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Ferric pyrophosphate is a widely used material in the area of mineral fortification but its synthesis and
properties in colloidal form are largely unknown. In this article, we report on the synthesis and
characterisation of colloidal iron(Ill) pyrophosphate particles with potential for application as a food
additive in iron-fortified products. We present a convenient and food grade synthetic method yielding

stable colloids of nanometre size with a distinctive white colour, a unique characteristic for iron-contain-
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ing colloids. Physical properties of the colloids were investigated using different techniques, to assess
particle crystallinity, surface charge, mass density, refractive index, internal structure, elemental compo-
sition and magnetic properties. The findings of this research are especially relevant for food and beverage
science and technology and will help develop a more effective use of these fortifiers in colloidal form.

© 2013 Elsevier Ltd. All rights reserved.

1.Introduction

The increasing knowledge of the relationship between food
ingredients and their impact on human health is the origin of the
growing demand for functional foods. Essential micronutrients,
such as calcium, iron and zingc, just to mention a few, are not pro-
duced by the body and have to be introduced through a healthy
and assorted diet or via food supplements. In particular, iron defi-
ciency is very common, not only in developing countries, but also
in industrialised countries and it is the main cause of anaemia
(Zimmermann & Hurrell, 2007). In addition, consumers tend to
prefer addressing common health problems such as mineral defi-
ciency, obesity, diabetes, and cardiovascular health using food
products rather than drugs (Diplock et al., 1999; Niva, 2007). The
major issue is that delivery of iron in food products or supplements
can be very problematic (Velikov & Pelan, 2008). Water-soluble
iron salts (e.g. ferrous sulfate) are easily formulated and absorbed
(good bioavailability), but often produce substantial changes in the
colour and taste of foods. On the other hand, insoluble or poorly
water-soluble compounds (e.g. ferric pyrophosphate), which gen-
erally cause less sensory change and are more stable in food, are
not well absorbed (low bioavailability) (Hurrell, 2002).
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Decreasing the size of insoluble iron-containing compounds,
such as iron(Ill) pyrophosphate (ferric pyrophosphate, hereafter
FePP) (Fidler et al., 2004) or iron phosphate (Hilty et al., 2010;
Rohner et al.,, 2007) to nanoscale colloidal particles, can signifi-
cantly increase the iron absorption without giving rise to organo-
leptic changes in the product (Velikov & Pelan, 2008). The high
bioavailability and absorption of FePP nanoscale particles was
demonstrated in rats and humans (Fidler et al., 2004; Wegmuller,
Zimmermann, Moretti, & Arnold, 2004). Despite the wide use of
ferric pyrophosphate, many of the basic properties of its colloidal
form are not well established and only very recently insights into
the colloidal stability and morphology of ferric pyrophosphate
mixed salts were obtained (Van Leeuwen, Velikov, & Kegel,
2012a, 2012b, 2012c¢).

In this article we describe a study on the preparation of colloidal
FePP particles of nanometre size, with a focus on characterisation
of their physicochemical and material properties, as possible can-
didates for iron delivery systems.

2. Materials and methods
2.1. General procedure for particle preparation

Colloidal pyrophosphate particles were prepared using a
straightforward precipitation reaction, (Van Leeuwen et al., 2012c)
mixing sodium pyrophosphate decahydrate (NasP,0--10H,0,
>99%; Merck) and iron(III) chloride hexahydrate (FeCl3-6H,0, ACS
reagent 97%; Sigma-Aldrich) solutions. The net precipitation
reaction is:
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4FeCls(aq) + 3NasP,0;(aq) — Fes(P,0,)3(s) + 12NaCl(aq) (1)

Reactions were performed at room temperature mixing stoichi-
ometric ratios of reactants (4:3). In a typical reaction 20 mL of
FeCl; (0.067 M) were dripped over 5 min via a separatory funnel
into 70 mL of Na4P,0- (0.014 M) under magnetic stirring. To avoid
hydrolysis of pyrophosphate anions to phosphate when stored in
water (Hubner & Milburn, 1980), freshly prepared solutions in
Millipore water were used for every synthesis.

2.2. Characterisation

2.2.1. Microscopy

Particle morphologies were studied by transmission electron
microscopy (TEM, Philips TECNAI12) usually operating at 120 kV.
Samples were prepared by drying drops of diluted particle disper-
sions on polymer-coated copper grids.

2.2.2. X-ray diffraction (XRD)

XRD measurements were performed on dried FePP colloids at
room temperature on a Bruker-AXS D8 advance powder diffrac-
tometer, using Co Ko, 5 radiation (4 =1.79026 A). The sample was
prepared by drying a stable, concentrated aqueous dispersion of
FePP particles in a glass vial. The powder obtained was used for
the measurements.

2.2.3. Energy dispersive X-ray spectroscopy (EDX)

EDX analysis was performed using a scanning electron micro-
scope (SEM, Philips XLFEG30) equipped with an EDX system
(SEM-EDX). The measurements were performed on a thick particle
sediment, which was prepared by drying a concentrated dispersion
on a polymer-coated copper grid.

2.2.4. Zeta-potential

Zeta-potential ({-potential) measurements were performed on
diluted aqueous dispersions of pyrophosphate colloids using a
Malvern Zetasizer Nano NS at 25 °C.

2.2.5. Magnetisation measurements

Magnetisation curves were obtained using an alternating gradi-
ent magnetometer (MicroMag™ Model 2900 (AGM); Princeton
Measurements Corp., Westerville, OH) operating at room tempera-
ture. Calibration was performed with an yttrium iron garnet sphere
calibration sample purchased from the National Institute of Stan-
dards and Technology (NIST, Gaithersburg, MD). Measurements
were performed on a small amount of powder obtained by drying
an aqueous FePP dispersion as follows. The particles were dried on
small (~3 x 3 mm) thin glass slides of known weight. After drying,
the powder deposited on the glass piece was sealed using adhesive
tape. The magnetic measurement was performed on the sealed
sample; therefore a blank sample of glass and tape was measured
in order to eliminate their contribution.

2.2.6. Mass density measurement

The mass density of pyrophosphate colloids p, was determined
by measuring the density of pyrophosphate dispersions p4 at dif-
ferent particle concentrations c, using the following relation:

_Pbs
pp> (2)

where c is in expressed in mass per volume and p; is the mass den-
sity of the solvent used, in this case water. The dispersion densities
were measured using an Anton Paar density metre (DMA 5000; An-
ton Paar GmbH, Graz, Austria) at a constant temperature of
T=20.0°C.

pd_ps+c<l

2.2.7. Refractive index measurement

An estimate of the refractive index value of pyrophosphate
particles was made using the Avogadro-Biot-Beer-Landolt-Chris-
tiansen-Wintgen empirical formula (Heller, 1945) for volume-
averaged refractive index:

ng = ¢an + ¢pnp (3)

where ¢,, and ¢, are the volume fractions of the dispersant (water)
and the particles; ny, n,, and n, are the refractive indices of the total
dispersion, the dispersant (water) and the particles, respectively.
The refractive index of each dispersion was measured using an Abbe
refractometer (Carl Zeiss Jena) at /4 = 589 nm (sodium D-line). Mea-
surements were performed at room temperature (T =20 °C).

3. Results and discussion
3.1. Particle preparation and stability

Fig. 1B shows a TEM image of a typical colloidal FePP prepared
as described in Section 2, using stoichiometric ratios of iron and
pyrophosphate ions (hereafter referred to as standard synthesis).
The sample was dialysed using a Spectra/Por membrane (14,000
Daltons MWCO) against Millipore water for one week with daily
replacement of the Millipore water reservoir. To preserve the par-
ticle stability, dialysis was performed only after one centrifugation
step and dispersion of the sediments in water. The extra sedimen-
tation step was introduced after experimental observations
showed particle aggregation if dialysis was conducted immediately
after precipitation. After dialysis we obtained a white stable dis-
persion which is shown in Fig. 1A.

The scenario drastically changed when the particles were pre-
cipitated using an excess of pyrophosphate. In this case, immedi-
ately after mixing the two starting solutions, only a small
amount of sediment (compared to the standard synthesis) was
formed, which disappeared after few minutes. This behaviour
might be explained by the formation of soluble complexes which
are known to form in the presence of excess pyrophosphate ions
(Rogers & Reynolds, 1949). We assume that first the FePP precipi-
tates and then quickly dissolves by complexation of the excess
pyrophosphate ions present in solutions. We did not attempt to
quantify the chemical composition of the transient sediment.

An important factor to consider when dealing with products in-
tended as food supplements is their stability at different values of
pH. To assess this stability, a batch of particles synthesised via the
standard method was sedimented by centrifugation, the superna-
tant was removed and replaced with solutions with pH values from
2 to 10. The particles were stable in acidic solutions pH < 7 and
dissolved when dispersed in basic solutions above pH 7. The
standard synthesis induced the formation of a stable dispersion

Fig. 1. Iron pyrophosphate colloids. (A) Iron pyrophosphate colloidal dispersion
showing its typical milky-white colour when prepared with stoichiometric ratios of
iron and pyrophosphate salts. (B) TEM image of particles prepared using stoichi-
ometric ratio of reactants.
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because the final pH of the dispersion was found to be around 5,
which is a value that falls outside the pH range of dissolution.
The stability of the FePP dispersion is due to charges on the
particle surface (Van Leeuwen et al., 2012b). The electrical mobility
measurements performed on FePP aqueous dispersions purified by
centrifugation and subsequent dialysis against Millipore water
show a negative potential of about —50 mV. On the other hand,
measurements on stable particles dispersed in acidic aqueous
solutions (pH 2-3) gave a positive value of about +17 mV. An inter-
esting aspect is that, while the particles changed the sign of the
surface charges, hence passing through the point-of-zero-charge,
no signs of flocculation were visible (Van Leeuwen et al., 2012b).

3.2. Particle characterization

The composition and internal structure of the FePP particles
were investigated via SEM-EDX and XRD analysis. The SEM-EDX
measurement was performed on a dried thick particle sediment,
prepared as described in the Characterisation section. Due to the
sample preparation technique the result yields an average value
of elemental composition of the entire sediment. However, the
data collected and showed in Fig. 2A clearly indicate the presence
of oxygen, phosphorus and iron in the sample with element ratios
that are very close to the theoretically calculated values based on
the chemical formula Fe4(P,0,);. Both measured and calculated
values are listed in the table showed in Fig. 2A. The slight excess
of oxygen atoms may be due to water molecules still present in
the sample.

The internal particle structure was studied by powder-XRD
analysis on dried particle sediments. As indicated by the lack of
sharp peaks in the XRD diffraction data shown in Fig. 2B, the FePP
colloids prepared with the method described in this chapter do not
show any sign of internal crystalline structure, confirming that the
particles are completely amorphous.
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Fig. 2. Internal particle composition and structure. SEM-EDX (A) and powder-XRD
(B) measurements performed on dried particle sediments. The average particle
composition (A) indicates the presence of oxygen, phosphorus and iron in ratios
similar to the calculated ones. The absence of sharp peaks in the XRD diffraction
pattern of panel (B) is a sign of the amorphous nature of the FePP particles.

In order to better characterise the FePP colloids, density and
refractive index measurements were performed. These two proper-
ties are very important when particles need to be formulated in li-
quid and/or transparent products, where sedimentation or
turbidity may be an issue (Velikov & Pelan, 2008). For both mea-
surements four stock dispersions with different particle weight
concentrations were prepared (namely 2.09 %wt, 8.24 %wrt,
9.91 %wt and 12.12 %wt). The densities of the stock dispersions
are plotted in Fig. 3 against their product with the relative mass
fractions. The points can be fitted with the linear equation
y=0.63169x + 0.99818, where 0.99818 g/cm? is the point of inter-
ception of the plotted line with the y-axis, and corresponds to the
mass density of the solvent, in this case water. Equalising the
experimental equation above with the theoretical one (Eq. (2))
we are left with the simple equation:

063169 = 1 — (Ps) (4)
Pp

which can be solved for p, giving a particle density of 2.71 g cm 3,

Due to interaction of solvent molecules with the surface of the
colloids it is known that the relation between the particle concen-
tration in dispersions and relative refractive indices is only linear
for sufficiently low particle concentrations. To overcome this issue
we have tried to apply the empirical formula shown in Eq. (3) for
the four stock dispersions, with volume fractions calculated from
the mass fractions using the dispersion and particle densities mea-
sured before. The values obtained for the different stock disper-
sions (listed from low to high mass fractions) are: 1.72, 1.61,
1.64, and 1.64. The values obtained are comparable, especially for
the three most concentrated samples. To our knowledge this data
represent the first estimate to date of the refractive index for col-
loidal FePP.

A very interesting aspect to be considered when working with
iron-containing particles is their magnetic properties. The AGM
measurement (Flanders, 1990) was performed on a small amount
of dried FePP particles as described in the Characterisation section.
Fig. 4A shows the measured magnetisation curves. All the curves
pass from the axes origin (zero magnetisation) meaning that the
material does not exhibit hysteresis, that is, there is no remanent
magnetism in FePP. The black curve is a line with positive suscep-
tibility, indicating that the magnetic field in the material is
strengthened by the induced magnetisation, in which the intensity
of magnetisation (M) is directly proportional to the intensity of the
applied magnetic field (H), a behaviour typical of paramagnetic
materials. (Hofmann, 2006) The blue curve of Fig. 4A is the black
curve normalised for the diamagnetic contribution given by glass
and tape; as a result the material shows a slightly higher suscepti-
bility than the experimentally measured (non-normalised) value.
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Fig. 3. Density measurement. The density of four dispersions with different particle
concentrations is plotted against the product of the density and the mass fraction of
the relative dispersions. The points are fitted with a straight line and the particle
density is calculated using Eq. (2).
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Fig. 4. Magnetic properties. (A) AGM magnetisation measurements on a dried sample of FePP colloids where the magnetisation (M) of the sample is plotted as a function of
the applied magnetic field (H). The black curve is the FePP sample measured in a cell made of glass and adhesive tape. The pink curve represents the diamagnetic contribution
of the sample cell and the blue curve was calculated subtracting the contribution of the sample cell (pink) to the FePP powder curve (black). The resulting black line shows no
signs of remanent magnetisation and it is the typical curve of a paramagnetic material. Panel (B) shows that FePP particles sedimenting on top of a narrow magnet. The
particles tend to collect and sediment in the central region where the highest field gradient is present. (For interpretation of the references to colour in this figure legend, the

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

An additional experimental observation of this paramagnetic effect
can be seen in Fig. 4B in which a small amount of aqueous particle
dispersion was placed on a glass microscope slide located on the
surface of a thin circular magnet. As visible from the picture, most
of the FePP colloids diffused towards the higher field line concen-
tration in the centre of the magnetic section, showing that the FePP
colloids are indeed magnetic. Although magnetic characterisation
of ferrous pyrophosphates (Parada, Perles, Saez-Puche, Ruiz-Vale-
ro, & Snejko, 2003), mixed ferrous-ferric pyrophosphates (lIjjaali,
Venturini, Gerardin, Malaman, & Gleitzer, 1991; Malaman, Ijjaali,
Gerardin, Venturini, & Gleitzer, 1992) and mixed ferric divalent
metal pyrophosphates are available in the literature (Boonchom
& Vittayakorn, 2010; Ramana, Kopec, Mauger, Gendron, & Julien,
2009; Terebilenko et al., 2010), so far we have not found magnet-
isation measurements and characterisation of amorphous ferric
pyrophosphate. We hypothesise that the magnetic feature of FePP
might be useful to detect its presence and avoid counterfeiting of
iron-fortified products.

4. Conclusions

In this article we explore the preparation and characterisation
of FePP colloidal particles. The particles are prepared via chemical
precipitation from iron and pyrophosphate salts in an aqueous
environment. The synthesis can only be performed from stoichi-
ometric ratios of the reactants or an excess of iron ions. Using an
excess of pyrophosphate induces the formation of water-soluble
iron-pyrophosphate complexes (Rogers & Reynolds, 1949). To ex-
plore this colloidal system, basic charactersation experiments were
carried out, such as X-ray diffraction and EDX, zeta potential, mag-
netisation, mass density and refractive index measurements. The
nanoparticles obtained with this procedure are submicron in size
(see Fig. 1B), white in colour and amorphous, all properties that
indicate a high potential for FePP colloids as a food additive for
iron-fortified products. Furthermore, the first characterisation of
the magnetic properties of amorphous pyrophosphate opens the
possibility for the preparation of white magnetic responsive mate-
rials and for control of FePP in fortified products.
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