
sures the stability of colloidal suspension [15], while it is high enough
for the electrochemical reaction to be fully diffusion controlled [10].

Hematite nanoparticles studied in this work were prepared previ-
ously [16] by forced hydrolysis and stored in a suspension in the dark.
Initial assessment of size distribution of monomers was carried out
using transmission electron microscopic (TEM) images (Fig. 1). The
mean diameter of 538 individual particles identified from the TEM im-
ages was 35.3 ± 4.5 nm. The inset of Fig. 1 shows clustered nanoparti-
cles, which probably formed during the deposition onto a copper grid.
Individual particles have a quasi-spherical shape, as expected for syn-
thetic hematite prepared by the hydrothermal method [15]. No chemi-
cal impurity was detected from the colloidal hematite by an X-ray
photoelectron spectroscopic analysis (a Kratos Axis Ultra electron spec-
trometer, result not shown). Powder X-ray diffraction spectroscopy (a
Bruker d8 Advance X-ray diffractometer) was used to ensure that this
synthetic mineral has the rhombohedral structure, a characteristic crys-
tal structure of hematite, α-Fe2O3 [17], (result not shown).

An independent assessment of particle agglomeration with respect
to pH is provided by NTA, which was performed by placing a small ali-
quot of hematite pre-dispersed in either 20 mM KCl solution or in
pure water in a thin optical cell. A NanoSight LM20 system (Malvern In-
strument) equipped with a 640 nm laser source and a 20× magnifica-
tion objective lens was used to visualize the particles. A video of the
Brownian motion of the suspended hematite particles/clusters was re-
corded for the duration of 1 min. It was then processed using the NTA
3.1 analysis software to obtain a size distribution, which is summarized
in the histogram (Fig. 2a). Thismeasurementwas repeated to ensure re-
producibility of the observations. Hematite nanoparticles dispersed in
ultrapure water (Fig. 2a, top histogram) shows the mean diameter of
65 nm and majority of signals are collected from the particles smaller
than 110 nm. This relatively narrow size distribution is comparable to
that from TEM images shown in Fig. 1. Agglomeration is observable
from hematite nanoparticles dispersed in the pH 2.0 system (Fig. 2a,
second from the top). This occurs partly because the addition of electro-
lyte ion decreases the dielectric constant of the aqueous solution and
the electrostatic repulsion between nanoparticles, in accordance to the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [15] and partly to
maximize the entropy ofmixing of the system [18]. Nonetheless, the de-
gree of agglomeration is low at this pH; the size distribution is rather
similar to that in ultrapure water.

At pH 3.1, the histogram shows that the size distribution has shifted
towards larger particles (Fig. 2a, second from the bottom) indicating en-
hanced agglomeration above pH2.0. Thismay be attributable to the sur-
face potential of hematite particles being decreased by the increase in
pH as predicted by the surface complexation model [19]. Metal oxides
are particularly sensitive to solution pH as the surface consists of
oxy(hydr)oxide functional groups [19]. The highest degree of cluster
formation in this study is observed at pH 4.0 (Fig. 2a, bottom), as indi-
cated by the widest size distribution and a significant decrease in the
concentration of the detectable entities (Fig. 2b). Fewer signals are
also seen in the NTA experiment of the agglomerated sample because
the larger entities diffuse more slowly. Based on these results, it is evi-
dent that agglomeration occurs at pH between 2.0 and 4.0, as indicated
by thewidening of the size distribution. It cannot be confirmed from the
histograms, however, whether there is an equilibrium between individ-
ual and agglomerated nanoparticles. For that, particle-impact
chronoamperometry is particularly useful to monitor monomers as
larger agglomerates are less detectable due to their slow diffusion.

Particle-impact chronoamperometry was conducted using a con-
ventional three-electrode setup and aMetrohm μAutolab II potentiostat
(Utrecht, the Netherland) with Nova (v.1.11.2) as an operating
interface. Prior to the experiment, the metal oxide nanoparticles
(42 mg L−1 or 0.46 nM estimated based on the particle size of
35.3 nm in diameter) were thoroughly dispersed in degassed 20 mM
KCl at pH between 2.0 and 4.0 by ultrasonic agitation for 5 min. A min-
imum of thirty five chronoamperograms were recorded at each pH at
25 °C at a well-polished gold microelectrode (11 μm in diameter) for
the duration of 50 s at the applied potential between −0.4 V and
−0.2 V vs. standard calomel electrode (SCE, 0.242 V vs. normal hydro-
gen electrode). Chronoamperograms recorded in the presence of hema-
tite nanoparticles show reductive spikes (Fig. 3) indicative of the
reduction of the iron oxide to ferrous ions upon collision with a station-
aryworking electrode [20]. The shape of the spike depicted in the figure
which is consistently observed throughout this study results from the
electro-dissolution process being faster than the bandwidth of filter
used in the potentiostat. Nevertheless, the original charge generated
from the electrochemical process is fully conserved by the electronics
of the system [21]. Sufficiently high potentials are applied to ensure
that the reduction of hematite nanoparticles is diffusion controlled
(the most cathodic overpotential for this process at pH 2 is reportedly
at around +0.25 V vs SCE [20]). This is also confirmed in this study

Fig. 1. Histogram showing the size distribution of hematite nanoparticles based on the
measurements of 538 individual particles captured in TEM images. The mean diameter
is found at 35.3 ± 4.5 nm. Inset: a representative TEM image of hematite nanoparticles.

Fig. 2. a) Histograms of the size distribution of hematite based on NTA. The top histogram
is from hematite nanoparticles dispersed in ultrapure water while in others it was
dispersed in 20 mM KCl at pH as noted in the figure. b) The concentration of detectable
entities in each pH system as measured from NTA. Standard error of the mean is shown
in the figure.
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