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SUMMARY

This thesis was part of the public—private partnership “IRONTECH” and was
financed by participating industrial partners Unilever Research and Development
Wageningen B.V., Nouryon Chemicals B.V., Nobian B.V., and allowances of the
Netherlands Organization for Scientific Research (NWO) in the framework of the
Innovation Fund for Chemistry and from the Ministry of Economic Affairs in the
framework of the “TKI/PPS-Toeslagregeling”. The primary goal of my work was
to investigate whether iron can be added to table salt, to combat iron deficiencies
worldwide. For this, I looked into different materials involving water-soluble
salts to allow the iron to enter the body and be bioavailable there. The iron salts
together with the table salt lead to complex salts mixtures with multiple ions and
counterions present. The aim of this thesis has been to elucidate the fundamental
principles involved in the formation of crystals of various salts mixtures.

In the introduction, Chapter 1, I explain the importance of crystallization as
a science that contributes to technological progress today and in the future. It
is a fundamental concept in the majority of physico-chemical processes that sur-
round us, from the simplest crystallization of table salt by evaporation of seawater
(Chapter 2) and the freezing of a bottle of water in the freezer, the design of new
chemical compounds (drugs, micro-nutrients (Chapters 3- 4), food and batteries
(Chapter 4), pigments, alloys, semiconductors) to the purification of pharma-
ceutical molecules by recrystallization. The principles of crystallization are also
important in our understanding of the natural world: on a planetary scale, in
geology in the formation of rocks (Earth or Mars Chapter 4 and Chapter 5); in
climatology where the presence of crystallized particles (salts (Chapter 2) or snow)
greatly influences the type of precipitation. In addition, it is important in biology;
examples are biomineralization (shells, bones, teeth) or even malignant crystalliza-
tions such as the spherulites (Chapter 4) that cause Alzheimer’s disease (3-amyloid
peptides) or the formation of kidney stones (calcium oxalate crystals).
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The second chapter of this thesis (Chapter 2) deals with the nucleation and
growth of ( NaCl), z.e. table salt, during the evaporation from a supersaturated
salt solution. We reveal that the nucleation of a single table salt crystal (NaC'l)
preferentially occurs at the liquid/air interface, resulting in distinct “pendant”
crystals, which are capable to grow to macroscopic sizes until they fall into the
solution. The growth of the crystal makes that its weight increases, which in turn
induces a strong deformation of the liquid/air interface. Depending on the evap-
oration rate, the kinetics of growth of the crystal suspended at the solution-vapor
interface determines the final crystal shape; one remarkable feature is a deep central
cavity. We explain why the crystal remains pendant and predict at which moment
it disconnects from the interface and falls into the solution. We quantitatively
predict the critical mass at which this occurs. Results also give insight on the
growth of different NaC/ shapes such as pyramids, used in food industry. We
explain why such growth, which generally occurs at very high evaporation rates,
induces the creation of larger cavities resulting to a pyramidal morphology. We
have shown that by controlling growth conditions, such as the temperature and
the evaporation rate, we can control the shape, size, and surface characteristics of
the crystals. Specific crystal morphologies are desired in various applications for
their distinct properties or functionality.

In the next chapters (Chapters 3- 4) our aim was to find new crystalline forms
by incorporating iron to sodium chloride crystals in order to obtain routes for
fortification food with iron specific to table salt. The rationale behind these chap-
ters is that around 25% of the world’s population is affected by iron deficiency
according to the World Health Organization WHO. Adding iron in bioavailable
form to table salt is the most effective policy for systematically combating nutri-
tional deficiencies. Table salt is inexpensive and could be used as a carrier to release
important micronutrients into the body by adding the these to the salt shaker
on your table, but also to savory concentrates or powders such as bouillon cubes.
When trying to optimize new composite crystals, a compromise has to be made:
often increasing the bioavailability of an iron salt decreases its storage stability.

In Chapter 3, we report a novel strategy by encapsulating iron into NaC'l
crystals by making use of the propensity of crystals to form microscopic pockets
of solution during their growth. By inducing crystallization from the binary salt
mixture of table salt (N aC'l) with ferric chloride (F'eCl3), we demonstrate that
the small volume of liquid entrapped in N aC'l crystals is sufficient to supportiron
fortification needs. The liquid inclusions entrapped in the crystal prevent the iron
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to react with their environment while they assure a bioavailable and soluble iron.
The stability of the composite crystals can be even further enhanced by growing
purea NaCl shell around the iron-containing N aC'l crystals. We have shown that
the size distribution of inclusions is independent of the evaporation conditions,
but their density increases during crystallization at lower relative humidity. This
type of crystal encapsulation is shown to be effective and stable for the first time
and open new way for the delivery of other types of micronutrients by including
them in table salt.

In Chapter 4, we focus on co-crystallization from the binary salt mixture of
FeS0O4— NaCl solutions in out-of-equilibrium conditions reaching high super-
saturations prior to rapid precipitation. This study led to the discovery of the first
synthetic route for the mineral D’ansite-(Fe) with the formula Nag Fe(SO4)19Cls.
By antisolvent crystallization and crystallization at high temperatures, this rare
multimineral salt D’ansite-(Fe) has been synthetized either as a polycrystalline
assembly of microscopic spherical salt particles or as tristetrahedral crystals. The
characteristic Raman spectrum of the D’ansite-Fe is identified. As D’ansite-(Fe)
can precipitate in controlled proportion with NaCl and because it is highly soluble
and non-toxic with a long term stability, its controlled crystallization opens up
new routes as new Iron enriched kitchen salt in food industry. On the other hand,
its unique chemical formula with sodium, iron, sulfate and chloride could make
it potentially interesting in battery applications as new anhydrous polyanionic
materials.

Finally, in chapter 5 we report on the peculiar growth morphology that specific
growth conditions can bring in salt mixtures solutions. Performing experiments of
evaporation at room temperature of aqueous drops containing binary mixtures of
NaySO4 with F'eSOy4, M gSO4 or CuSOy, we report on the spherulitic crystal-
lization (a polycrystalline assembly of nanocrystals) of anhydrous sodium sulfate.
So far, fundamental questions regarding the supersaturation, growth mechanism
and the necessity of a viscous medium to obtain these peculiar spherulitic shapes
have remained unresolved. Our results reveal the important role of bivalent ions in
the salt mixture solutions to induce a sol-gel transition in the solution upon evap-
oration. With the increase of the viscosity of the solution, nucleation and rapid
growth is inhibited. The change of the medium correlates with the appearance of
an amorphous phase at high salt concentrations, an effect observed here for the
first time. The crystallization in the form of spherulites is subsequently shown
to occur at high supersaturations via a 2-step nucleation route, leading to the
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precipitation of a large number of spherulites of sodium sulfate in the solution.
Crystalline growth as spherulites is still a highly debated topic in the scientific
community. Here, we provide further quantitative evidence for the necessity of
increased viscosity of the media in spherulitic growth and the role of parameters
such as ions concentration, evaporation rate and confinement on the evolution
of spherulites from their initial shape to the final ones.

To conclude this manuscript, the crystallization of various salts has been stud-
ied from many angles, from fundamental physics (Flotation, C. 2) to solid state
chemistry (Phase diagrams, C. 4). But in the end, it is the effect of hydrodynamics
on crystal growth that has been the main thread running through this work. In
the second chapter, cavities are caused by the restriction of ion flow to the upper
surface. In the third, inclusions are due to instabilities in the boundary diffusion
layer during growth. In the fourth, mixing and supersaturation conditions lead
to 3 radically different morphologies for D’ansite-(Fe) (pyramidal, icosahedral and
pseudospherulitic). Finally, spherulite crystallization is linked to the viscosity of
the medium at the onset of crystallization.

This manuscript concludes our work on the crystallization of salt mixtures from
aqueous solutions. New findings, such as the laboratory synthesis of D’ansite-(Fe)
and the role of the amorphous phase and bivalent ions in spherulites formation,
provide the basis for future research in the fascinating field of crystallization.
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