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ABSTRACT: Repeptization (redispersion) from an aggre-
gated state is usually only possible in charge-stabilized colloidal
systems if the system is either coagulated in the secondary
minimum of the interaction potential or if the system cannot
settle completely into the primary minimum. In this work, we
analyze the zeta potential, conductivity, and long-term stability
of colloidal systems of iron(III) pyrophosphate and surpris-
ingly find that the system seems to defy conventional wisdom
as it can be repeptized from its coagulated state regardless of
aging time and background ions. Moreover, after having been
stored for up to a month in 2 M NaCl, dialysis of iron
pyrophosphate will yield a colloidal dispersion that is actually
stable for a longer period of time than a fresh system with background electrolyte removed.

■ INTRODUCTION

Destabilization and coagulation in the primary minimum of the
interaction potential occurs when colliding particles overcome
the repulsion and cross the stabilizing barrier; see Figure 1.
Once trapped, lowering the ionic strength will only repeptize
(redisperse) the particles if there is a distance of closest
approach (or cutoff distance) between the particles, otherwise
repeptization from the deep primary minimum will be

impossible.1 A possible cause for such a cutoff distance in an
electrocratic (charge-stabilized) system arises if interparticle
interactions during a Brownian collision occur under constant
surface charge instead of constant surface potential, as the re-
equilibration needed for a constant potential takes place in a
timespan orders of magnitude larger than that of the collisions.
This implies that the cutoff distance will vanish over time with
equilibration, explaining why aged systems cannot be
repeptized as is indeed often observed.2,3 Other possible causes
for a cutoff distance include surface roughness and the presence
of the hydration layer itself, but these will also vanish over time
by re-equilibration or sintering.1,4−6 Note that we are working
with a system that contains no stabilizing agents such as
surfactants or polymers, making steric stabilization (another
common cause for a distance of closest approach) highly
unlikely.
While repeptization is important from a practical viewpoint

as it governs the ability for colloidal dispersions to be dried,
stored, and redispersed, it is almost exclusively studied when
going from the dried to the dispersed state,4,7 comprising only a
minor part of the phenomenon. However, current literature
agrees that while repeptization from the primary minimum can
be experimentally realized when coagulation is induced by
monovalent background ions and short aging times, the
repeptization of systems aggregated by polyvalent ions is not
possible by simply lowering the ionic strength of the medium: it
needs additional means such as addition of surfactants8 or
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Figure 1. Schematic representations of interparticle interaction
potentials in an electrocratic system: the double layer repulsion
(long dash) and the van der Waals attraction (short dash) together
yield the total interaction potential either without (solid line) or with
(dash-dotted line) a secondary minimum depending on the repulsion
strength. With the introduction of a cutoff distance, the deepest part of
the primary minimum is not available to the particles (dotted lines).
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complexing agents.9 In this work, we further investigate the
long-term stability of colloidal systems of iron pyrophosphate
and unexpectedly find that they can be repeptized independent
of aging time and valence of background ions and without any
further additives.
Iron(III) pyrophosphate (ferric pyrophosphate, FePPi) is the

only iron-containing compound without color, explaining why
it is commercially available as a food additive and mineral
supplement. It is an easily concealable material that is useful for
fighting iron deficiency due to its good bioaccessibility.10−12

We have shown before that, when preparing colloidal iron
pyrophosphate, the material precipitates into nanometer sized
particles that immediately aggregate into ∼200 nm clusters.13

While these clusters remain in dispersion for days, they slowly
grow until the system is macroscopically aggregated. Our
calculations showed that that the initial instability (resulting in
the aggregation into small clusters) is caused by the higher ionic
strength at the start of the precipitation. When precipitation is
complete, the ionic strength is lower, and the clusters have
become (meta)stable. We also observed that the system
consists of two particle sizes: 20 nm particles in the clusters
and 5 nm particles both in the clusters and separate in solution;
see Figure 2. These results, together with cryo transmission

electron microscopy (TEM) analysis, lead us to propose that
the individual 5 nm particles caused the further aggregation by
linking the clusters together.
In the current work, we further investigate the colloidal

stability of FePPi and find that (1) we can prepare a system that
remains stable for more than a year and that (2) we are able to
repeptize a system that has been coagulated under circum-
stances that should not allow for repeptization as discussed
above.

■ EXPERIMENTAL SECTION
Preparation. Samples were prepared as reported elsewhere.13 In

brief, 0.857 mmol of FeCl3·6H2O (Sigma Aldrich) in 50 mL of water
was added dropwise in about 15 min to 0.643 mmol of
Na4P2O7·10H2O (Acros) in 100 mL water while stirring. For the
dialysis experiments, dispersions were dialyzed using Spectra/Por 2
Dialysis Membrane, molecular weight cutoff (MWCO) 12−14.000 Da,
corresponding to roughly 1.5 nm. In each dialysis run, 20 mL of
dispersion in a dialysis tube was stored in 500 mL of medium, which
was replaced with new water every day. For the repeptization
experiment, NaCl, LiCl·xH2O, KCl, MgCl2·6H2O, and AlCl3·6H2O
were all obtained from Sigma Aldrich. All chemicals were used as
received, solutions were prepared in water deionized using a Millipore
Synergy water purification system, which was also used for the dialysis
medium.

Analysis. Dynamic light scattering (DLS) and electrophoretic
mobility analysis measurements were performed using a Malvern
Instruments Zetasizer Nano series machine operating in backscatter
mode at 25 °C with 5 min of equilibration time. Samples for the DLS
time series were filtered over a Minisart disposable cellulose acetate
filter (0.45 μm poresize, 16555-K) and stored in a plastic disposable
DLS cuvette sealed with parafilm. Samples for electrophoretic mobility
measurements were taken from the stock sample, DLS analysis of
these samples showed no difference with the sealed DLS samples. For
cryo-TEM, one drop of unaltered dispersion was placed on a cryo-
TEM grid and blotted for 1 s before being quenched in liquid ethane.
Samples were stored in liquid nitrogen before being analyzed using a
Tecnai 20 electron microscope.

■ RESULTS
A freshly prepared dispersion of iron pyrophosphate was
divided into two portions. One solution was left unchanged
(containing 17 mM NaCl and labeled low salt or LS), and to
the other, NaCl, KCl, or LiCl was added to obtain a 2 M
solution (labeled high salt or HS). Samples were taken from
both dispersions at three intervals: (i) one hour, (ii) 19 days,
and (iii) 35 days after preparation; see Figure 3 for a schematic
overview of the sample preparation. These samples were
dialyzed for three or six days and followed over time by means
of DLS analysis.

For clarity, we divide our results into the description of two
phenomena in this section: (1) the repeptization of aggregated
systems and (2) the long-term stability of (dialyzed) systems.

Repeptization of Aggregated Systems. As can be seen
in Figure 4a, all dialyzed samples (either low salt or NaCl high
salt) were repeptized independent of waiting time or salt
concentration. The low salt samples have cluster sizes of around
200 nm after dialysis, while the high salt samples show sizes of
around 500 nm immediately after dialysis, which slowly
decrease to 400 nm in days. Note that these sizes should not
be interpreted as absolute numbers; polydispersity is very high
in these samples (>30%). The unchanged initial low salt system
shows the characteristic growth found in previous experi-
ments13 and is completely aggregated after 20 days. The cryo-

Figure 2. Three steps in the preparation and aging of the system:
FePPi forms nanoparticles upon precipitation (a) that immediately
form into finite-sized clusters (b). Eventually, these clusters will
aggregate macroscopically (c). As FePPi is prepared from ionic
precursor materials, the ionic strength at the start of the precipitation
(a) is higher than when precipitation is complete (b,c).

Figure 3. Preparation scheme. The freshly prepared dispersion of iron
pyrophosphate (left) is divided into two portions: one is left
unchanged (top row, low salt); one is adjusted to 2 M (bottom
row, high salt). Both are aged and dialyzed at three intervals. The
addition of 2 M salt causes immediate sedimentation. Symbols
correspond to those in Figure 4.
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TEM micrograph depicted in Figure 4b shows no change in
size or number of nanoparticles after 3 days of dialysis, but after
6 days of dialysis, the unbound, approximately 5 nm sized
particles are no longer present (Figure 4c). The pore size of the
dialysis membrane is sufficiently small to prevent the 5 nm
particles from leaking out. Longer dialysis times and different
background cations (K+, Li+) yield similar results (not shown).
Table 1 shows that high salt systems with Mg2+ and Fe3+ as

background ions can also be repeptized although they result in
larger cluster sizes. It should be noted here that the Fe3+ system
is not aged with a 1 M excess, as adding such an amount of Al3+

or Fe3+ completely dissolves the particles. This is most likely
due to a change in pH; see Supporting Information for details.
Because an excess of 0.2 mM arguably leads to aggregation in
the secondary minimum instead of the primary, the system was
aged for one month before dialysis to allow for further
aggregation into the primary minimum.
Dialysis Time and Long-Term Stability. While all

systems were initially repeptized, most systems had aggregated
completely roughly one year after preparation. Figure 4a shows
that the only samples that were still stable after one year were
those prepared by a 3 day dialysis of the high salt system,
independent of waiting time. Note that the high salt systems
that were dialyzed for 6 days have destabilized as well after one
year. The results are summarized in Table 2, the only
preparation route that leads to systems with long-term (more

than one year) stability has been emphasized. In general, all
unstable samples had initial zeta potentials close to −40 mV
that fell below −30 mV after one year, while the stable samples
started out above −50 mV and ended up above −40 mV. It is a
well-known effect for electrocratic systems that the zeta
potential can change sign upon the addition of background
electrolyte due to specific adsorption, although this is usually
found for multivalent ions.14,15

■ DISCUSSION
This section is divided in two parts discussing the two
phenomena, as it is plausible that these are governed by
separate, but related, mechanisms. These phenomena are (1)
the repeptization of aggregated iron pyrophosphate and (2) the
long-term stability of the dialyzed high salt system.

Repeptization. Colloidal iron pyrophosphate shows the
characteristic properties for electrocratic systems like the
dependence of zeta potential on background ionic strength13

and excess precursor salt (see Supporting Information).
However, the repeptization reported here shows some
important differences with that of well-studied redispersible
electrocratic systems such as the silver iodide sols.3,16 First of
all, the iron pyrophosphate system can be repeptized even after
having aged for more than a month, while for most systems, the
repeptization drastically decreases over time.2,3 Second,
colloidal iron pyrophosphate can be repeptized when
coagulated with multivalent ions, something that is impossible
for other electrocratic systems.8,9,16 This unexpected repeptiza-
tion of iron pyrophosphate is likely caused by the amorphous
nature and open structure of the precipitate, which is observed
independent of the preparation method.17 During coprecipita-
tion of FePPi, the 5−20 nm particles immediately form ∼200
nm clusters that slowly aggregate further until they are
macroscopically large. We have proposed that this slow further
growth occurs by connecting the smaller, 5 nm particles that
have a lower stabilizing barrier.13 In none of our (cryo-)TEM
analyses have we found that the resulting open structure of the
clusters collapses completely after full aggregation and aging of
the system. The smallest particles will dissolve first during
dialysis (also indicated in Figure 4b,c) due to their higher
solubility.15 Also, the interactions are very short ranged as we
have shown before (>10 nm).13 Therefore, removing the
linking 5 nm particles will be sufficient to release the clusters
from their aggregated state. This would avoid the need for a
permanent cutoff distance that is often achieved by the addition

Figure 4. Growth of the cluster size over time for the NaCl
repeptization experiment measured by dynamic light scattering (a).
The dispersion without any added salt shows similar growth as before
(light ◊). The dispersion with an additional 2 M NaCl could not be
accurately analyzed due to the macroscopic size of the particles but is
indicated for reference (dark ◊). Dialysis (three days) performed
immediately (○), 19 days (▽), and 35 days (□) after preparation, red
arrows indicate dialysis steps. Symbols correspond to those in Figure 3.
Cryo-TEM analysis of the low salt system dialyzed for three days
immediately after dialysis (b) shows no difference with previous
images, two individual 5 nm are indicated with circles. After six days of
dialysis, the 5 nm particles are absent (c).

Table 1. Dynamic Light Scattering, Zeta Potential, and
Conductivity Results of the High Salt Systems with
Multivalent Ions

sample
dialysis
duration

size
(nm)

zeta potential
(mV)

conductivity
(mS/cm)

1 M MgCl2 no dialysis 10000a +14a 110
3 days 590b −25 0.07
6 days 610b −29 0.03

0.2 mM FeCl3 no dialysis 10000a +4a 2.5
3 days 570b −27 0.04
6 days 750b −27 0.04

aThese are indicative values as size and measurement polydispersity
are too large for accurate analysis. Sizes larger than roughly 1000 nm
usually indicate macroscopic aggregation in this system. bStable
systems.
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of surfactants. The process is schematically summarized in
Figure 5.

Long-Term Stability. The results are schematically
recapitulated in Figure 6, emphasizing the specific preparation
route that leads to the system with long-term stability (d,
highlighted in gray). The most obvious difference between the
stable and unstable systems is the zeta potential: while the
potentials and conductivities of Figure 6c,e,f are equal within
error limits, the potentials of c and d are very far off while they
are at similar conductivity. It is not immediately clear why a
system prepared in this way yields a stronger zeta potential (d)
or why it subsequently decreases again with longer dialysis time
(f).
While we currently have no ready explanation for this

phenomenon, the long-term stability of the high salt system
dialyzed for three days is likely due to its stronger zeta-

potential: it is the only system with a zeta potential (ZP) below
−50 mV. We expect that this is caused by a combination of
surface effects and the slight solubility of the material (see
Supporting Information), and we consider the following model.
In this model, some modification of the particle surface occurs
at the highest ionic strength (Figure 6b). Possible causes for
this are specific adsorption of background electrolyte,
preferential dissolution of one of the components, or
generation of extra surface charges facilitated by the strong
screening at high ionic strength. However, in none of our
previous studies have we found evidence for either specific
adsorption of Cl− ions or preferential dissolution of Fe3+.
Upon dialysis (of three days), the excess electrolyte is

removed, but the surface remains altered with the additional
charge remaining on the particle, resulting in a more negative
zeta-potential (comparing c and d) and the observed long-term
stability. Dialysis of another three days then etches the surface
of the particles due to the slight solubility of the material,
resulting in a clean surface similar to the low salt system
(comparing e and f).
To identify the mechanism behind this phenomenon, it

would be insightful to know the exact surface composition of
the particles at the various states in Figure 6. Unfortunately,
because of the small size of the particles and the beam-
sensitivity of the material,17 we have yet to find a suitable
technique to analyze this.

Table 2. Dynamic Light Scattering, Zeta Potential, and Conductivity Results of the Low Salt and High Salt Systems

size (nm) zeta potential (mV) conductivity (mS/cm)

sample dialysis duration 0 days 360 days 0 days 360 days 0 days 360 days

low salt no dialysis 210b 4000a −37 −25a 2.20 2.4
3 days 220b 1000a −35 −26a 0.02 0.146
6 days 210b 1000a −38 −24a 0.02 0.085

2 M NaCl no dialysis 4000a 14000a +8a 163
3 daysb,c 440b 410b −55 −43 0.03 0.111
6 days 360b 2000a −37 −17a 0.01 0.080

aIndicative values, size, and measurement polydispersity are too large for accurate analysis. Sizes larger than roughly 1000 nm usually indicate
macroscopic aggregation in this system. bStable systems. cThe only preparation route that leads to systems still stable after one year (high salt Na+

dialyzed for 3 days). Note that this behavior has been observed in multiple samples, see Figure 4a.

Figure 5. Repeptization by dissolution. The clusters formed after
precipitation (a) are connected by the 5 nm nanoparticles during aging
(b). During dialysis, the smallest particles will dissolve first, releasing
the clusters from their aggregated state (c). Images on the right are
from cryo-TEM analysis. TEM in panel b reprinted with permission
from ref 13. Copyright 2012 Elsevier.

Figure 6. Schematic overview of the results. The freshly prepared
system (a) is divided in two parts: one is left as-is; the other is adjusted
to 2 M salt (b). Both samples are dialyzed for three days (c,d) or six
days (e,f). The only system with long-term stability (1+ year) is
highlighted in gray (d). Zeta potentials (ZP) and conductivities (C)
are stated next to each sample.
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■ CONCLUSIONS
We report two findings. (1) Colloidal systems of iron
pyrophosphate destabilized by the addition of a large excess
of salt can be repeptized by means of dialysis, independent of
waiting time or concentration and valence of excess salt. This is
surprising as the system shows most of the characteristics
expected for an electrocratic system, and we have not seen this
elsewhere in literature. We argue that this unexpected
repeptization can be explained by the open structure and
limited solubility of the material. (2) The stability of colloidal
iron pyrophosphate can be increased by the addition of salt and
subsequent dialysis of the sample, but excessive dialysis of such
a sample again leads to stability comparable to a system
dialyzed just after preparation. This is most likely due to the
complex interplay between the experimental conditions and the
zeta potential of slightly soluble materials, causing a stability
optimum at a certain ionic strength and surface composition.
Understanding of these two mechanisms will be helped greatly
by analysis of the surface composition of the particles at various
states during dissolution (for the repeptization) and at various
compositions of the medium (for the long-term stability).
However, because of the beam-sensitivity and small size of the
particles, we have yet to find a suitable analysis technique for
this.
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