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Annotation

Nowadays, the nanoparticles have an extended use in many practical applications,
where iron and iron oxides are not an exception. For example, zerovalent iron (ZVI) finds
large application as an efficient tool for removal of heavy metal and microorganism from
soils and water. The iron oxide hematite (a-Fe,Os;) is the most widely used magnetic
material in industry, because it allows tuning of physical properties by particle’s morphology
and size. Another very useful iron oxide is maghemite (y-Fe;Os3); in particular, the small
nanoparticles (< 20 nm) are used in biomedical applications due to their superparamagnetism
and biocompatibility. There are other two iron oxide polymorphs, B- and e-Fe,Os, but their
valorization potential has not been assessed yet.

There are many techniques that enable the synthesis of iron and iron oxide
nanoparticles. One of those is the solid state synthesis being the main objective of this thesis.
The method is based on thermal decomposition of powders or powder mixtures under
controlled gas conditions. Therefore, both the minerals and salts in crystalline or in
amorphous state are employed. The main advantages of this method are the simplicity of the
synthesis and the possibility to scale-up the process. It is known that this is the only
technique that allowed to synthesize the four iron(Ill) oxide polymorphs. To optimize the
solid state synthesis, we studied the mechanism of thermal precursor decomposition, the
influence of temperature, heating rate, atmosphere as well as the reaction time. Here,
preferential use of thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) was chosen, along with X-ray diffraction (XRD) and Mossbauer spectroscopy (MS)
measurements. In some cases MS was very useful to identify a Fe-bearing phase in
amorphous state that was not possible to do by XRD.

This work was mainly devoted to the preparation of zerovalent iron (Fe’) and ferric
oxides (Fe,O3) from the thermal decomposition of selected materials. Two materials were
used in this work: natural garnets (4 from almandine-pyrope series and 1 from spessartine
series) and iron (III) hexacyanoferrate (Prussian blue). From iron-bearing garnets, metallic
iron nanoparticles embedded in a mineral matrix were obtained as a result of the thermal

decomposition in reducing atmosphere. On the other hand, Prussian blue thermally
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decomposed in inert and reducing atmosphere gave metallic iron particles and iron carbides.
On the contrary, when Prussian blue was heated in the air, two polymorphs of ferric oxide [3-
Fe,0; and y-Fe,O; (maghemite) were formed under temperature conditions below 400 °C.

The detailed study of the formation of aforementioned iron compounds revealed a
crucial role of the thermal decomposition regime and the precursor shape. Furthermore, it
was proved that the morphology of the precursors, under certain conditions, is retained after
the thermal decomposition.

A nice example of morphology retention is witnessed in the case of Prussian blue
(PB) transformation into maghemite nanoparticles taking place in air at temperatures below
350 °C. We noted that the initially present spherical and cubic shape geometry retained after
the transformation process. The resulting similarly shaped aggregates are composed of very
small nanoparticles (~ 4 nm in size) exhibiting magnetic activity. The superparamagnetic
behavior of these aggregates was observed in magnetization measurements, and additionally
verified in room temperature MS measurements. From these results, a potential use of these
nanostructures in cell separation processes might become possible, but appropriate surface
modifications would be necessary.

As a final remark, it is to note that the combination of the characterization techniques
employed in this PhD study allowed to deepen the knowledge concerning the thermal
precursor behavior. Thus, to further advance in optimizing the conditions of solid state

method yielding desired structure and properties of nanosized iron and iron(III) oxides.
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Anotace

V soucasné dob¢, nanoc¢astice maji rozsifené pouziti v mnoha praktickych aplikacich,
kde Zelezo a oxid Zeleza nejsou vyjimkou. Naptiklad nulamocné nanometrické zelezo naslo
Siroké vyuziti pii extrakci tézkych kovli a mikroorganismt z kontaminovanych ptd a vod.
Oxid zeleza hematit (a-Fe,O3) je nejpouzivanéj$i magneticky material v primyslovych
aplikacich, s moznosti kontroly jeho morfologie a velikosti ¢astic jakoZzto jejich vyslednych
fyzikdlnich vlastnosti. Dalsi uzitecny oxid Zeleza je nanometricky maghemit (y-Fe,Os3)
s velikosti ¢astic pod 20 nm, které jsou pouzivané v biomedicinskych aplikacich diky jejich
superamagnetismu a biokompatibilité. Dalsi dva polymorfy, B- a e-Fe,Os vyzaduji vice studii
k posouzeni jejich praktické pouzitelnosti.

Existuje mnoho metod piipravy nanocastic elementarniho Zeleza a jeho oxida. Jednou
znich je syntéza vpevné fazi vriznych atmosférach a teplotnich rezimech, coZ bylo
hlavnim cilem studii piedlozené dizertace. Tato metoda je zaloZena na termickém rozkladu
praskovych sloucenin mineralt a soli ¢i jejich smési jak v krystalickém, tak 1 amorfnim
stavu. Strategie bez solventu je jednoducha a umoznuje vys$si vystupy produkce. Je také
znamo, ze se jednd pravdépodobné o jediny postup, jak pfipravit ¢tyii polymorfy oxidu
zelezitého. Pro optimalizaci syntéz v pevné fazi bylo nezbytné studovat mechanismus
tepelného rozkladu prekurzord, vlivy jejich geometrie a morfologie, jakoZzto teplotni rezimy a
kinetiku transformaci. Toto studium umoZnilo pouziti modernich metod termické analyzy,
strukturalni rentgenova difrakce, Mdssbauerovska spektroskopie a hmotnostni spektrometrie.

Absolvovana prace byla nasmérovana predevSim k piipravé nulamocného Zeleza
(Fe) a oxidu Zelezitého (Fe,Os) pouzitim dvou centralnich prekurzori: (1) P¥rodni granat
(¢tyfi rizné z almandin-pyropovské fady a jeden z almandin-spessartinovské tady); (2)
Hexakyanozeleznatan zelezity (Berlinskd modf). Prekurzory granati umoznily ptipravu
nanokompozitli, kde nanokovové Castice Zeleza se tvofily v nitru mineralni matrice tepelnym
rozkladem v redukéni atmosféfe. V ptipadé berlinské modii jsme pozorovali tvorbu
nanocastic nulmocného Zeleza a jeho karbidll v redukénich €1 inertnich podminkéch. Zatimco
v oxida¢ni atmosféfe (vzduch) a pfti teplotach pod 400°C byly ziskany dva polymorfy oxidu
zelezitého B-Fe,0; a y-Fe, O3 (maghemite).
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Nejkriti¢téjsimi parametry syntéz se ukazaly teplotni rezim a geometrie ¢i morfologie
pouzitych prekurzorii oxidu Zeleza. Jednim z typickych piikladii bylo pozorovani morfologie
nanoagregatl maghemitu vzniklych transformaci berlinské modii (PB) na vzduchu a pfi
teplotach pod 350 °C. Sféricka a kubicka geometrie vychoziho materialu zahtatého na 350
°C zGstala zachovdna i po prob¢hlé transformaci. Obdrzené nanoagregaty maghemitu
obsahovaly malé superparamagnetické nanocastice s velikostmi kolem 4 nm.
Superparamagnetické chovani nanoagregatti bylo verifikovano v rdmci méteni magnetizace a
Mossbauerovskych spektralnich profilit pti pokojové teploté. Tyto vysledky poukazuji na
moznost pouziti zminénych nanoagregatli v biomedicinské separaci bun¢k, coz ale bude
pozadovat dal$i nutné chemické povrchové modifikace.

Zavérem lze konstatovat, ze pouzitim zvolenych prekurzori a modernich
analytickych aparatur bylo mozné ziskat dalsi dulezité poznatky ohledn¢ termické reaktivity
a prubéhu transformacnich procesti, a tim 1 nové moznosti pfiprav nanocastic zeleza a jeho

oxidi metodou reakce v pevné fazi.
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1. Introduction

The chemical element iron is widespread in the earth crust, it is commonly found
in minerals and forming iron oxides. Iron oxides, especially hematite and maghemite,
have been used since ancient times as pigments, for example to give reddish coloration to
pottery. In counterpart, iron and its allotropic forms are important for the steel industry.
The magnetic properties like spontaneous magnetization or magnetic anisotropy are
influenced by the size of the material. When iron and iron oxides have nanometric sizes
(< 100 nm) they exhibit especial magnetic properties induced by surface and finite-size
effects. Microscopically, the magnetic materials have many magnetic domains in their
structure, each domain represent a region where the magnetic moments are oriented in
one direction. In the case of nanoparticles, because of their reduced size, the number of
magnetic domains is reduced to keep the minimum internal energy. When a critical size is
reached the nanoparticle became monodomain, then the value of the coercivity is
maximum; but with a more reduced particle’s size the coercivity decreases till zero, and
then the particles acquire a property called superparamagnetism. Because of the
possibility to manipulate the magnetic properties of iron and iron oxides, they are useful
in many practical applications, in the range from industry to medicine.

Currently, a lot of physical or chemical techniques make possible to synthesize
iron and iron oxide nanoparticles. From them, up to now the solid state synthesis is the
only technique known that allows the synthesis of the four iron(III) oxide polymorphs (a-
, B-, v-, and &-Fe;03). The method is based on thermal decomposition of powders or
powder mixtures under controlled gas conditions, an advantage of this method is that
different materials can be used as a precursor of nanoparticles.

The preparation of iron and iron oxide nanoparticles by solid state synthesis was
the aim of this thesis. This method was chosen because of its simplicity and the
possibility to scale-up the process. The materials used as precursors were natural garnets
bearing iron, and the iron salt Prussian blue. To fulfill this aim, was studied the thermal
decomposition of garnets and Prussian blue, and after carefully phase identification was
elucidated the decomposition mechanism for each case, in order to get the best conditions
for the synthesis of iron and iron oxides. In the case of Prussian blue, also it was studied
the influence of the atmosphere and precursor morphology on phase composition after

thermal decomposition.



The present thesis is divided into six chapters. The first chapter briefly describes
previous works, motivation and the main goal of the present thesis. The second chapter
contains the necessary background to understand the rest of the chapters, it includes the
description of iron and iron oxides, thus as the synthesis methods (physical and
chemical), characterization techniques (XRD, Mdssbauer spectroscopy, TGA/DSC, SEM,
magnetization measurements, etc), and their practical applications known up to date.
Chapter three describes the thermal decomposition of natural garnets from almandine-
pyrope and almandine-spessartine series, it was discussed the influence of iron on the
garnet decomposition, and also the formation of small iron particles embedded in mineral
matrices. Chapter four presents the results of the thermal decomposition of iron(III)
hexacyanoferrate (Prussian blue) under inert atmosphere (argon and nitrogen) including
XRD in situ measurements for a better understanding of the decomposition mechanism,; it
was discussed the influence of the heating rate and the layer thickness of the powder
sample on the formation of decomposition products (mainly iron carbides and iron as a
final product). Chapter five, describe the synthesis of Prussian blue with two
morphologies (spherical and cubic), and their posterior thermal decomposition in air; is
discussed the formation of basically two polymorphs of ferric oxide (B and y), and two
different decomposition mechanism of Prussian blue with and without potassium. Finally,
chapter six summarizes the main conclusions of this thesis and presents an outlook for

future work.



2. Iron and iron oxides: features, synthesis, characterization and

applications
2.1 Iron

Iron is one of the most common chemical elements on the earth, it can be found in
minerals and oxides. In pure form is a dense magnetic metal, it has a high melting point, a
good thermal conductivity, and a low coefficient of linear expansion. Natural iron has
four stable nuclides: **Fe (5.845%), *°Fe (91.754%), *"Fe (2.119%), and **Fe (0.282%).
Pure iron is a chemically active metal, it oxidizes very fast when it is in contact with
moist air forming rusts. The magnetic properties of iron are linked to its crystalline
structure, and it is affected by the temperature and pressure. From room temperature to its
melting point at 1808 K (T,), iron exhibits allotropism (Fig. 2.1), which is the ability of
some materials to change their crystallographic structure with the variation of

temperature or pressure, these changes are reversible [1].

To=1042K  T,=1183K T,=1665K  T,=1808K
a — B — y — & —— melt

bce bcec fcc bcec
ferro para para para

Figure 2.1 Scheme of thermal transformation of iron. The words ferro and para stand for
ferromagnetism and paramagnetism. T¢: Curie temperature, Ty, Ty: transition
temperatures, Tp,: melting temperature.

Iron has a body centered cube (bcc) lattice from room temperature up to 1042 K,
which is the Curie temperature (T¢), it is known as a-Fe and presents a ferromagnetic
behaviour with a saturation magnetization at room temperature of 220 A.m?*/kg. Above
the Tc, iron loses its ferromagnetism and becomes paramagnetic, but retains the bcc
structure, this is known as B-Fe (nowadays, this name is not use anymore). When the
temperature reaches a value around 1183 K, iron suffers another phase transformation to
face centered cube (fcc) lattice, which involve an expansion of the unit cell, but this is a
more compact atom arrange, it is the y-Fe that remains paramagnetic at this temperature

range, but below the Neel temperature (Ty = 67 K) it becomes antiferromagnetic. The last



transformation, before melting, occurs at 1665 K, when the fcc lattice reverts to bcc, it is
still paramagnetic and it is know as d-Fe. A resume of the magnetic properties of the

different phases is shown in the figure 2.2 [1,2].
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Figure 2.2 Temperature dependence of the spontaneous magnetization (T < T¢) and the
inverse susceptibility (T>Tc) of iron. The dashed line connects %" of the B- and 8- phases,
which have the same crystalline array. The Curie-Weiss behavior near T = T¢ is

represented by the dashed line in the inset, T is the paramagnetic Curie temperature

(modified from [2]).

2.2 Iron(lll) oxide

Iron (III) oxide or ferric iron is a versatile material with a wide range of
applications in industry, medicine, biology, and environment, basically because of its
polymorphic nature. Ferric iron has four polymorphs, and only two of them had been
found in nature as minerals hematite (a-Fe,O3;) and maghemite (y-Fe,Os3), but the others
two (B-Fe,Os;, &-Fe,0O3) can be found only as synthetic nanoparticles (Fig. 2.3). Each
polymorph has unique magnetic properties, which make them suitable for specific
applications, for example at room temperature o-, B-, y-, and e-Fe;O; show weak
ferromagnetism, paramagnetism, ferrimagnetism, and non-collinear ferrimagnetism or

canted anti-ferromagnetism respectively [3,4].



At nanoscopic level hematite [5], maghemite [6—8], magnetite [6], and iron [9]
present a special magnetic property known as superparamagnetism, that is only present in
monodomain particles below a critical size. When the nanoparticles are too small or
ultrafine, they have only one magnetic domain and their spins thermally fluctuate inside
of the nanoparticles following several orientations corresponding to the minima of the
anisotropy energy. The most important characteristic of the superparamagnetic
nanoparticles is that they have a zero coercitvity. It means that after the application of an
external magnetic field the particles returns to their fluctuant state without any remanent

magnetization [7,10].
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Figure 2.3 Polyhedral representation of iron(IIl) oxide polymorphs, showing the
crystallographic sites of ferric ions for each polymorph.

2.2.1 o-Fe;0; (Hematite)

This polymorph exists in nature as a mineral hematite. It has a rhombohedrally

centered hexagonal structure (isostructural with corundum), where Fe’* ions occupy the



two-thirds of the octahedral sites (Fig. 2.3a). The crystallization structure corresponds to

the R3¢ space group, with lattice parameters a = 5.036 A and ¢ = 13.749 A, and six
formula units per unit cell. The sharing of three edges and one face between FeOg
octahedra is responsible for the distortion of the cation sub-lattice from the ideal packing.
The magnetic ordering of the hematite changes with the temperature, and it has two
magnetic transition temperatures (Fig. 2.4): Morin temperature (Ty) and Néel
temperature (Ty). The magnetic transition temperatures for bulk hematite have values of
Twm ~260 K and Ty ~950 K [3,4,11].

The Morin temperature varies with the particles size, and rapidly decreases when
the particles size is below 100 nm [12,13]. Below Ty hematite behaves as
antiferromagnet (AF), where the spins lie along the electric field gradient and
crystallographic c-axis. When the temperature increases above the Ty, the spins change
their orientation to ~ 90° with respect to c-axis and the magnetic subtattices are aligned
almost antiparallel, with a ~ 5° canting between spins, giving a weak ferromagnetism
(WF) to hematite. The weak ferromagnetism remains up to 950 K (Tx), and above this

temperature hematite behaves as paramagnet [3,4].
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Figure 2.4 Temperature dependence of the magnetic properties of hematite. Ty: Néel
temperature, Ty: Morin temperature, P: paramagnetism, WF: weak ferromagnetism, AF:
antiferromagnetism, Bps: magnetic hyperfine field, c: crystallographic c-axis of hematite.
In the schema, the arrows represent the spin direction and the squares the vacancies in the

hematite lattice (modified from [11]).



2.2.2 B-Fe203

This is a metastable polymorph of ferric oxide, it has never been found naturally,
but prepared synthetically as powders [14—16] or thin films [17]. The B-Fe,Os has a bee
“bixbyite” structure, where the Fe* ions occupy two non-equivalent octahedral sites (Fig.

2.3b). In the unit cell 32 ferric ions are distributed in b and d sites, which have a ratio d/b
=3. It crystallize in the /a3 space group, with a lattice constant a = 9.393 A, and 16
formula units per unit cell. At room temperature this polymorph is paramagnetic, but it
has a magnetic transition at low temperature (Ty ~ 100-119 K). Below Ty, B-Fe,Os has

antiferromagnetic behavior [3,4].

2.2.3 vy-Fe;03 (Maghemite)

Like hematite, this polymorph is found in nature as a mineral maghemite. It has an
inverse spinel structure (isostructural with magnetite), where Fe** ions occupy tetrahedral
(A) and octahedral (B) sites as is show in figure 2.3c. The crystalline structure of
maghemite contains vacancies, represented by [, in octahedral sites to compensate the
excess of positive charge. It can be expressed by the formula Fea(Fes;s[l/3)gO0s4.
Nevertheless, there have been found three different crystal symmetries for maghemite,

each one depending on the vacancy ordering. Then, maghemite crystallizes in the space

group: a) cubic Fd3m for randomly distributed vacancies (¢ = 8.339 A); b) cubic P4332
or P4,32 for partially ordered vacancies (a = 8.351 A); and c) tetragonal P452,2 for well
ordered vacancies (a = 8.349 A, ¢ =24.996 A) [3,4,7].

Maghemite, which has two magnetic sublattices, shows a ferrimagnetic behavior.
It has a high magnetic response when is placed under an external magnetic field. From
extrapolation it is possible to estimate the value of Tc ~ 790 — 980 K, but it is not possible
to do its experimental measurement because of its thermal instability. Thus, above certain
temperature (300 — 900 °C) maghemite irreversibly transforms to the most stable
polymorph, i.e. hematite. The variation of transition temperature is affected by multiple
factors such as: particle shape, size and crystallinity [7]. The size of the maghemite
particles plays an important role in its magnetic properties, when particles are smaller
than 10 nm they show superparamagnetic relaxation and make them useful for several

applications.



2.2.4 8-F6203

This polymorph of ferric oxide has been found only at nanometric scale, and it is
possible to synthesize, usually inside of a matrix, with different morphologies:
nanoparticles [18-22], rods [23], and wires [24]. This polymorph, &-Fe,Os;, can be
considered as an intermediate phase between maghemite and hematite. The crystalline
structure of e-Fe,03 is orthorhombic, and it can be described with the space group Pra2,,
lattice parameters a = 5.095 A, b =8.789 A, ¢ =9.437 A, and eight formula units per unit
cell. In the unit cell the ferric ions occupy three octahedral non-equivalent sites (Fe;, Fe,,
and Fes) and one tetrahedral site (Fe4), without any vacancies in its structure, as depicted
in figure 2.3d [3,4,25].

There are known two magnetic transition for e-Fe;Os, one at 495 K (T¢) and at
110 K. When the temperature is less than 110 K, e-Fe,O3 behaves as a metamagnet, i.e. a
material that increase considerably its magnetization with a small change of temperature
[20]. At 110 K there are structural transformations and spin reorientation phenomena
[25], but there is not an agreement about the kind of magnetism displayed, it is said to be
non-collinear ferrimagnet [18] or canted antiferromagnet [20]. Finally, above T¢ &-Fe,Os
becomes paramagnetic. Another interesting characteristic of this polymorph is its giant
coercive field (0.8 — 4.1 T) at room temperature, probably due to its disordered crystalline

structure [25].

2.3 Iron and iron oxide nanocomposites

Nanocomposites are materials composed of small particles embedded in a matrix.
In the case of magnetic nanoparticles, the matrix prevents interparticle interactions, and
also acts as a coating to prevent oxidation of metallic particles [26]. The particles used
commonly in magnetic nanocomposites are zerovalent iron (ZVI) and iron oxides
(maghemite or magnetite). Several minerals are used as matrices: magnesium oxide [27],
bentonite [28—31], mullite [32], laponite [33], montmorillonite [34—36], muscovite and
vermiculite [36]. These nanocomposites can be useful as adsorbents of contaminants in

water [29,30], removal of colorants [31], and MRI contrast agents [28,33].



2.4  Methods of synthesis

There are several methods of nanoparticles synthesis, which are also applicable
for the synthesis of magnetic nanoparticles (e.g. iron and iron oxides). Gubin et al. [37]
divide the preparation methods of nanoparticles in two categories: physical and chemical
synthesis. The methods using gas or solid phase and high energy treatment are called
physical, and the methods involving solutions and temperature are considered chemical.

In the next sections will be described some of the synthesis methods for each category.

2.4.1 Physical methods

High energy ball-milling: in this method the powder materials (precursors) are
finely ground using a planetary ball mill, after grinding for a determinate time the
precursors react or its crystalline structure is changed, giving as a result a product with
different characteristics. Strength of this method is the possibility of scaling-up, while the
size polydispersity and shape irregularity are weaknesses [38]. Using this method Fe’
[38], maghemite [39], and magnetite [39,40] nanoparticles had been prepared.

Spray pyrolysis: it is a droplet-to-particle conversion, where a starting precursor
solution is atomized, then the resultant droplets are heated, provoking the solvent
evaporation and the solute condensation, then the precipitation occurs with production of
submicron particles. During the condensation the precursor can react with the
surrounding atmosphere or be thermally decomposed [41,42]. Small nanoparticles of
hematite [43] and maghemite [44] were prepared by spray pyrolysis, in both cases the

particles sizes have a broad distribution.

Flow injection: in this technique the reagents are continuously or periodically
injected into a carrier stream with laminar flow regime, the reagents react during
travelling through a capillary reactor, and then the reaction products are stored in a
collector, which is located at the end of the capillary reactor. The technique offers
reproducibility, mixing homogeneity, and it is highly controllable [41,45]. Magnetite,
with a size range of 2-7 nm, has been prepared using flow injection, with a reaction

temperature of 80 °C [45].



2.4.2 Chemical methods

Co-precipitation: it is a very simple method for synthesize maghemite and
magnetite, with the advantage of having a high yield and being easily scalable, but with
limitations in the control of particles shape and size distribution. For preparing iron
oxides by this method, an aqueous solution of iron salt (perchlorate, chloride, sulfate,
nitrate) is prepared, then an alkali (base) is added to the solution, after that it is aged at
ambient conditions. During the synthesis two stages are identified: nucleation and slow
growth of nanoparticles. For reach a better control of the particles size distribution it must
be avoided nucleation during particles growth. Other factors affecting the particles size,
and also their shape are: type of salts used, reaction temperature (between 20 — 90 °C),

PH value, and ionic strength of the solution [10,41,46,47].

Water-in-oil emulsions or reverse micelles: in this methods constrain
environments are used as tiny reactors or “nanoreactors”. Microemulsion is a stable
system conformed by two immiscible liquids, where one of them (water) is isotropically
dispersed into the other (oil). To stabilize the water droplets inside the oil, a surfactant is
added to the emulsion creating a thin film on their surface [10,37,41,46,47]. Using this
method were produced a well shaped nanoparticles of maghemite [41,48], magnetite [41],
hematite [49,50], and zerovalent iron [51]. The advantages of this method are the
possibility of control the composition and average size of the particle with a relatively
narrow size distribution, but with a low yield and difficult to scale-up. The variables
affecting the particles size are: synthesis temperature, reaction time, surfactant amount,

and ratio of water to oil [41,49,50].

Hydrothermal synthesis: The reaction is carried in a sealed ambient, inside of a
reactor or Teflon autoclave, where an aqueous solution of iron salts is heated up to
temperatures higher than the water boiling temperature (200 — 220 °C), as a consequence
the internal pressure increases above the atmospheric pressure allowing a better
crystallization of the iron oxide nanoparticles [10,41,46,47]. Using this technique are
obtained highly crystalline nanoparticles with good magnetic properties, other advantages
of the technique are its simplicity, relatively narrow size distribution, shape control of
nanoparticles, and medium yield. The requirement of special equipment, high pressure,

and long reaction times is their principal disadvantages [10,46]. The reaction time and
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temperature, even PH and concentration of solution have important effects on the size
and shape of reaction products. It allows the production of hematite and magnetite with
different sizes and shapes (rods, nanowires [47], hollow nanoclusters, nanorings, short

nanotubes, nanostars, and needles [52]).

Sol-gel: it is a “wet” chemical process suitable for the synthesis of metal oxides at
room temperature. The process has two steps: in the first step hydroxylation and
condensation of molecular precursors in a solution forms a “sol” of nanoparticles; second,
further condensation and polymerization creates a three-dimensional metal oxide network
or wet “gel”. To crystallize the nanoparticles it is necessary a thermal treatment of the
gels. The principal advantage that this method offers is a good control of the material
properties, such as composition, structure and particle size, by only varying the
experimental conditions (precursor concentration, PH, temperature, stirring). The final
product and its quality depend on the gelation process, where the surface-volume ratio
(S/V) of the sol also has an important role [41,47,53]. Following this route it has been
possible to synthesize not only magnetite [53], maghemite [54,55], and hematite [54], but

also the rare iron oxide polymorph &-Fe,O3 [21].

Sonochemical decomposition or sonolysis: it consists in the application of
ultrasound to an iron-compound solution. The ultrasound provides localized heating by
acoustic cavitation, which leads to the compound decomposition, but without control of
the nanoparticles size. Using iron pentacarbonyl as precursor was prepared zerovalent
iron [38], magnetite [41], and hollow hematite [56], while using iron acetylatonate was

prepared amorphous Fe;O3; and maghemite [57].

Thermal decomposition or thermolysis: This method consists in chemically
decompose a material using heat. Usually organometallic compounds (e.g. metal
carboxylates, carbonyls, acetylacetonates) are decomposed in high boiling organic
solvents containing stabilizing surfactants (fatty acids, oleic acid) to synthesize
nanocrystals. Control of nanoparticles sizes and shapes is achieved varying the time and
temperature reaction, concentration and ratio of the reactants. Advantages offered by this
method are the nanoparticles crystallinity, good shape control, very narrow size
distribution, possibility to scale-up because of its high yield, but on the other hand some

of the precursor reagents are toxic and not easy to manipulate [10,41,46]. Monodisperse
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nanocrystals of magnetite (6 — 30 nm) [58] and maghemite (4 — 16 nm) [59] had been
obtained using this technique with a very high yield 80 — 95 %.

Precipitation by anhydrous solution: is the synthesis of metallic nanoparticles
from aqueous solutions of metal salts, using strong reducing agents (e.g. NaBH4) at room
temperature [37]. Using this method were prepared zerovalent iron nanoparticles from

ferric chloride, with particles size less than 100 nm [34,60—-63].

Solid state synthesis: The method consists in thermally decompose powdered
compounds (crystalline or amorphous) or a mix of them under a determinate atmosphere
to obtain nanoparticles. Simplicity of the synthesis and possibility to scale-up the process
are their advantages, while sometimes it is difficult to obtain a uniform size distribution,
or homogeneous phases. In the case of the iron and iron oxides, they can be obtained not
only through the precursor decomposition, but also through its reduction or oxidation.
The composition and size of the nanoparticles can be controlled varying the reaction
time, temperature, heating rate, atmosphere (inert, oxidant or reducing) or using different
heating regimes (dynamic or isothermal). A very wide variety of precursors can be used
to synthesize iron oxides by this technique: iron(IIl) compounds, iron(II) compounds,
iron salts, iron complexes (carbonly, carboxylate) and iron bearing minerals (goethite,
akaganeite, lepidocrocite, ilmentite, almandine) [3].

The four iron(IIl) oxide polymorphs can be synthesized using this technique, but
the final product is always hematite, because it is the most stable polymorph, existing two
routes of polymorph transformation: B = a, and y =2 ¢ = a [3,4,14,64]. Maghemite has
been synthesized from thermal decomposition in air of: iron(Il) acetate at 400 °C [65],
ferrous sulfate at 370 °C, ferric oxalate at 250 °C, almandine at 900 °C [64]. The
metastable polymorph -Fe,Os3 could be obtain as a decomposition sub-product of ferric
ferrocyanide [66] and ferric sulfate [14], being very difficult to synthesize from other
compounds, the synthesis was optimized by mixing the ferric sulfate with sodium
chloride (NaCl) [67], and recently by mixing NaFe(SO4), with NaCl [15]. The rare
polymorph &-Fe,O3 has been identified as a decomposition sub-product of almandine [64]

and ferric sulfate [3].
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2.5  Techniques of characterization

2.5.1 Structural: XRD, SAED

X-ray Diffraction (XRD) is a non-destructive technique, which allows the
identification of the crystalline phases present in materials (monocrystalline or powder).
The surface of a material is irradiated with X-ray, and then the coherently scattered
(diffracted) X-ray are collected by a detector, the signals are then processed to give an X-
ray pattern or diffractogram. The diffractogram, where the diffraction intensities are
plotted vs. the 20 Bragg angle, is the one-dimensional graphic representation of the three-
dimensional reciprocal lattice of a material. From XRD patterns it is possible to identify
the phases present in a sample and obtain information of its structural properties (cell
parameters, lattice type, atomic parameters, crystallinity, particles size, strain, preferred
orientation) analyzing the position, intensity and shape of the peaks [68,69]. The
quantitative analysis of the identified phases on the X-ray pattern is done using the
Rietveld Method. The Rietveld Method uses the least-square refinement to minimize the
difference between the observed and calculated intensity profiles. It requires a reference
structure file of the identified phase, and does not need any internal or external standard.
During the refinement of the structures, the phase weight fraction can be calculated using
the values of scale factors, number of formula units per unit cell, molecular mass of the

formula unit, and the unit cell volume [69,70].

Selected-Area Electron Diffraction (SAED) permits to obtain an electron
diffraction pattern of a material being analyzed under a TEM microscope. The image is
formed using the detected signals from the elastic scattered electrons, which are product
of the interaction of the electron bean passing through a small selected area (0.5 um) of a
thin specimen. The information obtained allows the identification of crystalline structure
and lattice parameters of the material being observed; it also permits to recognize the

polycrystalline and amorphous materials [68,71].

2.5.2 Thermal properties: TGA, DSC

Thermogravimetric analysis (TGA), in this technique the mass of a sample is

measured as a function of temperature or time. When the sample is heated at a constant
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heating rate it is a dynamic measurement, while when the temperature is held constant it
is an isothermal measurement. The thermogravimetric curve is the plot of the mass (in
percentage) versus the temperature or time. The analysis can be done under different
atmospheres: reactive, oxidizing or inert. TGA registers the thermal changes involving
mass change, the processes commonly monitored are: desorption or absorption, thermal
decomposition with formation of gaseous products, oxidation, uptake or loss of water

[72].

Differential scanning calorimetry (DSC), this technique measures the energy
changes occurring during the heating or cooling of a sample. Similar to TGA, it has two
measurement regimens (dynamic and isothermal), and it can be done under different
atmospheres. Due to the similarity between both techniques, in modern equipments they
are performed simultaneously. In the DSC graph is plotted the heat flux on the y-axis and
the temperature on the x-axis. The DSC curve usually shows downward and/or upward
peaks, which represent the endothermic and exothermic processes occurring in the
sample. DSC records the transitions occurring during the sample heating, and allows the
identification of melting of the sample, glass transition, thermal decomposition, phase

transition, and crystallization [72].

2.5.3 Morphology: SEM, TEM

Scanning Electron Microscopy (SEM) provides the magnified image of the
material’s surface, in addition to the topographical information this technique allows us to
know the elemental composition of the material. The image is formed as a result of the
interaction of the electrons with a volumetric section of the material, around the electron
beam, thus producing X-rays, secondary and backscattering electrons, which are collected
by a scintillation detector coupled to a photomultiplier tube, then converted to digital
signals, which construct the final image. The image is reconstructed from the digital
signals, after transformed to pixels, which carried information of the spatial position and

the brightness [68,73].

Transmission Electron Microscopy (TEM), it is a very useful technique for the
visualization of the internal structure of materials, by the phase contrast imaging of a thin

specimen. It allows distinguishing between highly crystalline materials, clusters, core-
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shell structures, and hollow structures. The operation principle is similar to the SEM,
with the difference that in TEM are used the direct forward-scattered electron passing

through the thin specimen to form the image [71].

2.5.4 Magnetic properties: SQUID magnetometry, Mossbauer spectroscopy

SQUID (Superconducting Quantum Interference Device) based magnetometry.
An uncoupled DC SQUID consists of two Josephson junction coupled with a
superconducting loop arrangement and biased by an external DC source. In a typical
measurement the sample is attached to a rod, the rod is moved in short steps through the
detection coils, and a current is induced by the magnetic moment of the sample, then the
voltage at each step is recorded as a function of the sample position, after the response
curve is analyzed to obtain the corresponding magnetic moment of the sample. The
measured magnetic moment is usually a function of the applied magnetic field or
temperature [74,75]. Using this technique, the global magnetization of the material is
measured, in function of the magnetic field intensity or the temperature. This device
allows to record the Zero field-cooled (ZFC) and field-cooled (FC) magnetization curves,
and also the hysteresis curve. ZFC and FC allow us to determinate the blocking
temperature of the sample, while from the hysteresis curve we can determinate the type of
magnetism in the sample, and obtain information about the coercivity, saturation and

remanent magnetization [76].

Mdéssbauer spectroscopy (MS), the physical principle of this technique is the
“recoilless emission and resonant absorption of gamma radiation by atomic nuclei in
solids”, which is better known as Mdossbauer effect [77]. In the experiment a gamma
source (usually *’Co in a rhodium matrix) is moved forward and back to a thin absorber,
where the emitted gamma radiation is modulated by the Doppler effect. After, the gamma
rays passing through the sample are detected by a scintillation detector, then amplified
and analyzed by a multichannel analyzer, and finally the Mossbauer spectrum is
produced. The spectrum is essentially a graph of the count rate registered as a function of
the source velocity in a multichannel analyzer. Two mirror spectra are recorded, folded
and fitted in order to obtain the Mdssbauer parameters: Isomer shift (IS), quadrupole
splitting (QS), peak width-line (W), and hyperfine magnetic field (Byf). From the values

of the Mdssbauer parameters it is possible to obtain information about the iron oxidation
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state, nature of the chemical bond, electronic and crystallographic structure, symmetry of
the iron site, and determinate the present or absence of magnetic ordering [77-79]. Using
this technique at different conditions (room temperature, low and high temperature, and
under magnetic field) we can study the magnetic behavior of nanoparticles: magnetic
relaxation, superparamagnetism, collective magnetic excitation, inter-particles excitation,

and spin canting.

2.5.5 Others: EDS, BET

Energy-Dispersive X-ray Spectroscopy (EDS) is a sensitive technique, which
permit to determine the elemental composition of the analyzed material under a SEM
microscopy. The X-ray spectrum is acquired from a small area of the specimen being
focused with an electron beam. The characteristic X-ray, which is unique for each
element, is produced when an electron from the one shell is ionized and its place is filled
with an electron from an upper shell. These X-rays are detected by a solid state detector
and converted to an electric signal, these signals are amplified and digitalized, and then
the X-ray spectrum is collected. The advantages of this technique is the detection of
elements with Z > 4, the speed of data collection, and high detector efficiency, but one
inconvenience is the poor energy resolution of the peaks, which complicates the

identification of elements in samples with multielemental composition [68,80].

Surface Areas by the BET (Brunauer, Emmett and Teller) method, it is a technique
based in the adsorption (physical or chemical) of a gas over the surface of a thin layer or
powder sample. In this method, the material is heated and outgassed to remove any
adsorbed gases, then an inert gas is introduced and it is adsorbed by the sample surface
forming a monolayer. After that the sample is placed in a vacuum chamber at constant
low temperature, then the pressure is varied to obtain adsorption and desorption
isotherms. The surface area is calculated from the monolayer volume, this value is
calculated using the BET equation, which relates the gas pressure and the volume of gas

adsorbed [68].

2.6  Applications

One of the first uses of iron oxides was the production of pigments for wall
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painting, cosmetics, and artistic decoration [11]. Since then many other uses appear,
especially after the developing of nanotechnology. A summary of these applications is

done in the following sections.

2.6.1 Industry

The pigments made from iron oxide have the advantage of being stable, non-
fading, resistant to acids and alkaline solutions, which make them very suitable for
outdoor uses [11]. Controlling the shape and size of the iron oxides [47], and also the
kind of polymorphs allows the production of different color tonalities [81]. Magnetic
pigments are also used in electronic recording devices; they are made from maghemite
[11] or metallic iron [38] with needle shape, and are used because of its high coercive
field strength.

Iron and iron oxides are also used in several catalytic processes. Zerovalent iron
(ZVI), hematite and maghemite are more commonly used in catalysis, but B-Fe,O;
nanoparticles in a carbon paste were also tested as an electro-catalyst for the reduction of
hydrogen peroxide [82]. Iron oxides demonstrated its usefulness in the decomposition of
H,0, [83] used in the oxidation of contaminants, dehydrogenation of ethylbenzene to
produce styrene, and the Fischer-Tropsch reaction for transport of fuels from biomass
[44].

Gas sensing is another interesting application, based basically on changes of the
material resistivity in the presence of a gas, where hematite of maghemite thin films are
more often used. The gases detected are from ethanol, acetone, heptane, gasoline,
formaldehyde, acetic acid [84—87]. The sensor efficiency vary with the morphology of
the particles deposited on a substrate, examples of morphology are nanorods [84,85],
flowerlike [86], and mesoporous structures [87].

Other applications include: a) Photo-electrochemical water splitting, using
hematite as photoanode in a solar cell, for hydrogen production and storage of solar
energy [44,88]; b) energy storage devices, where hollow maghemite nanoparticles [89],
hematite nanorods [84], mesoporous hematite [87], and composites of reduced graphene
oxide with hematite nanoparticles [90], are used as anodes for lithium ion batteries; c)
and recently hollow [-Fe,O; nanoparticles characteristics make it interesting for

optoelectronic [91].
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2.6.2 Biology and medicine

Iron oxide nanoparticles have a promising future in biological and medicine
applications, especially in diagnostic (in-vitro and in-vivo) and also recently in in-vivo
therapy [47]. The interest is focused mainly in four areas: labeling and cell separation (in-
vitro), MRI contrast enhancement, drug delivery, and hyperthermia (in-vivo). The most
used particles for these applications are the SPION (SuperParamagnetic Iron Oxide
Nanoparticles), which are maghemite or magnetite nanoparticles displaying
superparamagnetism. The advantages of these particles are: suitable magnetic properties,
low citotoxicity, biodegradability, biocompatibility, chemical stability, reduced particle
size, and large surface area [65]. In order to be used in-vivo bio-applications, the
nanoparticles require to be functionalized, i.e. stabilize the particles by coating to prevent
their agglomeration, chemical degradation, and enable the attachment of other compound
on the particle surface [6,41,46,65]. Other requirement for usage of magnetic
nanoparticles in in-vivo applications are: stability in aqueous ionic solutions at
physiological PH (~7.4), non-toxicity, permanence in blood circulation for enough time,
ability to attach functional groups on their surface, hydrophilicity, high zeta-potential to
avoid particle precipitation and increase the cellular phagocytosis, preferably narrow size
distribution, and avoid the particles uptake by reticuloendothelial system in the cells, and

low protein adsorption [6,92,93].

Cell separation: it is an in-vitro application, which enables the separation of cell
with intrinsic magnetic moment (red blood cells) or those tagged by a magnetic label. The
separation process can be done by direct or indirect methods. In direct separation a ligand
is coupled to a magnetic particle, then the cells are tagged, and finally they are removed
using a magnet. In indirect separation, the targed cells are first sensitized with a primary
affinity ligand, then the excess of ligand is removed by washing, after that the magnetic
particles with a secondary affinity ligand are added to the solution containing the
sensitized cells, where the magnetic particles and cells are bind thanks to the affinity
ligands, finally the tagged cells are recovered using a magnetic separator. The size of the
magnetic particles used for this particular application varies between 50-200 nm and 1-5
um. The smaller particles are used as colloidal magnetic labels, are usually
superamagnetic, and are coated with polysaccharides or synthetic polymers. The bigger

particles are coated with a polymer shell; they are also superparamagnetic, because the
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particle is actually a cluster of nanoparticles. These particles are available commercially
as Dynabeads®. Cell separation is very useful in microbiology, where the
inmunomagnetic separations are used for the detection of microorganism as: Salmonella,
Listeria, Escherichia coli, and Helicobacter pylori among others. The same technique is
useful for isolation of human cells as: B-lymphocytes, T-limphocytes, endothelial cells,
leukocytes, etc. Good results were also obtained in the removal of parasites (e.g. Giardia

lamblia, Toxoplasma gondii, Plasmodium faciparum) from water [94].

Contrast enhancement in magnetic resonance imaging (MRI): The principle of
MRI is the production of an image from electrical signals, which are a result of the
nuclear spins relaxation of protons, previously excited by a radio frequency pulse, under
an external magnetic field (Bg). They are two kinds of relaxation mechanism: a)
longitudinal (T;) or recovery of magnetic moment along the direction of By; and b)
transversal (T,) or loss of signal in the plane perpendicular to By. T and T, are given in
ms, being T; > T,. The contrast in MRI depends basically of the nuclear spin density,
relaxation times T; and T, [10]. From them, T, can be modified using a contrast agent,
one example are the SPION, which create local variations in the proton magnetic field
and decreasing the T, time relaxation, thus producing a darkening of the produced image
or negative contrast [6,10,41,44,65]. The efficiency of SPION depends on their size,
charge and coating. To use the particles, they must be able to form magnetic colloids or
ferrofluids, where the functionalized particles are immersed in a fluid that make possible
their application intravenously of orally. Also it must consider other factors, which could
affect their efficiency or bring problems in blood circulation. The SPION hydrodynamic
size used in MRI varies between 20-3500 nm and 20-150 nm (including the coating) in
the case of intravenous application. The most common coatings are dextran,
carboxydextran, polyethyleneglycol, starch, albumina, citrate, and silica [6,41]; also

SPION in bentonite matrix has been used as oral contrast agent [65].

Hyperthermia: it i1s a medical treatment; where a tumoral tissue is heated up to
temperatures above 42 °C with the objective of destroy it. Three different types of
hyperthermia are available: local (applied to a very small area as a tumor), regional (for
large areas of tissue), and whole body. When magnetic nanoparticles are used, it is
restricted only to local hyperthermia. In magnetic hyperthermia a magnetic fluid is used,

for its delivery it can be used arterial injection, direct injection into the tumor, in-situ

19



implant formation, or active targeting [93]. Heat is generated because of delay in the
relaxation of nanoparticles magnetic moment, when they are under an oscillating external
magnetic field with reversal times shorter than the magnetic relaxation time (t) of the
nanoparticles, therefore they act as a localized heat sources and heating the surrounding
tissue. Two mechanism of heat generation has been identified: a) Néel relaxation (1v),
due to rotations of magnetic moment inside of the particle, when it is overcome the
energy barrier that maintain the particle in its equilibrium position producing magnetic
hysteresis loss; and b) Brown relaxation (tg), due to frictional losses when the particles
rotate in a viscous fluid [6,10,41,92,93]. A measure of the absorbed heat by the
surrounding tissue is given by the specific absorption rate (SAR [W/g]), for small
particles with small anisotropy SAR proportional to the relaxation time, and broad size
distribution causes a fast decrease of SAR, which make the particles less efficient for
hyperthermia treatment. Typical SAR values are 100-800 W/g, for use with alive
organisms there is a limit of By < 15 kA/m and oscillation frequency f < 1.2 MHz [10,93].
The most used nanoparticles coatings in hyperthermia are: polyethylene glycol fumarate,
polyvynil alcohol, acrylate based, polysaccharide based, alginate, chitosan, silica, gold

[93].

Targeted drug delivery: this term apply to pharmaceutical agents attached or
embedded to an organic matrix or inorganic particles, which increase the efficacy and
improve its deliver to specific targets. Following this approach, drugs can be attached
onto the surface of SPION or encapsulated inside of a hollow magnetic nanoparticles
(acting as a nanocontainer), then the magnetic nanoparticles can be manipulated using an
external magnetic field, and guided to a specific place where the drug is released [10,92].
There are specific requirements that particles have to fulfill: long circulation in blood
(half-size), bioavailability and specific targeting, intracellular delivery, response to
external stimuli (e.g. magnetic field), and biodegradability [92]. The behavior of
nanoparticles inside of a living organism is variable, depending on their size. Particles
having sizes greater than 200 nm, they are trapped by spleen and removed by phagocyte
cells; when the particles have sizes between 10-100 nm they are ideal for use in
intravenous application and they have a prolonged blood circulation time. In contrast,
when the particles are too small (< 10 nm), they are removed fast by renal clearance [41].
Three possibilities of targeting are available: passive (through the drug and carrier

properties), active (drugs or carriers are tagged to specific cells), and physical (through
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external influences as magnetic field) [6]. To enable the targeting the particles have to be
coated with organic compound that will be used as ligands for drugs, examples of
coatings are: albumin, starch, dextran, chitosan, polyalkycyanoacrylate,

polyethileneglycol, siloxane, and polyvinyl alcohol [6,92].

Other applications are: gene therapy [95], stem cell trackling [10], transplant

monitoring [ 10], molecule immobilization [41,65], and biosensors [44].

2.6.3 Environment

The environmental applications are mainly focused in the removal of pollutants
from water or soil [96]. To reach this goal many studies had been done using nano-ZVI
[61,96-98], iron oxides [29,30,99], and composites of these particles with clays [29-31]
or carbon [99]. The particle sizes used for this purpose vary between 26 — 150 nm for
nZVI and 10 — 60 nm for iron oxides. The needed amount of nanoparticles or composites
for spiked liquids vary from 0.01 — 1.30 g/L for ions removal, and rise up to 40 g/L for
colorant removal.

The ions removal can be done following different mechanisms [96]: a) reduction
of the ionic state of metallic cations in a compound to a smaller ionic state, b)
precipitation, sorption by the nanoparticles surface or incorporation in the structure of
formed oxohydroxides, and c) increment of the compound solubility and co-precipitation
with formation of oxyhydroxides. To the present date, the experimental evidence proved
the satisfactory removal, from 80% to 100% usually at laboratory scale, of the following
ions: As(V) [98], As(II) [96], Ni(Il) [29], Cu(Il) [29,96], Cd(II) [29,96], Zn(II) [29,96],
Co(I) [30], Cr(VI) [61,96,97,99] , U(VI) [96], and others.

2.7 Final remarks

Alpha iron has found a wide application in the environment removing metallic
pollutants and microorganism from soils and water, which is important to keep the
delicate environmental equilibrium. Concerning to iron(IIl) oxides, hematite and
maghemite are the better known and most used polymorphs. Hematite is the last product

in the thermal conversion of iron oxides, and also is the most widely used in industrial
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applications, varying their physical properties by the modification of their morphology
and particle size. The second most used polymorph is maghemite, principally in
biomedical applications due to the superparamagnetism present in very small particles
and biocompatibility. The other two polymorphs - and &-Fe,03, still need to be deeply
studied to find their practical applications. The combination of synthetic methods and the
use of many of the available characterization techniques will be no only useful, but also
expand the research in the fully understanding of iron oxide polymorphs and their control

for practical uses.
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3. Synthesis of Iron Particles by Thermal Decomposition of Natural

Garnets of Almandine-Pyrope Series

3.1 Garnet

Garnet is a mineral group belonging to the orthosilicates. These minerals are
important because they are considered the major rock-forming mineral and are
widespread in the earth’s crust and upper mantle. In petrology garnets are considered as
geobarometers to interpret P-T history of rocks, which is related with the equilibrium and
stability of a mineral assembly [1,2]. Garnets are valuable as gemstones, but also in
industrial applications principally because of its hardness. The most important uses as
abrasive in coarse and fine polishing, sand blasting, water jet cutting, and water filtration

[1,3,4]; other uses are as anti-skid material, spark-plug cleaning and artificial gems [5].

3.1.1 Structure and crystal chemistry

The garnet has a cubic structure, space group la3d and 8 formula molecules per
unit cell, with an structural formula VIHX3VIY2W23012; where X = Fe2+, Mg2+, Mn2+, Ca2+,
Y = Fe3+, Ti3+, Cr3+, AP and Z = Si4+, the superscript roman numbers indicate the
coordination number for each particular site [2,6,7]. Each cation in the sites X, Y or Z,
occupies a specific position in the garnet lattice as specified in table 3.1. In the case of
the aluminosilicates, the formula is reduced to X3Al,Si30;, where X is replaced by
divalent cations (Fe, Mg, Mn, or Ca). The garnet structure can be considered as an array
of polyhedra as following: SiO, tetrahedra, AlOg octahedra, which are connected from
the corners as can be seen in Fig. 3.1; the spaces between those polyhedra form
dodecahedra XOg, which is linked to the other polyhedra not only by corners, but also by
edges [2,6,8]. The occupancy of the sites depends on the cation sizes, i.e. their ionic radii
(Mg 0.92 A, Fe*" 0.92 A, Mn®" 0.96 A, and Ca 1.12 A), and the electrical neutrality when

the sum of the oxidation states of all cations gives 24.
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Table 3.1 Crystallographic properties for garnet X3Y,Z;01, with space group la3d [2].

Site  Point symmetry  Atomic coordinates  Site coordination = Wyckoff position

X 222 1/8 0 1/4 8 24c¢
Y 3 0 0 0 6 16a
VA 4 3/8 0 1/4 4 24d
O 1 X y z 4 96h

The garnet minerals are rarely found pure, instead they appear forming series
between the end-members (table 3.2), for example: almandine-pyrope, almandine-
spessartine or almandine-grossular. Intermediate compositions in the series are known as
solid solutions, and is possible to write the crystallochemical formula
(Fe*" Mg”" Mn*",Ca*")3(Fe’”, Ti*"Cr’*, A’"),8i301,, where the atoms per formula unit
(apfu) of each element is variable, given a total sum of three for dodecahedral sites
(XX =3) and two for octahedral sites (XY =2). Other interesting garnets are the
andradite (Ca3Fe,Si130,,) and the hydrogrossular (CazAlx(S104)3<(OH)4x).

b)

A dvp Ae
biskpis

b b o
it
L [100]

Figure 3.1 Crystalline structure of garnet: a) polyhedral model showing the three
coordination polyhedra and their linkages, b) basic polyhedra in the unit cell, ¢) structural
relationship between polyhedra. XOg dodecahedron (yellow), AlO¢ octahedron (blue),
and SiOy tetrahedron (red) [2,8,9].

28



Table 3.2 End-members of garnet group minerals.

End-Member Composition Unit Cell Size a (A)
Pyrope (Prp ) Mg;AlLSi301, 11.459
Almandine (Alm*) Fe3;Al;S1304, 11.526
Spessartine (Sps*) Mn;3AlL,Si301, 11.621
Grossular (Grs) CasALSi;01, 11.851

* Abbreviations according to Whitney and Evans[10].
** Cell values for synthetic end-members[11].

3.1.2 Polyhedral distortions

According to the polyhedral model the garnet structure can be described as a 3D
corner-sharing network conformed by SiO4 tetrahedra alternating with AlOg octahedra,
the spaces between them form triangular dodecahedra XOg (Fig. 3.1, table 3.3).
Consequently, any substitution of cations in the lattice can lead to polyhedral distortions
and thus change the lattice constant of the pure end-members [9,12]. Thus, the distortions
and rotations inside of the garnet structure are a result of combined factors: X-site cation
size, bonding, and internal vibrations [2,12].

The structure adjusts to accommodate cations with different sizes as Ca (1.12 A)
and Mg (0.89 A), mainly by changes of framework bond angles rather than bond lengths
[13]. The inclusion of Ca®" cation in the X-site of Alm-Prp garnet unstabilize its
structure, because this cation is not only bigger than Fe*" (0.92 A) and Mg”" cations, but
less massive [12]. Then, to accommodate the shorter bonds, the distortions of the
framework are larger in pyrope than in grossular, also the degree of distortion of SiOy4

tetrahedra is less when the adjacent cations are Ca than Mg [13,14].

Table 3.3 Linkages of the polyhedra in the garnet structure [2,6].

Polyhedron Linkage

Tetrahedron 4 corners with octahedra
4 corners with dodecahedra
2 edges with dodecahedra

Octahedron 6 corners with tetrahedra
6 edges with dodecahedra

Dodecahedron 4 corners with tetrahedra
2 edges with tetrahedra
4 edges with octahedra
4 edges with dodecahedra
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The degree of tetrahedral rotation (o) is bigger when the size of X-site cation
decreases [6,7,12,15]. The presence of Ca”" cation (> 20%) in the X-site of pyrope
causes the deviation of the linear relationship between the angle of tetrahedral rotation
and the size of X-site cation. The molar volume increases almost linearly with the mole
fraction of iron Fe/(Fe+Mg) and manganese Mn/(Mn+Fe) for the Alm-Prp and Sps-Alm
series respectively [12]. Another consequence of the decreasing of a is the increasing of
the size of dodecahedra [7].

The temperature is another factor causing distortions in the garnet structure, due
mainly to the rotation of tetrahedra and the thermal expansion of the lattice. Temperature
effect has been studied in pyrope and grossular by Meagher et al. [7]. There is almost no
increase of the Si-O bond in pyrope up to 750 °C, but there is a rotation around the 4
axis and the positional angle (tetrahedral rotation) slightly decrease, the dodecahedra
edges increase, while the octahedra is barely distorted. In grossular the opposite occurs,
there is a slight increase of the Si-O length, and no tetrahedral rotation [7,15]. For
almandine there is an increase of the cell dimension and small distortion of the
octahedron [15].

In octahedron AlQ¢ there are shared corners with dodecahedra and unshared
edges. In pyrope the unshared edge is longer than the shared edge at 25 °C, both edges
increase with temperature, but not at the same rate, where the shared edge has a bigger
expansion. In grossular the shared edge is longer than the unshared edge at 25 °C, both
edges increase with temperature at the same rate [7]. On the other hand, the tetrahedral

edges shared with dodecahedra are shorter than the unshared edges [13].

3.1.3 Physical properties

Pyralspite garnets (Alm, Prp, Sps) are mostly isotropic, where only spessartine
shows a weak anisotropism. They present many colors varying from wine-red to reddish
brown, having a vitreous luster, white streak, specific gravity between 3.5 — 4.3,
refraction index between 1.71 — 1.83, molar volume between 113 — 118 cm3/mol, and
hardness between 62 — 7 according to the Moss scale [1,11]. Romano et al. [16] studied
the variation of the electrical conductivity of almandine-pyrope series with their
composition, temperature and pressure. They found that there is an increase of the

electrical conductivity with the increase of iron cations in dodecahedral sites, but also the
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decrease of this effect with the increase of temperature. Heat capacity in pyralspite
garnets vary between 325.3 — 342.8 J/mol.K at 298 K [17], in general with temperature
the heat capacity follows a non-linear function C, = a — b. T — ¢.T? + ¢.T™ according to
Bosenik et al. [18].

Magnetic properties of Alm-Prp garnets have been studied basically in almandine,
using Mossbauer spectroscopy, magnetization measurements [19], and lately theoretical
electronic structural calculations [20]. The paramagnetic suceptibilities of garnets from
Alm-Prp series follow the Curie-Weiss law, excluding samples near to pyrope end-
member [19]. The Néel temperature (Ty) determined by magnetization measurements
varies with the garnet composition (Ty: 10 K for Almg, 6.7 K for Almg7, and 3.6 K for
Almye). Tn decreases with the increase of Mg ions in dodecahedral sites, thus decreasing
the number of superexchange interactions Fe-O-Fe [19]. According to recent studies [20],
almandine has two magnetic sub-lattice, which are identical but with opposite orientation
of iron spins and the magnetic interaction between then is weakly antiferromagnetic,

while each sub-lattice have a ferromagnetic behavior because of Fe-O-Fe interactions.
3.1.4 Point of view from Mossbauer spectroscopy

The Mossbauer parameters, isomer shift (IS) and quadrupole splitting (QS), for
ferrous iron in dodecahedral have only small variations as is shown in table 3.4. The large
IS and QS values of ferrous iron in dodecahedral sites has been interpreted as an indicator
of high degree of ionic bonding, where the Fe*" cation is in the high-spin state (HS). The
quadrupole splitting is also one of the highest for ferrous iron [2,21]. The IS value of Fe**
at dodecahedral sites has almost not variation that suggest that Fe-O bond-lengths are
nearly the same, without consider the site occupancy [2,21,22]. The hyperfine values for
Fe’" are ascribed to a HS cation in octahedral coordination. The QS increases with the
increment of octahedra distortions, and it has a negligible dependence on temperature
[21].

Almandine spectrum at room temperature has a slightly asymmetric quadrupole
split doublet, with almost not variation of IS and QS for different garnet composition. A
decreasing of IS and QS is observed with rising temperature in Mdssbauer spectra of
almandine. At low temperatures the asymmetry is reduced, and the spectrum splits
showing two eight-line subspectra indicating the presence of two magnetic sites, where

the magnetic order in almandine starts between 9.6 and 10.4 K [2,23].
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In Alm-Sps and Alm-Prp series, it is observed an asymmetric doublet, related to
the variations in Fe®" vibrational behaviour (i.e. recoil-free fraction) as a function of
garnet bulk composition, while Alm-Grs series has more symmetric doublets [2,24]. The
peak asymmetry of the doublet can be caused by: a) preference in the crystal orientations
(texture effect), b) anisotropic recoilless fraction (Goldanskii-Karyagin effect), and c)
paramagnetic relaxation (spin-spin). Causes (a) and (b) are excluded because of the poor
cleavage and cubic lattice of garnet. From the reduced asymmetry in the peak intensities
at low temperatures, the asymmetry is due to spin-spin relaxation [21-23].

Prp-Alm is the only garnet series that presents Fe’" in its structure, which increase
with the pyrope content [12]. There is not a noticeable dependence of the IS and QS with
the Mg”" content in the garnet X-site [22].

Because of the sensibility of the Mossbauer spectroscopy to notice the change of
electronic environment of the cations, it was also used to study the oxidation of ferrous
cations inside of the garnet structure [25], not only at room temperature [26], but even to

monitor its thermal decomposition [27].

Table 3.4 Hyperfine parameters from Mdssbauer spectra for silicate garnets at room
temperature (modified from [21]).

. . Isomer shift Quadrupole
Cation Position (mm/s) splitting (mm/s)
Fe”" 24 ¢ (dodec.) 1.20-1.39 3.47-3.70
Fe** 24 d (tetr.) 0.68 — 0.79 1.53-1.99
Fe’* 16 a (oct.) 0.35-0.45 0.29-0.75
Fe’* 24 d (tetr.) 0.04 —0.20 1.05—-1.28

3.1.5 Thermal behavior at high temperatures

With the increasing of temperature, the structure of garnets starts to expand, and
up to 1400 K (1127 °C) the volumetric expansion reach the 3 %. The thermal expansion
coefficients for almandine and pyrope have been determined by Thiéblot et al. [28] as
3.3x10” K (Alm), and 3.0x10” K" (Prp). Not only structure expansion occurs at high
temperature, also there are rotations of SiO4 tetrahedra inside the garnet structure, which
are expressed by the variation of the positional angle (y). The tetrahedron rotation
modifies the polyhedral edges of AlOg octahedra and XOg dodecahedra, as a consequence
the Al-O and X-O lengths increase, and the octahedron shared edges increase more than

the unshared edges [7].
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At temperatures higher than 1000 °C the garnets decompose [28], but it was also
reported the decomposition at temperature as low as 750 °C [27]. The thermal
decomposition temperature and the decomposition products strongly depend on the
chemical composition of garnet. Other factors affecting the decomposition are the kind of
atmosphere (inert, oxidant, reductive), the heating regime (dynamic or isothermal)
[29,30], high pressure [31].

One of the oldest studies about thermal decomposition of natural garnets was
done by Schairer and Yagi [32]. In a close system almandine decomposes into hercynite,
Fe-cordierite and fayalite if it is heated between 750 °C and 1050 °C during several days.
Experiments under inert atmosphere (N,) at 1000 °C on samples of mixed composition
(Alm,Prp,Sps,Grs,,) with variable percentage of almandine (Almy, 3, Almeo 6, and Almy)
were also carried out. After 72 hours the garnets were totally decomposed, Fe-cordierite
and fayalite along with melting were identified as decomposition products of garnet with
composition close to pure almandine (Almy;s3); for the garnet with intermediate
composition (Almgg9) the products were olivine, cordierite and spinel, while for (Mg,Ca)-
rich garnet (Almy4o) Mg-cordierite, clinopyroxene and spinel.

Other studies about thermal decomposition of garnet (almandine) were done
under high pressures [31,33,34]. The synthesis of almandine from a mixture of magnetite,
quartz, and kyanite at high temperatures (650 — 900 °C) under a pressures greater than
28.5 kbar was described by Harlov and Newton [33]. The reversibility of this process was
considered by Anovitz et al. [31]; they suggested that in equilibrium almandine
decomposes in hercynite, fayalite, and quartz or Fe-cordierite depending on the applied
pressure. The oxidation mechanism of almandine was also studied, and depending of the
applied pressure it was decomposed in magnetite, quartz and sillimanite or hercynite [31],
this reaction also occurs under high oxidation conditions [35]. Under pressures lower than
3.5 kbar and temperatures between 780-1088 °C, almandine decomposes into fayalite,
Fe-cordierite and hercynite [34]. Under atmospheric pressure, almandine was
decomposed into hematite, sillimanite, and cristobalite [28]. However, studies using
Mossbauer spectroscopy [27,36] had shown that hematite is not the original
decomposition product of almandine (temperature > 750 °C) but maghemite (y-Fe,05),
which suffers two transformations, first to e-Fe,O3 and second to hematite (o-Fe,Os).

Garnets of pyrope-almandine solid solution heated up to 1200 °C in air
decompose into spinel (Mg(AlLFe*"),0,), anorthite and enstatite when they have

composition close to pyrope, while cordierite, anorthite and spinel or maghemite were
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detected after the decomposition of garnet of almandine-pyrope intermediate composition
[30]. When the chemical composition of garnet is close to ideal end-member pyrope is
heated in air, it decomposes into corundum and enstatite [28], while pyrope with some
Fe’" in dodecahedral sites decomposes primarily into hematite, enstatite, Fe-spinel, and
cristobalite; in this case hematite is also a product of subsequent oxidation of enstatite at

high temperature [29].

3.2 Materials and Methods

3.2.1 Preparation of garnet samples

The colours of the garnets used in this study vary from brownish-red and red for
garnets compositions near to end-member almandine and pyrope respectively, all crystals
were almost free of impurities, transparent, and looking slightly coloured under optical
microscope.

Electron microprobe analysis (EMPA) was done on starting garnet samples, in
order to know its chemical composition. The averaged results of EMPA analysis (see
appendix 1) lead to a crystallochemical formula normalized to twelve oxygen atoms per
formula unit, and ignoring the minor components in the structure (Table 3.5).

Under the optical microscopy were selected small pieces of garnet crystal free of
impurities, then the pieces were ground in an agate mortar under isopropyl alcohol and air
dried at room temperature. The samples were labelled as AlmyoPrpgo, AlmesPrpse,

Almg,Prps, AlmoePrps4, and AlmesSpsss (Table 3.5).

Table 3.5 Crystallochemical formulas of garnets with cations normalized to 12 oxygens.

Sample Crystallochemical formula
AlmgsPrpy (Fe2.8sMgo.15)(Al1.99)Si2.99012
AlmgyPrps (Fe2.34Mgo.s1Mng 11Ca.06)(Al2.00)S12.97012
AlmgyPrp36 (Fe1.87Mg1.04Cag.09)(Al}.99)S12.98012
AlmyoPrpso (Feo.47Mg2 220Ca0.33)(Cro.11Fe0.07Al1 81)S12.958012
AlmgsSpsys  (Fei.9sMny09)(Al.99)S12.94012
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3.2.2 Characterization of samples

Both thermogravimetric analysis (TG) and differential scanning calorimetry
(DSC) were carried out in a simultaneous thermal analyzer (STA 449 C Jupiter, Netzsch),
coupled to mass spectrometer (QMS 403 Acfolos, Netzch) for evolved gas analysis
(EGA). The samples were individually heated from room temperature up to chosen
temperatures (see table 3.6), under reducing atmosphere of forming gas (H, 10%, N»
90%) with a heating rate of 10 K/min in open alumina crucible. After the chosen
temperature was reached, the samples were cooling down to room temperature under
inert atmosphere of argon, with a heating rate of -40 K/min. The samples resulting of the
heating process were labelled according to the temperature of heating, for example:
AlmyPrpgo-1200, AlmesPrp36-1200, Almg,Prp;s-1200, AlmycPrps-1200, and AlmgsSpsss-
1200.

Table 3.6 Temperatures of heating of garnet samples during the TG/DSC analysis.

Sample Temperature of heating
AlmosPrps 950 °C, 1170 °C, 1200 °C
Almg,Prpis 1100 °C, 1115 °C, 1130 °C, 1200 °C
AlmesPrpse 1125 °C, 1150 °C, 1180 °C, 1200 °C
AlmyoPrpsgo 1000 °C, 1100 °C, 1125 °C, 1200 °C
AlmesSpsss 1120 °C, 1140 °C, 1150 °C, 1200 °C

X-ray powder diffraction (XRD) and Mossbauer spectroscopy were used to
identify the present phases in all samples, before and after dynamic thermal treatment.
XRD patterns were recorded at room temperature using a diffractometer X’Pert PRO
MPD (PANalytical) with Co-K,, radiation and step size of 0.017° in the Bragg-Brentano
geometry. The identification of crystalline phases in experimental XRD patterns was
done using the X’Pert High Score Plus software with PDF-4 database. After phase
identification the diffractograms were analyzed using PANalytical HighScore Plus
software to perform quantitative Rietveld analysis.

Mossbauer spectra of 1024 channels were collected at room temperature (RT)
using a Mossbauer spectrometer in constant acceleration regime with a °’Co(Rh) source.
The isomer shift values were calibrated with respect to a-Fe foil, and CONFIT software

was used to fit the spectra.
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Scanning electron microscopy (SEM) was performed on each sample prepared by
thermal heating to study its morphology. The images were obtained using a scanning
electron microscope Hitachi SU-6600, with 3 kV secondary electron image.

X-ray diffraction in-situ was carried out only in sample Alm,oPrpgy to monitor the
very beginning products of the decomposition reaction. The equipment used for the XRD
analysis is a PANalytical X’Pert PRO MPD diffractometer (CoK, radiation) equipped
with Anton Paar HTK-16 reaction chamber. The geometry of the diffractometer is a
Bragg-Brentano with 0.01° step size and the angular range of measurements was from
15° to 85°. The collection time of every diffractogram was around 45 min with a
sampling time 0.30 s/step. The pyrope powder sample was mixed with ethanol, then the
resultant paste was placed directly on a platinum holder filling its central cavity that has
0.1 mm deep, and after the holder was placed inside of the reactor chamber. The heating
and cooling rates were 10 °C/min and -100 °C/min respectively with a temperature range
from 500 to 1200 °C, the diffractograms were collected every 50 °C until was reached
1050 °C, after this temperature the collection was every 10 °C in order to see in more
detail the evolution of the formed products after the decomposition onset. The
measurements were performed under forming gas atmosphere. The quantitative Rietveld
analysis of the resultant XRD patterns was done using PANalytical HighScore Plus

software.

3.3 Results

3.3.1 XRD and MS spectra for starting samples of garnet

Starting samples were characterized by XRD and Mdssbauer spectroscopy (MS).
All XRD diffractograms (Fig. 3.2, left side) show almost the same profile for garnet
structure, the only difference between them are the intensities of the lines situated on the
called “identification regions” [37], i.e. 20(CoK,) ranging from 41° to 48°, and
26(CoK,,) ranging from 63° to 73°.

Mossbauer spectra taken at room temperature (Fig. 3.2, right side) were fitted
with one doublet, which have Mdssbauer parameters characteristic of garnet i.e. isomer
shift (IS): 1.28 — 1.30 mm/s and quadrupole splitting (QS): 3.52 — 3.55 mm/s [21,24]. An
exception, were spectra of samples AlmyoPrpgy and AlmoPrps, which were fitted with

two doublets and three doublets respectively. All samples were free of impurities, only
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AlmyePrp4 presented a small amount of ilmenite ( ~ 4%, according to the doublet area),

that is a common inclusion in garnets [38]. The doublets for Fe*, presented certain

degree of asymmetry, being this more visible in spectrum of sample AlmyoPrpgy, which

has less quantity of iron.
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Figure 3.2 XRD patterns (left) and room temperature Mdssbauer spectra (right) of
natural garnets without any previous thermal treatment. The dark blue shaded doublets in
Maéssbauer spectra are assigned to Fe’ " jons.



3.3.2 Thermal analysis: TG and DSC

According to TG and evolved gases analysis (EGA) (see appendix 2), all studied
samples showed a small release of water before thermal decomposition, in most of the
cases there were water inclusions in the crystalline garnet or moisture of the sample. Only
in the case of almandine (AlmgysPrp,) a fraction of the released water corresponded to the
thermal decomposition of impurities (ilmenite). The thermal decomposition of garnets in
reducing atmosphere starts normally above 1000 °C.

TG curves (see appendix 2) show evident decreases of mass after the beginning of
thermal decomposition, they seem to be a “one-step” process, with exception of
AlmyPrpgo that shows two-steps. The mass loss at the end of TG analysis is different for
each garnet (Table 3.7).

DSC analysis (Fig. 3.3) shows clearly endothermic peaks indicating the
decomposition process of the garnet. With exception of pyrope, all garnets presented one
endothermic peak at temperatures greater than 1000 °C and less than 1200 °C. From
these peaks was possible to calculate the beginning temperature of thermal

decomposition, i.e. the onset temperature for each garnet (Table 3.7).

-1

Heat flow (mW mg '), exo up
A
|

2- s )

1.3 T
AImZOPrp80 ] |
a B

—_— 0.9
A|m64Prp36 T T
1050 1100 1150

64 ——AIm_Prp . -
. 1 ——AlmPrp, .3.'T -
-8 4 6 _
Alm658ps35 .l b
’ 1100 1125 1150 ’
-10 T T T T T T T
400 600 800 1000 1200

Temperature (°C)

Figure 3.3 DSC heating curves of the studied natural garnets, showing the endothermic
peaks of decomposition. Insets: a) closer view of the endothermic effects of AlmgsPrpa, b)
closer view of the curve for garnets AlmgsPrpss and AlmgsSpsss.
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Table 3.7 Onset temperatures and mass decrease of garnets with different contents of
iron in X-site. The values in parentheses are the standard deviation.

Sample X[Fe] Onset Am
(apfu) (°O) (wt. %)

AlmyoPrpso 0.465(05) 1087 -0.69

Almg4Prps36 1.864(16) 1131 -4.33

Almg,Prp;s 2.339(11) 1103 -2.00

AlmggPrp4 2.845(11) 1045 -3.51

AlmgsSpsss 1.946(88) 1125 -1.34

apfu: atoms per formula unit.

3.3.3 Phase composition: XRD and MS

XRD patterns of the samples after heating up to 1200 °C show different phase
compositions (Fig. 3.4), despite the all garnets had the same structure prior heating. Even
so, there are common phases present between the garnet decomposition products as
metallic iron and Fe-spinel ((Fe,Mg)Al,O4). Fe-cordierite (Fe-Crd) is also observed for
almost all garnets with exception of the one with composition close to pyrope
(AlmyoPrpgo) and the other one presenting a percentage of spessartine (AlmgsSpsss). The
other identified decomposition products were cristobalite (SiO,), olivine (fayalite Fe,;SiO4
or tephroite Mn,SiO4), Fe-cordierite ((Fe,Mg),Al4SisO;5), pyroxene (enstatite
(Mg,Fe)SiO; or pigeonite ((Mg,Fe®",Ca)(Mg,Fe*")Si,0¢), and anorthite (CaAl,Si,Os)
depending on chemical composition of starting garnet (all phases are usually well
crystallized). Anorthite and pigeonite are present only if there is Ca in the dodecahedral
site of the garnet structure.

The Fe-bearing phases present in the phase composition of decomposed garnets
were analysed by Mdossbauer spectroscopy. The spectra (Fig. 3.5) confirm the presence of
metallic iron and Fe-spinel for all decomposed garnets. Cordierite, enstatite, pigeonite,
and fayalite were clearly identified; even thephroite phase was identified for AlmgsSpsss
garnet that was not seen in the XRD pattern. The subspectrum area of metallic iron does

not show any correlation between the initial amount of iron cations in the starting garnet.
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3.3.4 Samples morphology: SEM

According to SEM images, the surface of samples of garnets heated up to 1200 °C
is not smooth, it is non-homogeneous and coarse. It is conformed by irregular particles
forming an amalgam, and more regular small particles randomly distributed on the
surface of the mineral amalgam. The more regular particles were identified by EDS as
metallic iron (see appendix 6). One exception of the observed morphology is the sample
AlmgsSps3s-1200, which looks like more as a smooth glass with fragments with the same
composition on its surface. No regular iron particles were observed in this sample, even
when the iron presence is proved by XRD and MS.

In sample AlmgcPrps-1200, the mineral amalgam is composed by hercynite,
fayalite, cristobalite and Fe-cordierite. In the amalgam were observed very well
crystallized cubic particles that are likely to be hercynite, according to the elemental
analysis. Sample Almsg,Prp;3-1200, present a very well crystallized particles with regular
octahedron shapes, which are most probably hercynite. The other components of the
mineral amalgam are cordierite and pigeonite.

Samples AlmgsPrps6-1200 and AlmyoPrpso-1200, present a very similar surface,
but the composition of the mineral amalgam varies. For sample AlmgsPrp3;6-1200 the
composition is enstatite, cordierite, and hercynite; and for sample AlmyoPrpgo-1200 is
enstatite, anorthite, and spinel. In sample Alm;oPrpso-1200 there is a presence of Cr, as
observed from EDS analysis (appendix 6), which is likely to be allocated into the

octahedral sites of the spinel structure.

3.4  Discussion of Results

3.4.1 Thermal behavior of garnets before thermal decomposition

Under atmospheric pressure, the garnets usually decompose at high temperatures
above 1000 °C, and according to Thiéblot et al. [28] the garnet with the most stable
structure is pyrope (onset temperature 1267 °C). It was described also a thermal
expansion before decomposition, the expansion results from dilation of AI-O and M-O
bonds. Also the Si-O bonds expand at higher temperatures enhancing the distortion of
Si04 tetrahedron [28]. Another common characteristic is the water release below 300 °C,

principally due to the moisture absorbed from the environment, water release at higher
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temperatures correspond to chemical reactions or presence of structural water inside of
the garnet structure (see appendix 2). The water release was less than -0.5 % of the initial
mass of the analyzed garnets.

With exception of the garnet with composition closer to almandine (AlmggPrps),
the others were found to be free of impurities. From XRD patterns of AlmggPrps, it is
possible to see the structure of garnets remains until 950 °C, and also iron (~ 1 %) and
titanium dioxide phase (< 1 %). Fe and TiO, are supposed to come from decomposition
of ilmenite inclusion in almandine [39]. All the other garnets show the stability of the
garnet structure before the onset of thermal decomposition, as can be seen from their
XRD patterns (see appendix 3). From Mdssbauer spectra (Fig. 3.2), the only two samples
presenting ferric iron were AlmggPrps and Alm,oPrpso.

The predominant doublet in Mdssbauer spectra at room temperature (Fig. 3.2) was
ascribed to Fe*" in dodecahedral site, where there is not a big difference of the Mdssbauer
parameters for garnet samples with different composition. After heating the garnet
samples at temperatures below the decomposition temperature, and even at the beginning
of the decomposition (only in samples Almg,Prp;s and AlmyoPrpsgg), there are only slight
variations in the values of IS and QS. The reason for the witnessed small variations could
be due to a disorder on dodecahedral sites during the heating, which remain after the fast
cooling to room temperature of samples prior to Mdssbauer measurements [15], also it
must be considered that the presence of Ca and Mn in dodecahedral sites, in some
samples, could cause distortions or short range strain inside the garnet lattice [7].

In the case of the sample with ilmenite impurity, before heating the sample the
Mossbauer spectrum shows two doublets for ilmenite, one for Fe** and other for Fe3+,
both with IS and QS values in the range of published values [40]. The wider doublet
disappears in the heated sample, because of decomposition of ilmenite in titanium dioxide
and metallic iron, the last component is seen in the spectrum as a magnetic sextet. The
other small doublet corresponding to ferric iron, is then assigned to almandine, because is
the only structure that remains unchanged. Comparing the areas of the ferric iron doublet
for the non-heated sample (2.9 %) and sample heated at 950 °C (4.2 %), they are in the
range of its fitting error, and because of that they are almost the same. In conclusion the
ferric iron in the starting sample belongs only to almandine, and not to ilmenite.

For sample with composition close to pyrope (AlmyoPrpsgp), it is possible to

observe the gradual reduction of ferric to ferrous iron according to the results of the
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fitting of Mdssbauer spectra (see appendices 6 and 7), but when the decomposition starts

the doublet for Fe’* disappears indicating that all ferric iron was reduced.

3.4.2 Variation of onset temperature with iron content in garnet

The observed decomposition temperature, determined from differential scanning
calorimetry and themogravimetry, is greater than 1000 °C in all cases. An exception is
decomposition of garnet with composition close to pyrope (AlmyoPrpgp), which is
represented by two weak endothermal effects instead of one strong endothermal effect as
in the case of other garnets (Fig. 3.3).

Onset temperature of decomposition from Prp-Alm series shows a negative linear
tendency with the increase of iron content in dodecahedral sites of garnet (Fig. 3.6), the
same applies to the garnet AlmgsSpsss. However, sample with the least content of iron
(AlmyoPrpgy) does not follow this tendency; instead of that it has a lower onset
temperature than garnets of intermediate composition, and around 40 °C greater than for
almost pure almandine (AlmgsPrps). Also this sample AlmyoPrpgy shows a slower
decomposition rate than the other samples.

For a better possible explanation of the apparently anomalous thermal behaviour
of AlmyoPrpgo, we can assume that garnet structure is build of a polyhedral framework,
dodecahedra (XOg), octahedra (YOg), tetrahedra (SiO4) and between them dodecahedral
spaces. Because of the larger number of shared polyhedral edges in the garnet structure,
the substitution of different X cations at the dodecahedral site produces distortion in all
polyhedral. These distortions can cause the increasing of instability of the garnet lattice at
high temperatures, and then as a consequence they are decomposed at different
temperatures.

The lowest temperature of decomposition is seen for the garnet with composition
close to almandine, and this mainly because of the iron reduction. In contrast, the garnet
with composition close to pyrope, presents not only Fe’™ and Cr’” in octahedral sites, but
also Ca’" in dodecahedral sites, which increase the instability of the lattice at high
temperatures. The ferric ions reduce to ferrous ions, but apparently they do not remain in
the same octahedral site, because there were not evidence of this in Mdssbauer spectra,
where is not possible to find a doublet assigned to Fe*" in octahedral site. The other cause

of instability is the difference of sizes between cations Ca** (1.12 A), Fe*™ (0.92 A), and
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Mg®" (0.89 A), which increase the strain and distortion of the garnet lattice, affecting not

only the dodecahedral sites, but also the octahedral and even tetrahedral sites [14].
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Figure 3.6 Variation of the onset temperature, calculated from DSC, with the iron
content in garnet dodecahedral positions.

3.4.3 Difference in phase composition due to iron content

The phase composition analysis shows the variety of the decomposition products
of each garnet sample with different iron content in dodecahedral sites (Fig. 3.4, 3.5; for
more details see appendices 3, 4, 5, 6, and 7).

The sample with the major amount of iron cations in the dodecahedral site
(AlmyPrps, X[Fe] = 2.845 apfu), when heated at higher temperatures than the
decomposition temperature (1055 °C), i.e. at 1070 °C and 1200 °C, show a very similar
phase composition, but with a different percentage contribution (Fig. 3.7, 3.8).The
identified phases were: a-Fe, cristobalite (SiO;), iron-end-member olivine (fayalite
Fe,Si04), and iron-rich cordierite ((Fe,Mg),Al4Sis015). The variations in phase
composition of AlmycPrps-1070 and AlmgsPrps-1200 samples (Fig. 3.7) indicate
consecutive reactions of primary products of almandine decomposition as soon as they
were formed: fayalite content increased (+13.1 wt.%) at the expense of alpha iron (-4.5
wt.%) and cristobalite (-11.5 wt.%). Contents of hercynite and Fe-cordierite vary only

slightly: hercynite content decreases and Fe-cordierite content increases.
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Similar variation of phase percentages was found also with MS, where the sextet
corresponding to a-Fe show a decreased area when sample was heated at 1200 °C (Fig.
3.8). Fayalite was fitted with two paramagnetic doublets (M1 and M2 octahedral sites),
where the spectral ratio between doublet, for both temperatures, was close to the unity.
This result is close to the theoretical occupancy for iron in olivine structure [41]. The
hyperfine parameters of two hercynite doublets (T1 and T2 tetrahedral sites) agree with
those published for natural Fe-bearing spinel [42]. In the XRD patterns a slight shift of
hercynite diffractions of AlmgsPrps-1200 with respect to AlmgsPrps-1070 sample could
be due to incorporation of extra iron into the hercynite or some grade of inversion of its
structure, as the studied dependence of interplanar distance on iron content according to
Vegard’s law in the hercynite-spinel series [43]. The most intense diffraction peak of Fe-
cordierite (312) showed a shift towards larger d-values with increasing temperature of
treatment. This variation in cell parameters can be related to more iron atoms

incorporated into the cordierite structure with increasing temperature [44].
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Figure 3.7 Graphs showing the relative weight fraction calculated by Rietveld refinement
of samples heated up to 1200 °C. The symbols in the graphs represent the identified
phases: Garnet (), enstatite (#), clinoenstatite (<), hercynite-spinel (H), anorthite (®),
alpha iron (V¥), gamma iron (), cordierite (®), quartz (A), pigeonite (), cristobalite
(A), and fayalite (O).
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The sample with intermediate composition Almg,Prp;s (X[Fe] = 2.339 apfu),
heated at high temperatures (1100 °C, 1115 °C, 1130 °C, and 1200 °C), show a similar

phase composition when temperatures at higher than 1130 °C (Fig. 3.7). At 1100 °C, the

decomposition reaction is already starting, and was possible to identify a-Fe, quartz

(S10,), spinel-hercynite ((Mg,Fe)Al,O4) and a high percentage of garnet (87.8 %). At

1115 °C the phase composition is the following: a-Fe, quartz-cristobalite (Si0O,), and

spinel-hercynite, Fe-cordierite ((Fe,Mg),Al4Si50;3), pigeonite ((Mg,Fe,Ca)(Mg,Fe)Si,0¢)

and still a percentage of the starting garnet (64.7 %).
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Figure 3.8 Graphs showing the percentage area of Mdssbauer sub-spectra of samples
heated up to 1200 °C. For garnet AlmysPrps was omitted the Fe’" and ilmenite
components, and for AlmyoPrpsy was included the Fe*' component separately.
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Finally at 1200 °C all the garnet has been decomposed, remaining only the
decomposition products a-Fe, spinel-hercynite, Fe-cordierite, and the Ca-poor pyroxene
pigeonite. The slight percentage variation from sample heated up to 1130 °C and 1200 °C
of spinel-hercynite, cristobalite, and Fe-cordierite, observed in Fig. 3.7, indicates that
there is a secondary reaction taking place. As in the aforementioned sample AlmgyePrp4,
this reaction corresponds to the formation of Fe-cordierite. Mssbauer spectra also
confirm the presence of the bearing-iron phases: hercynite-spinel, iron, Fe-cordierite, and
pigeonite (see appendices 6 and 7).

Another garnet with intermediate composition AlmesPrpss (X[Fe] = 1.864 apfu),
when heated above the decomposition temperature (1135 °C) has as decomposition
products: a-Fe, ortho-enstatite ((Mg,Fe)SiOs), Fe-cordierite ((Fe,Mg),Al4SisO;3), and
hercynite-spinel ((Mg,Fe)Al,O4). In this case, after the decomposition temperature the
garnet structure is completely destroyed and the endothermic reaction is one-step.
However, carefully observation of the percentage variation of phase composition at
different temperatures (1150 °C, 1180 °C, and 1200 °C), suggest again intermediate
reactions between the original decomposition products (Fig. 3.7). There is a progressive
rise, from 1150 °C to 1200 °C, in the weight percentage of Fe-cordierite (+27.8 %) and
o-Fe (+8.5 %), and at the same time a decreasing of the weight percentage of enstatite
(-24.4 %) and hercynite-spinel (11.9 %). Only in this case the Mdssbauer spectra show a
very similar trend of the percentage area of subspectra corresponding to each phase.

The sample AlmyPrpsy, where Mg”" cations predominantly occupy the
dodecahedral site and Fe*" represent a minor contribution (X[Fe] = 0.465 apfu), was
heated up to different temperatures (1100 °C, 1125 °C, and 1200 °C). At 1100 °C the
decomposition has already started, and the identified phases were zerovalent iron with
two different crystallographic arrangements bcc (a-Fe) and fcc (y-Fe), the orthopyroxene
enstatite ((Mg,Fe)SiO3), and a predominant percentage of pyrope-close composition
garnet (94.5 %). At higher temperatures, 1125 °C and 1200 °C, besides iron and enstatite
were identified Fe-poor spinel ((Mg,Fez+)(Al,Cr,Fe3+)204) and anorthite (CaAl,;Si,0s). In
XRD pattern of sample AlmyoPrpgo-1125 (see appendix 3) were also identified diffraction
lines belonging to pyrope (48.1 wt. %), indicating a slow decomposition of the garnet.
The presence of anorthite is due to the presence of Ca in the starting garnet. In this case
there is not a further reaction between the decomposition products. The pyroxene

enstatite, identified in samples heated up to 1125 °C and 1200 °C, presented two different
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polymorphs: orthoenstatite (space group Pbca) and clinoenstatite (space group P2,/c)
[45,46].

In the Mdssbauer spectra of samples heated up to 1125 °C and 1200 °C (Fig. 3.5,
appendix 6), two doublets (M1 and M2 octahedral sites) are assigned to enstatite. The
Mossbauer parameters of enstatite for sites M1 (IS = 1.11-1.12 mm/s, QS = 2.59-2.60
mm/s) and M2 (IS = 1.14-1.17 mm/s, QS = 2.13 mm/s), reveals that enstatite is more
likely to be orthorhombic and not monoclinic [47,48]; while the sub-spectral area ratio
M1/M2 vary with the different temperatures indicating a variation in the site-occupancy
of Fe*" cations. One doublet (IS = 1.08—1.15 mm/s, QS = 1.70-1.75 mm/s) was assigned
to Fe*" in tetrahedral site of hercynite-spinel. Additional Mdssbauer spectra were taken at
low temperatures (70 K, 10 K, 5 K), to study the possible presence of clinoenstatite (see
appendices 6, 7). In the low-temperature spectra, were not evidence of additional doublets
that could be assigned to another phase, and the values of the IS and QS resulted to be
closer to those belonging to orthoenstatite and not to clinoenstatite [47,49].

The apparent discrepancy between the graphs showing quantitative results from
XRD (Fig. 3.7) and MS (Fig. 3.8), are because XRD take in account all phases present in
the sample, while MS only consider the phases having iron in their composition. Also it
must be said that the area of the Mossbauer subspectra are proportional to the number of
iron cations in the structure of the identified phase [50,51]. This is the reason why in the
graphs for AlmyPrpg, the enstatite (En) contribution seems to have a different trend, and
the other contributing phases iron (a-Fe, y-Fe) and hercynite (Hc) have the same trend
but apparently a bigger contribution to the Mdssbauer spectrum at 1200 °C. The same is
valid for the other samples, when iron component seems to be the dominant phase
(Almg4Prpse, Almg,Prp;s).

A useful characteristic of MS is that make possible not only to know the iron
oxidation state, but also quantify the amount of iron cations (Fe*", Fe’) in the different
crystallographic sites. The last was very useful to monitor the reduction of ferric ion in
octahedral sites of sample Alm,oPrpgo. In this sample was seen the progressive reduction
of Fe’* to Fe’" before the thermal decomposition (Fig. 3.8).

A garnet sample with intermediate composition from the Alm-Sps series has been
also studied, AlmgsSpsss (X[Fe] = 1.946 apfu). It has a similar amount of Fe?' cations as
sample AlmgsSpsse, but as is shown from the experimental results the decomposition
process was quite different. From XRD pattern of sample heated up to 1120 °C, is

possible to see that decomposition has already started and the phases identified are: a-Fe,
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hercynite, tephroite ((Mn,Fe)SiOy4), quartz (SiO,), and the starting garnet (92.8 %).
However, when sample is heated further to 1140 °C and 1150 °C, the bigger diffraction
lines belong to hercynite, while the minor phases are garnet (only in sample AlmgsSpsss-
1140, 14.2 %) and tephroite (in both samples), but in the region 20 = 20°-35° there is a
wide shoulder in the diffractogram that could be ascribed to an amorphous phase, most
probably silica (SiO,). More surprising, is the result of sample heated up to 1200 °C,
where the only identified phases were a-Fe, hercynite, and amorphous component (see
appendix 3).

In this particular case, Mossbauer spectroscopy was very helpful to identify the
amorphous component in sample AlmgsSps;s-1200, and monitor the variation of the
subspectral areas of each Fe-bearing phase. In sample AlmgsSpsss-1120, the Mossbauer
spectrum shows only a doublet corresponding to Fe*” in undecomposed garnet (91.7 %),
and a small sextet corresponding to a-Fe (8.3 %). Spectra of samples heated up to 1140
°C, 1150 °C, and 1200 °C — excepting the small doublet for garnet (spectral area 2 %) in
sample AlmesSpsss-1140 — where fitted with one sextet for a-Fe, two doublets for Fe’' in
octahedral sites of tephroite M1 and M2 [52], and two doublets for Fe*" in tetrahedral
sites of hercynite T1 and T2. From this it is possible to identify that the amorphous phase
in XRD pattern of sample AlmgsSpsss-1200 is melted tephroite, which is not usual,
because minerals melt congruently at higher temperatures. Also from MS, it is noticed
that the spectral areas of each phase did not have a great variation in the samples heated
at 1150 °C and 1200 °C, and seems that there is not a subsequent secondary reaction

between the decomposition products.
3.4.4 Mechanism of thermal decomposition of natural garnets

Natural garnets decompose in reducing atmosphere at temperatures above 1000
°C. When the iron content is very high as in almandine the decomposition is completed
below 1100 °C, while for garnets with less iron content the decomposition onset is
slightly above 1100 °C.

From the recollected data (XRD, MS) for sample Alm;oPrpsy heated up to
different temperatures, it was seen that before the decomposition onset (1087 °C) there is
a slow reduction of Fe’* in octahedral sites, which is a non-destructive process to the

garnet structure that remains unaltered. After a slow decomposition process, the result
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was a mix of minerals (enstatite polymorphs ortho- and clino-, Fe-spinel, and anorthite)
and two iron allotropies (a-Fe, y-Fe). Because of the complexity and variety of the phase
composition after decomposition, a XRD in-sifu measurement was carried out on sample
AlmyoPrpgo under reducing atmosphere of forming gas from room temperature to 1200 °C
(Fig. 3.9).

Rietveld analysis was carried out on each diffractogram, recorded from XRD in-
situ measurements, in order to quantify the amount of each phase at the corresponding
temperature; the results showing the quantitative evolution of phases with the rising
temperature were plotted in figure 3.9. As it can be seen from the graph (Fig. 3.9), the
decomposition process has started above 1000 °C, a result which agrees with the previous
measurements. The identified phases from XRD in-situ patterns are the same as the

identified from the XRD patterns of samples heated up to 1200 °C.
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Figure 3.9 Results of Rietveld analysis of XRD patterns collected during the in-situ
experiment. Pyrope (Prp), anorthite (An), spinel (Spl), gamma iron (y-Fe), enstatite (En),
ortho-enstatite (OEn), clinoenstatite low (CEn), clinoenstatite high (CEn-h), and proto-
enstatite (PEn).

From the figure 3.9, there is a progressive decreasing of the weight percentage of
the starting garnet at the same time as the increasing of the decomposition products;

indicating the slow rate of the reaction, where the decomposition process occurs in a wide
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temperature interval from 1080 °C to 1170 °C (At = 90 °C) according to DSC
measurements. In the very beginning of thermal decomposition (1060 °C) the phases
identified, besides garnet (98.3 %), were: orthoenstatite and anorthite. With the increasing
of temperature from 1100 °C to 1200 °C the decomposition products included anorthite,
v-Fe, spinel, and enstatite. The identified enstatite was presenting four polymorphs:
orthoenstatite (Pbca), clinoenstatite low (P2;/c), clinoenstatite high (C2/c), and
protoenstatite (P2;cn) [45,46].

The garnet structure is expanded progressively before the decomposition, when
this expansion goes beyond the bond length between atoms, they are not able to be
bonded and the structure collapse and break down. In the case of sample AlmyoPrpsg, at
the beginning of the decomposition the first polyhedral site to be broken seems to be the
dodecahedral one hosting Ca”" cations, because of the early presence of anorthite as
decomposition product. Then the structure slowly collapse because of the increased strain
due to presence of cations with different sizes (Ca, Mg, Fe*"), that affect the highly linked
network of garnet, producing the aforementioned decomposition products without further
reactions.

As it was seen from the Mdssbauer spectra, the iron-bearing enstatite was only the
polymorph orthoenstatite, and clinoenstatite being the iron-free polymorph. From that, it
is possible to assume a slow Fe" cation reduction in octahedral sites of orthoenstite to
produce the iron in zerovalent state, and then the new free-iron enstatite can rearrange its
structure giving origin to clinoenstatite polymorph. The only problem of this assumption
is the absence of SiO; in the diffractograms, but because of the small amount produced it
can be hidden by the other phases or be amorphous. This hypotesis can be expressed by

the following equation:

Mg, xFe,SiO3 + xH,; — xFe + (1 — x)MgSi03 + xSiO, + xH,0 (1)

Summarizing all the aforementioned, then the decomposition process of

AlmyoPrpgp sample from 1065 °C to 1200 °C can be expressed as:

AlmoPrpsy + H, — Spinel + (o, y)-Iron +(0O, C)-Enstatite + Anorthite + H,O

52



The garnet sample with composition close to almandine (AlmysPrp4) has a minor
inclusion of ilmenite, which decompose at around 850 °C into rutile and metallic iron
according to FeTiOs; + H; (g) — TiO, + a-Fe + H,O (g). When the garnet decomposition
occurs, there is a pronounced endothermic peak at 1055 °C and water vapour formation at
1075 °C (see appendix 2). Then, the reaction of AlmgsPrps with hydrogen between 950
°C to 1200 °C leads to the equation:

Fe; 8sMgo.15A1,S1301, + Hy (g) — 0.90Fe; Mgy Al,O4 + Fe + 0.50Fe;Si04 + 2.25S10, +
0.05(Fe; xMgy),Al4Si50,5 + H,O (g); 0<x<1) 2)

Considering x = 0.15, it is possible to calculate the theoretical mass loss from the
equation, which gives a value of -3.21 %. The variable weight percentage of fayalite and
Fe-cordierite in samples heated up to 1070°C and 1200 °C, suggest that they were formed
by a secondary reaction between the primary products as the themperature increases. The

following equations can be written for fayalite [53] and Fe-cordierite [54] formation:

2 Fe + SiO, + 2 H,0 (g) — Fe;SiO4 + 2 Hy (2) 3)

2 Fel_ngxA1204 +5 SlOz — (Fel_ngX)2A14Si5Olg (4)

Based on the experimental data and the previous equations, a general mechanism
of reductive decomposition of almandine-close composition garnet (Fe-cordierite and

fayalite are formed in amounts indicated as “a” and “b”, respectively):

Fe; xMgxAl,Si301; + (2-b)H, — (1-a)Fe; xMgiAl,O4 + (2-b)Fe + (b/2)Fe,Si04 + (3-5a/2-
b/2)S102 + (a/2)(Fe1_XMgX)2Al4Si5Olg + (2-b)H20 (5)

AlmosPrps + Hy — Hercynite + a~Iron + Fayalite + Cristobalite + Fe-Cordierite + H,O

In samples with intermediate compositions, samples AlmesPrpse (X[Fe] = 1.864)
and Almg,Prp;s (X[Fe] = 2.339), the decomposition process is different. In the case of
sample Almg,Prp;s the TG graph have a two differentiate zones, the first one when the
sample is decomposed at 1109 °C, and the second where it is observed a decreasing slope

suggesting the occurrence of a secondary reaction (see appendix 2). Using the gathered
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data for this sample Almg,Prp;g and including also the manganese cations in the model, it

1s possible to write the mechanism from 1024 °C to 1200 °C.

Fe; 34Mgo sMng 1Cag 06Al,S1301, + 0.45H, — O.42Fe1_(x1+y1)MgX1Mny1A1204 + 0.45Fe +
0.29(F61_(x1 + yl)ngany1)2Al4Si5013 + 0.775F€2_(x2+Z1)ngzcaZ1Si206 + 045H20
(0)

In this specific case: x1 = 0.3, x2 = 0.26, yl = 0.1, z1 = 0.08. Using these values the TG
mass loss was calulated as -1.51 %. Until 1130 °C, SiO, was one of the decomposition
products, and it reacted with spinel-hercynite to produce Fe-cordierite in a similar way as

produced in sample AlmggPrpa.

2F61_(X1+y1)MgX1Mny1A1204 + 58102 — (Fel_(xl + yl)ngzMHy1)2A14Si5018 (7)

It is possible also to generalize the decomposition mechanism for AlmgyPrp;s,

with “d” representing the formed amount of pigeonite, x = x1 + dx2, y=yl, and z = dzl.

Fe3_(x+y+Z)ngMnyCaZA12SigO12 + 2(1-d)H2 — ((4d-l)/S)Fe1_(X1+y1)ng1Mny1A1204 + 2(1-
d)Fe + ((3-2d)/5)(Fe|.x1Mgy1)2Al4Si50,5 + dFez_(x2+Zl)ng2CazlSi206 +2(1-d)H,O
(8)

Almg>,Prp;s + H, — Hercynite + a-Iron + Fe-Cordierite + Pigeonite + H,O

For the other sample with intermediate composition AlmesPrpse, the DSC graph
shows a sharp peak at 1135 °C (Fig. 3.3), which is accompanied with downward peak for
hydrogen and a upward peak for water vapour, according to the EGA results (see
appendix 2), indicating the decomposition of the garnet. With the information about the
phase composition, it was possible to establish a relationship between the phases formed

after the Almg4Prp36 thermal decomposition from 942 °C to 1200 °C:

Fe1,87Mg1,13AIZSi3012 + 12H2 — 0.12F61_X2MgX2A1204 + 1.2Fe + 0.80F61_X1ng18i03 +
0.44F€2_X3MgX3A14Si5018 + 12H20 (9)
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Using the following values: x1 = 0.6, x2 = 0.8, x3 = 1.25, it was calculated the TG
mass loss as -4.13%. As was observed in Fig. 3.7, cordierite and iron are the phases that
show an increment with the temperature of heating, while enstatite and hercynite
decrease. This suggest a reaction between the decomposition products, that can be

expresed as:

2F€1_X2ng2A1204 + SFel_legxlsiOg + 5H, — 5Fe + Fez_X3ng3Al4Si5013 + 5H,O
(10)
Generalizing the expression for Almg4Prp;¢ decomposition, where “b” is the

amount of formed enstatite, it is obtained:

Fe; xMgxAl»Si301; + (2-b)H,y — ((2b-1)/5)Fe; xoMgwAl,O4 + (2-b)Fe + bFe; Mgy Si0;
+ ((3-b)/S)Fez_nggxg,AhSisO1g + (2-b)H,0 (11)

AlmesPrpss + Hy, — Hercynite-Spinel + a-Iron + Enstatite + Fe-Cordierite + H,O

A special case is the thermal decomposition of sample AlmesSpsss, because of the
presence of amorphous phases the XRD quantitative analysis was not very precisely.
Here, Mossbauer spectroscopy was a useful tool to monitor the variation of phase
composition with the temperature of heating. The XRD patterns of sample heated up to
1140 °C, 1150 °C, and 1200 °C, show hercynite as the predominant component; and the
corresponding Mdossbauer spectra are almost identical. Because of the slightly variation
of the subspectral percentages for each phase, it is assumed that all phases are produced
at the beginning of the garnet decomposition. Also it is worthwhile to mention that the
TG graphs show a decreasing mass curve, starting from 970 °C that suggest a gradual
decomposition followed by melting of SiO; first and tephroite after. Taking in account

these evidences, it is possible to write:

Feq9sMn; 0sAl,S130;2 + 0.35H, — FeAl,O4 + 0.35Fe + 0.825Mny_oFeS104 + 2.175S10,
+ 0.35H,0 (12)

AlmgsSpsss + Hy — Hercynite + a-Iron + Olivine + Silica + H,O

Where x2 = 0.73, and the calculated TG mass loss is -1.13 %.
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The figure 3.10 schematizes the above described decomposition mechanism for
natural garnets: AlmycPrps, Almg,Prp;g, AlmgsPrpse, and AlmgsSpsss. In the schemes it is
possible to appreciate the relationships between the decomposition products and their
subsequent reactions. For example it is visualized that cordierite is formed by the same
kind of reaction in samples AlmgsPrps and Almg,Prp;g, while in sample AlmgsPrpse the
cordierite is formed by another reaction in absence of SiO, and hercynite. The last but not
the least, the scheme for AlmesSpsss depicts the melting of SiO, and tephroite, where the
Si0, was only detected in sample heated at 1120 °C.

AlmygPrp, Almg,Prp,g

(] &) E=[E)

v v I v v v |+ v
He | | Crs | | Fe Pig || He ||Qzcrs|| Fe
[ | [
v )
crd [ o @} crd

Almg,Prp;g Almg;Sps;;
[AIm-Prp @} [AIm-Sps @}

¢ 7 i ) ‘ 7 7
En | | spl | [Crd | | Fe Spl | | Tep | | Fe

Figure 3.10 Schemes of the decomposition mechanism of the studied natural garnets,
showing the relationship between decomposition products and secondary reactions.
Almandine (Alm), pyrope (Prp), hercynite (Hc), spinel (Spl), quartz (Qz), cristobalite
(Crs), pigeonite (Pig), cordierite (Crd), fayalite (Fa), enstatite (En), tephroite (Tep).

Finally in table 3.8 are given the values of experimental and calculated values of
TG mass loss after the thermal decomposition of garnets. The calculation took in account

the mass losses from the beginning of decomposition, and after it was added the
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percentage value of water release before the decomposition. In the case of garnet
AlmyoPrpgy was not possible to calculate the corresponding mass loss, because the

decomposition mechanism could not be quantitatively described.

Table 3.8 Comparison of experimental and theoretical values for mass variation in TG
analysis of natural garnet samples.

Sample (VAVT%Z)) (vétl.n 52)
Almz()PI'pg() -0.69 n.c.
Almg4Prps36 -4.33 -4.26
Almg,Prp;s -2.00 -1.97
AlmyePrp4 -3.51 -3.57*
AlmgsSpsss -1.34 -1.34

n.c. = not calculated
* Here it was considerate 2 wt. % of ilmenite inclusions.

3.4.5 Morphology of iron particles embedded in minerals matrix

The presence of metallic-iron particles was a common result of the thermal
decomposed garnets (Fig. 3.11). The shape and size of these particles are variable,
depending no only of the quantity of iron, but also of the phases formed during the garnet
decomposition. The identification of the iron particles was possible after analysis of the
heated samples with energy-dispersive X-ray spectroscopy (EDS) (see appendix 8).

In sample AlmyoPrpgo-1200, the small rounded iron particles have variable sizes
(60 — 600 nm) and are spread almost uniformly on the mineral matrix, which is
compound of spinel, anorthite, and enstatite. It must be mentioned, that those iron
particles have a different crystallographic structure: bec (a-Fe) and fee (y-Fe). Using
XRD and MS is not possible to distinguish the kind of particles, neither with EDS. It is
not still clear, how to relate the size of the particles with the crystallographic structure of
iron. Haneda et al. [55] discuss the possibility that fast cooling in ultrafine particles lead
to retain fcc lattice, and for relatively large particles the slow transformation in bcc
lattice, without specify the particles size; however De Caro ef al. [56] establish a critical
size of 3 nm, below of this size the particles show a bcc structure, and above a fcc
structure. Both authors used smaller particles for their studies and it is not possible to

compare their results with the present results.
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Although sample AlmesPrp36-1200 shows iron micrometric particles (0.4 — 2 pm)
very well defined and a similar surface as Alm,oPrpgo-1200, the iron particles have a
irregular-polyhedral shape almost rounded embedded in a mineral matrix consistent
principally of Fe-cordierite and less content of Fe-enstatite and hercynite-spinel.

In sample Almg,Prp;s, the rounded iron particles (0.5 — 1 um) appear along with
the very well formed regular-octahedral crystals of hercynite with edge length of
approximately 1 pum. The octahedral crystals of hercynite have been seen before during
the formation of minerals under reducing atmosphere in the system FeO — Al,O3; — SiO,

[32]. The remaining mineral matrix is compound of Fe-cordierite and pigeonite.

Figure 3.11 SEM photographs showing the morphology of iron particles produced after
garnet decomposition. a) PrpgpAlmyg, b) PrpssAlmes, ¢) PrpigAlmg,, d) SpsssAlmgs, €) and
f) PrpsAlmge. The arrows point the small hercynite-spinel crystals.

58



Flat-elongated iron particles were found in sample AlmgycPrps-1200 with variables
length (3 — 5.5 um) and wide (2 — 2.5 um). These particles seem to be spread over the
mixed-mineral surface compound of fayalite, cristobalite, and Fe-cordierite. Embedded
in this mineral matrix were found perfect cubic crystals of hercynite-spinel, which have
an edge length of approximately 1 um.

In contrast, it was not possible to identify any iron particle in sample Sps3sAlmgs,
even when both XRD and Mdssbauer spectroscopy confirm its presence. The mix-
mineral object and the smallest pieces over it have the same composition, and they were
identified as hercynite mixed with amorphous tephroite and probably SiO,. The iron

particles are probably diffused inside of this mineral-mix.

3.5  Similitude and Differences in Thermal Decomposition of Garnets

All studied garnets, when thermally treated in reduced conditions, have different
onset always above 1000 °C. Although the garnets with different chemical composition
have the same crystalline structure, the phases obtained after the decomposition visible
differ. The main reason could be seen in the occupation of dodecahedral sites with
different cations, influencing the strength of inter-atomic bonds, and consequently the
thermal stability of the structure. The formation of metallic iron upon reduction of ferric
and ferrous cations in hydrogen atmosphere is confirmed to be a common feature of the
garnet decomposition.

The common decomposition products observed for all studied garnets are metallic
iron (a-Fe) and hercynite-spinel (Hc-Sp). Fe-cordierite (Fe-Crd) is observed for garnets
with iron occupancy in dodecahedral sites between 1.864 and 2.845. Other decomposition
products are pyroxenes as enstatite (En) and pigeonite (Pig) for garnets with iron
occupancy from 0.465 to 2.339, where pigeonite is formed only in presence of Ca
cations. Olivines as fayalite (Fa) and tephroite (Tep) are formed only from garnets
AlmyePrps and AlmgsSpsss. Cristobalite (Crs) was only found after the AlmogPrps
decomposition; and anorthite (An) after the decomposition of AlmyoPrpgy, where the Ca
amount in dodecahedral sites was significant.

In all studied natural garnets, according with the deduced equations of
decomposition mechanism, the molar amount of produced iron is the same as the molar

amount of hydrogen participating in the reaction. Therefore, it is possible to conclude that
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the amount of metallic iron formed after their thermal decomposition does not depend on

the initial iron occupancy in garnets, but on the efficient reaction with hydrogen.
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4. Synthesis of Iron Nanoparticles by Thermal Decomposition of

Prussian Blue

4.1  Prussian Blue: Structure Description and Behavior at High Temperatures

The Prussian blue (PB) complex salt is a common pigment used in painting; PB is
also employed in a wide range of applications in industry, pharmaceutics, and science.
The chemical name of Prussian blue is iron(IIl) hexacyanoferrate or ferric ferrocyanide,
with an ideal chemical formula of Fe, ”[Fe™*(CN)¢]3:xH,0 (x = 14-16) that crystallizes in
Fm3m space group [1], where ferrous cations are found in a low-spin (S = 0) state and
ferric cations are found in a high-spin (S = 5/2) state. The PB lattice exhibits a vacancy of
25 % of the [Fe* (CN)s]* units, and has water molecules in different sites: shell water
structure (O in 24c¢ site), and zeolitic water (O in 32f and 8c sites). Also it is known that
sometimes PB has some potassium cations in its structure, that occupy the same
crystallographic site as structural water, having the following structure
Fes [Fe* (CN)o]3'(K - OH ,ymH,0) [2] (Fig. 4.1). PB shows a ferromagnetic behavior
below its Curie temperature 7¢c = (5.5 £ 0.5) K [3].
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Figure 4.1 Prussian blue structure (2D), including structural water, zeolitic water and K"
ions (left). In the right is shown the six-fold coordinated Fe ions (octahedral sites).

63



Physicochemical properties of PB have been investigated by several experimental
techniques including infrared spectroscopy [4], X-ray diffraction [1,2,5], neutron
diffraction [6], and Mdossbauer spectroscopy [3,7,8]. These investigations were devoted to
structural analysis [1,6,9], synthesis [10—12], magnetic properties [13], applications [14—
16], PB based analogs [17,18], and some of them have been focused on behavior of PB at
high temperatures [7,8,19,20].

Gallagher and Prescott [21] studied the thermal decomposition of europium
hexacyanoferrate(Ill) and ammonium europium hexacyanoferrate(Il). After the
decomposition were obtained europium hydroxide and ferrous cyanide (Fe(CN),).
Further decomposition of Fe(CN); to Fe;C and finally to metallic iron has been observed.
Thermal behavior of PB up to 530 °C, in vacuum and in air, was studied by Cosgrove et
al. [19] using thermal analysis, X-ray diffraction, and Mdssbauer spectroscopy. The
changes in the iron sites, before and after the cyanide release (~290 °C), were monitored
using Mdssbauer spectroscopy. Finally, PB heated in vacuum up to 450 °C was partially
destroyed and crystalline ferrous ferrocyanide with undetermined crystal structure was
formed. On the contrary, when the PB sample was heated in air at 410 °C magnetite was
obtained in addition to the aforementioned phases.

The thermal decomposition of Prussian blue in argon was described by Allen and
Bonnette [7], they described the successive transformation from the initial Prussian blue
to other cyano-compounds, then in the last step ferrous cyanide (Fe(CN),) was
decomposed into cementite (Fe;C), graphite, and nitrogen as final products. Inoue et al.
[8] studied the thermal decomposition products of PB in vacuum using Mdssbauer
spectroscopy. In this paper, Inoue et al. explained the thermal behavior of the dried PB
from 200 °C to 350 °C and assumed that changes in Mossbauer parameters above 250 °C
corresponded to a flipping of cyanoligands or an existence of mixed-valence states.
Therefore, it is clear that a full decomposition of PB has not been achieved at such low
temperatures.

The thermal decomposition of PB was also studied in oxidant atmosphere (air) by
Zboril et al. [20]. They confirmed the formation of amorphous Fe,O3 at 250 °C, and
simultaneous formation of B-Fe,Os and y-Fe,O3 at 350 °C by thermal decomposition of
PB in air. Another interesting experimental result of PB thermal decomposition was
exposed by Hermanek et al. [22], there they discussed the influence of the precursor (PB)
layer thickness on its oxidative decomposition towards ferric oxide, allowing to obtain

two different iron(IIl) oxide polymorphs (B and y) only varying the layer thickness.
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4.2 Materials and Methods

4.2.1 Starting material and sample preparation

The Prussian blue was heated up to chosen temperatures under inert atmosphere to
study its thermal behavior and subsequent decomposition. The samples were prepared
from insoluble Prussian blue (FesFe(CN)s]3.xH,0O), which is manufactured by Sigma
Aldrich. The equipment used for heat treatment of the samples is a thermal analyzer
(STA 449 C Jupiter, Netzsch), for a simultaneous thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) coupled to mass spectrometer (QMS 403 Aéolos,
Netzsch) for analyze the evolved gases (EGA) during the decomposition reaction.

The Prussian blue powder (PB) was placed inside of an open alumina crucible
(volume: 7 ml, bottom internal diameter: 15 mm, height: 25 mm) under argon atmosphere
(gas flow 30 ml/min). The heating and cooling rate were 5 K/min and -40 K/min
respectively, and the mean mass of the samples was 10 mg. The PB was heated up to the
following temperatures: 190 °C, 300 °C, 370 °C, 540 °C, 680 °C, 790 °C and 900 °C.
The resultant samples were labeled as PB190, PB300, PB370, PB540, PB680, PB790 and
PB900.

Additional samples were prepared in order to investigate the influence of the layer
thickness of sample on the decomposition process. The second series of samples were
prepared following the same procedure described before, those samples were labeled as
PB680-5, PB680-10 and PB680-20, where 680 indicates the final temperature of heating

in °C and the number after hyphen represent the mass of the sample in mg.

4.2.2 Samples characterization

All samples were characterized by X-ray powder diffraction (XRD) and
Mossbauer spectroscopy (MS). XRD patterns were recorded with a PANalytical X’ Pert
PRO MPD diffractometer (CoK, radiation) in the Bragg-Brentano geometry, equipped
with an X'Celerator detector and programmable divergence and diffracted beam anti-
scatter slits. Samples were placed on a zero-background Si slide, gently pressed and
scanned with a step size of 0.017°, with angular range from 15° to 105°. The
identification of crystalline phases in experimental XRD patterns was performed using

the High Score Plus software (PANalytical) in conjunction with PDF-4+ database.
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Transmission °'Fe Mdssbauer spectroscopy (1024 channels) was carried out in a
constant acceleration mode using a °’Co source in rhodium matrix at room temperature
(RT). The spectrometer was calibrated with an a-Fe foil, the isomer shift values were
expressed with respect to metallic a-iron at room temperature. The spectra were folded
and fitted by Lorentz functions using the computer program CONFIT2000.

Scanning electron microscopy (SEM) was applied on selected samples prepared
by thermal heating to study its morphology. The images were obtained using a scanning

electron microscope Hitachi SU-6600, the secondary electron images were taken at 5 kV.

4.2.3 High temperature experiments: XRD “in situ”

High temperature X-ray diffraction in situ was carried out on Prussian blue
powder to study its thermal decomposition and thermal transformations of the reaction
products under inert atmosphere. The equipment used for the XRD analysis is a
PANalytical X’Pert PRO MPD diffractometer (CoK, radiation) equipped with an
X’Celerator high-speed detector and an Anton Paar XRK-900 reaction chamber. The
geometry of the diffractometer is a Bragg-Brentano with 0.017° step size. The collection
time of each diffractogram was around 10 min with a sampling time of 0.12 s/step. The
powder sample was placed directly on a glass ceramic Macor holder (14 mm diameter,
0.5 mm deep) covering completely its surface, then the holder was placed inside of the
reactor chamber. The measurements were done in nitrogen atmosphere, under 1 bar of
pressure, and the gas flow rate was maintained at 20 ml/min during the experiment. To
study the influence of the heating rate were done two different experiments, which are
described in table 4.1. The resulting diffractograms were analyzed using PANalytical

HighScore Plus software to perform quantitative Rietveld analysis.

Table 4.1 Experimental conditions of the XRD in situ experiments.

Experiment 1 Experiment 2
Heating rate between increase of temperature 40 K/min 40 K/min
Cooling rate -10 K/min -40 K/min
Average heating rate 2 K/min 8 K/min
Temperature range 60 —900 °C 100 — 800 °C
Diffractogram collection every 20 °C 100 °C
Measurement range (20) 15°-105° 5¢-80°
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4.3 Results

4.3.1 PB characterization

The commercial Prussian blue was characterized by XRD and *’Fe Mossbauer

spectroscopy (MS). Both techniques showed that PB powder, without any treatment,

contained a minor phase (~ 3%) identified as mineral jarosite ((K,Na)Fe3;(SO4)2(OH)s)

(see Fig. 4.2).

The Mossbauer spectrum taken at room temperature (Fig. 4.2b) was fitted with

two doublets and one singlet. The singlet and the narrow doublet correspond to low-spin
(LS) Fe** octahedrally coordinated to six C atoms (IS = —0.14 mm/s, 50.6 %) and high-
spin (HS) Fe’" ions octahedrally coordinated to N atoms (IS = 0.41 mm/s, QS = 0.17
mm/s, 47.0 %) in Prussian blue [20,23]. The wider doublet corresponds to Fe** (IS = 0.32
mm/s, QS = 1.13 mm/s, 2.4%) in octahedral sites of jarosite [24].
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Figure 4.2 Results of the characterization of non-heated PB: a) XRD pattern, besides PB
a small diffraction lines of jarosite (#) are present, b) room temperature Mdssbauer

spectrum, and c¢) TEM photography.
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The XRD pattern of PB has a wide diffraction lines, typical for small particles.
TEM photography shows the PB nanoparticles having sizes between 30-60 nm, where

the particles showed low agglomeration (see Fig. 4.2¢).
4.3.2 PB under argon atmosphere: TG/DSC measurements

The thermogravimetric curve shows clearly six differentiated steps (Fig. 4.3, table
4.2). According to the evolved gases analysis (EGA), there is a release of water (m/z =
18) starting from 55 °C to 300 °C, it corresponds well with the mass decreasing (-9.65 %)
in step I and part of the step II, and with the wide endothermic peak at 150 °C. Because
of the small amount of jarosite in the sample (~ 3%), it is not considered in the calculus
of water content (structural and zeolitic) in the structure of Prussian blue. The calculus
gave as result 5 water molecules per unit cell, being this result less than in the ideal
number of water molecules in the PB structure.

The thermal decomposition of PB in argon atmosphere starts above 300 °C (step
IT), with release of cyanide groups (CN , m/z = 26), forming after hydrogen cyanide HCN
(m/z = 27) and cyanogen gas (CN), (m/z = 52) and small amount of carbon dioxide CO,
(m/z = 44) according to the EGA results. It is reflected by the two small downward peaks
in DSC (endo-effect) at 330 °C and 360 °C.
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Figure 4.3 TGA (blue line) and DSC (black line) of PB sample carried out under argon
atmosphere with a heating rate of 5 °C/min. Roman numbers indicate the different stages
of the decomposition, up and down arrows indicate the exothermal or endothermic effect

respectively, and the grey circles indicate the temperatures where samples were taken.
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In contrast, the mass decreasing in the other steps (III to VI) is accompanied by
release of nitrogen (N, m/z = 28) and carbon dioxide basically, during the iron carbides

formation.

Table 4.2 Mass loss estimated from TG curve for PB sample heated up to 900 °C in Ar.

Step  Temperature range (°C)  Mass loss (%)

I 35-189 -6.39
11 189 — 361 -7.85
111 361 — 505 -7.96
v 505 - 649 -11.01
\% 649 — 775 -10.98
VI 775 — 899 -12.19

Total: -56.39

43.3 XRD “ex situ” patterns from samples heated in argon at selected

temperatures

The phase composition of the samples taken at different stages of decomposition
was variable, showing clearly not only the Prussian blue thermal decomposition, but also
the transformation of iron carbides and their decomposition (Fig. 4.4).

The XRD pattern of sample PB190 is basically the same as the starting PB, and
still present traces of jarosite. At 300 °C, the Prussian blue is dehydrated and maintains
its crystalline structure unchanged. After 350 °C the decomposition of PB starts, and
from the diffractogram of sample PB370 were identified as iron(II) hexacyanoferrate(II)
(Fes[Fe(CN)g)), also known as ferrous ferrocyanide or Berlin white (BW), potassium
sulfate (K;SO4) and ferric sulfate (Fe3(SOs)3), both from the thermal decomposition of
jarosite [24]. Also is surprising the presence of the organic phase carbamide or urea
(CO(NH2)y).

In samples PB540 and PB680, the presence of ferrous ferrocyanide seems to be
dominant without any traces of the original Prussian blue. Other phases present in sample
PB540 are iron carbide (Fe,C, orthorhombic (£, Pbcn) and hexagonal (¢’, P6322)), iron
oxalate (FeC,0,), iron sulfate (Fe,SO,), and trisulfur dinitrogen dioxide (S;N,0,), while
in sample PB680 are present iron carbides (both Fe,C; Fe;C3; P63mc), and S3;N,0,.

At higher heating temperatures, the samples almost exclusively show different

iron carbides in the phase composition. In sample PB790 were identified Fe,C, Eckstrom-
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Adcock carbide (Fe;Cs), Hiagg carbide (FesC,, space group C2/c), cementite (Fe;C, space

group Pnma), and also small amount of K4[Fe(CN)g]. In sample PB900 the predominant

phase is cementite, also diffraction lines from metallic iron (o-Fe) were present.
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Figure 4.4 XRD patterns for samples heated up to selected temperatures under Ar. The

symbols represent the identified phases: Fes[Fe(CN)s]; (), Fea[Fe(CN)g] (V), FerC
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4.3.4 Mbossbauer spectra of the samples heated in argon at selected temperatures

Mossbauer spectra at room temperature were taken for all PB samples heated up
to the chosen temperatures (Fig. 4.5). Mossbauer spectrum of sample PB190 is similar to
the spectrum of unheated PB sample; it was fitted with one singlet (IS = -0.14 mm/s,
48.6%) and one doublet (IS = 0.40 mm/s, QS = 0.22 mm/s, 51.4%) both assigned to
ferrous and ferric ions in PB structure. The spectrum of sample PB300 (Fig. 4.5) is also

similar to this of sample PB190, having a similar Mdssbauer parameters (Table 4.3).
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Figure 4.5 Mdssbauer spectra for samples heated up to selected temperatures under Ar.

71



With the raising of temperature the Mossbauer spectra become more complicated,
as can be seen for samples PB370 and PB540 (Fig. 4.5). Mdssbauer spectrum of sample
PB370 was fitted with four singlets and two doublets; one singlet (L1) and one doublet
(D1) are abscribed to the undecomposed PB, where the bigger QS suggest a bigger strain
in the PB structure [25]; the other couple of singlet (L2) and doublet (D2) are assigned to
Berlin white (BW); there is one singlet (L3) abscribed to ferric ion in octahedral sites of
ferric sulfate (Fey(SO4)3) [26], the last singlet (L4) with a broad linewidth correspond to
ferrous ions from unknown provenance.

Sample PB540 has a Mdssbauer spectrum that was fitted with one sextet, four
doublets and two singlets. As in the previous sample, it is possible to identify BW (D2,
L1), where the doublet has a bigger value of quadrupole splitting, denoting a deformation
of the octahedral site of ferrous ions. It was not possible to assign the doublet D1 to any
compound identified in the XRD pattern, where the ferric ions are most probably to have
tetrahedral coordination. Doublet D3 is assigned to Fe* in octahedral sites of ferrous
sulfate (Fe,SOy4), produced from the reduction of ferric sulfate. Surprising is the presence
of ferrous oxalate at this high temperature (D4), when it normally decompose in inert
atmosphere at around 370 °C [27]. The singlet L2 with a very wide linewidth, which has
a similar value to singlet L4 in sample PB370, seems to reflect the arrangement of iron
cations prior to the formation of iron carbides, fact that agrees with the poor
crystallization observed in the respective XRD pattern; where the presence of a sextet
shows the small fraction (5.8 %) of crystallized Fe,C. Then, relating to the singlet L4 in
the previous sample, at 370 °C there is an agglomeration of iron cations with a poor
arrangement.

Sample heated up to 680 °C (PB680) has a Mossbauer spectrum, in which a
doublet (D1) and singlet (L1) belonging to BW are still present; and a doublet (D2)
corresponding to ferrous ion in octahedral coordination is likely to belong to some
unidentified iron compound. Three sextets (S1, S2, S3) with hyperfine fields varying
between 16.3 — 22.9 T are ascribed to the hexagonal iron carbide with three inequivalent
sites (Fe;Cs) [28-31]. The last two sextets (S4, S5) are assigned to Fe,C, representing the
major contribution to the spectrum (64.8 %).

There is a disagreement of the found values of hyperfine magnetic field of Fe,C
(13.3 — 15.3 T) in comparison to values published by other authors. These values are

smaller than those measured for hexagonal e-carbides (between 17 and 24 T) [28,32].
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Table 4.3 Mdssbauer parameters obtained from the fit of spectra for samples PB300,

PB370, PB540, PB680, PB790, and PB900 heated under Ar atmosphere.

IS QS W .
Phase (mm/s) (mm/s)  (mmis) B (T) Area (%)
PB300
D2 PB Fe’* (HS) 0.41 0.09 0.66 - 55.8
L1 PB Fe’" (LS) -0.14 - 0.34 - 44.2
PB370
DI PB Fe’* (HS) 0.41 0.68 0.52 - 6.6
D2 BW Fe** (HS) 1.09 1.53 0.44 - 26.2
LI PB Fe*' (LS) -0.14 - 0.43 - 8.1
L2 BW Fe’" (LS)  -0.10 - 0.44 - 46.8
L3 Fe,(SO4)s 0.55 - 0.28 - 2.7
L4 Fe®* 0.86 - 0.67 - 9.4
PB540
S1 Fe,C 0.22 0.19 0.58 13.6 5.8
DI Fe’* 0.45 0.26 0.28 - 12.3
D2 BW Fe** (HS) 1.08 1.65 0.36 - 13.2
D3 FeSO, 1.25 2.44 0.25 - 1.0
D4 Fe,C,0,4 1.18 1.70 0.25 - 1.0
LI BW Fe" (LS)  -0.10 - 0.39 - 27.9
L2 Fe®" 0.83 - 233 - 38.7
PB680
S1 Fe,C3 0.24 -0.25 028 229 1.5
S2 Fe;Cs 0.32 -0.23 028 21.6 1.7
S3 Fe,Cs 0.21 0.14 028 163 42
S4 Fe,C 0.26 0.07 047 153 42.9
S5 Fe,C 0.26 0.13 0.65 13.3 21.9
DI BW Fe?" (HS) 1.12 1.65 0.22 - 4.7
D2 Fe** 1.03 0.94 0.36 - 6.5
L1 BW Fe?" (LS)  -0.10 - 0.38 - 16.5
PB790
S1 Fe;Cs 0.28 -0.26 025 228 7.0
S2 Fe,C3 0.15 0.03 025  19.1 6.3
S3 Fe;C; 0.17 0.30 029 162 11.5
S4 FesC, 0.21 0.10 027  21.7 17.2
S5 FesC, 0.16 0.08 028  18.0 14.0
S6 FesC, 0.24 0.15 030 109 9.8
S7 Fe;C 0.20 0.00 029 205 224
DI Fe’™ (SP) 0.36 0.76 0.52 - 8.9
L1 K4[Fe(CN)g] -0.04 - 0.46 - 3.0
PB900
S1 Fe’ 0.00 0.00 029  33.0 20.0
S2 Fe;C 0.18 0.01 035  20.6 80.0

Notes: IS: isomer shift, QS: quadrupole splitting, W: experimental linewidth, HS:
high spin, LS: low spin, D: doublet, L: singlet, SP: superparamagnetic.
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The lowest hyperfine magnetic field of 17 T has been obtained by
Niemantsverdriet ef al. [33] and Amelse et al. [34], both describe the iron carbide as
hexagonal iron carbide €’-Fe;,C. In samples PB540 and PB680, the hyperfine values are
even smaller, where an alternative ordering of iron and carbon atoms in the structure or a
different crystalline symmetry can be the reason for a smaller hyperfine field [35]. It is
known that iron-carbides and iron-nitrides are isostructural [36]; the XRD pattern
measured by Niemantsverdriet et al. [33] is almost identically to the one described by
Barton and Gale [37], and very close to the pattern of {-Fe,N (space group Pbcn), then
one of the iron carbides identified in PB680 sample can be better explain by the
orthorhombic carbide -Fe,C.

In sample PB790, the spectra was fitted with 3 sextets (S1, S2, S3, sum of
subspectral areas: 24.8 %) for Fe;Cs, 3 sextets (S4, S5, S6, sum of subspectral areas: 41
%) corresponding to three inequivalent magnetic sites of FesC, [30,33,38], a one sextet
(S7) ascribed to cementite [28,39]. Cementite has two magnetic sites, but because its
Mossbauer parameters have very close values it was fitted with only one sextet [30]. The
presence of one doublet (D1) can be assigned to Fe’" or a superparamagnetic phase (SP)
[38]. Finally, one singlet (L1) is ascribed to potassium ferrocyanide, but its presence at
this high temperature is very unusual because this compound normally decompose around
400 °C.

The last Mossbauer spectrum (sample PB900), is quite simple to fit with two

sextets, one for metallic iron (S1) and the other one for cementite (S2).

4.3.5 Phase composition of samples heated at 680 °C with variable layer thickness

Samples of PB with different masses (layer thickness) were heated up to 680 °C
under Ar atmosphere: PB680-20 (20 mg, 1.55 mm), PB680-10 (10 mg, 0.78 mm), and
PB680-5 (5 mg, 0.39 mm). Phase composition was monitored using XRD and MS (Fig.
4.6).

The phase composition after the heating was different for the sample with the
thinnest layer thickness (PB680-5), where it is composed almost exclusively for iron
carbide (Fe,+xC). On the other hand, the samples with thicker layer thickness (PB680-20
and PB680-10) have an almost identical phase composition, as can be seen from the XRD

patterns and Mossbauer spectra; there were identified two different iron carbides (Fe;Cs

74



and Fe,C), ferrous ferrocyanide (BW), and some unknown phases as indicated by small
diffraction lines in XRD pattern and 2 doublets in the Mdssbauer spectrum.

The values of Mossbauer parameters for samples PB680-20 and PB680-10 are
similar (Table 4.4), in both samples the major subspectral contributions comes from Fe,C
(mixed disordered hexagonal &’-Fe,C and orthorhombic C-Fe;C): 59.9 % for sample
PB680-20 and 64.8 % for sample PB680-10.
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Figure 4.6 XRD patterns (left side) and Mossbauer spectra (right side) for samples with
different masses heated up 680 °C under Ar.

In contrast, sample PB680-5 has a dominant component as showed by the XRD
pattern, while the fitting of the Maossbauer spectrum shows three sextets (sum of
subspectra areas: 85.3 %) and one doublet. The high values of magnetic hypefine field
suggest that iron carbide is a pure hexagonal phase with ordered structure e-Fe,C. The
doublet present in the spectra can be assigned to an unidentified iron compound or to a

superparamagnetic component of the iron carbide [28].
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Table 4.4 Mdssbauer parameters obtained from the fit of spectra for sample PB680 with
different masses heated under Ar atmosphere.

IS QS w Bur Area

PB680  Phase o) (mms) (mmis)  (T) (%)
20 mg

S1 Fe,C; 025 -024 033 233 2.0
S2 Fe,Cs 032 -0.04 028 213 2.4
S3 Fe;C; 024 014 028 161 5.9
S4 Fe,C 025 006 044 156 341
S5 Fe,C 031 013 072 144 2538
DI BW Fe?" (HS) 1.13 1.65  0.22 - 5.2
D2 Fe*' 1.05 094 041 - 7.8
LI BW Fe?" (LS) -0.11 - 039 - 167
10 mg

S1 Fe,C; 024 -025 028 229 1.5
S2 Fe,C3 032 -023 028 216 1.7
S3 Fe;C; 021 014 028 163 4.2
S4 Fe,C 026 007 047 153 429
S5 Fe,C 026 013 065 133 219
DI BW Fe?” (HS) 112 1.65 022 - 4.7
D2 Fe** 1.03 094  0.36 - 6.5
L1 BW Fe?' (LS) -0.10 - 038 - 165
5 mg

S1 Fe,C 022 -0.02 033 290 9.4
S2 Fe,C 029 -006 044 238 522
S3 Fe,C 027 006 035 222 237
DI Fe’* 025 064  0.70 - 147

Notes: IS: isomer shift, QS: quadrupole splitting or quadrupole shift, W: experimental
linewidth, HS: high spin, LS: low spin, D: doublet, L: singlet.

4.3.6 Morphology of the samples heated under argon atmosphere

The samples heated up to different temperatures have different morphologies (Fig.
4.7). For example sample PB540 have a granular structure, apparently composed by the
same material; the elemental composition show the presence of Na, S, K besides Fe and
C. It helped to identify Fe;SO4 and S;N,O; in the XRD pattern, but it was not possible to
identify any phase with the elements Na or K.

The SEM photography of sample PB680 show two different sizes of particles
(bigger ones ~ 150 nm and small ones < 50 nm), but it was not possible to distinguish
differences in composition because the EDS profiles showed almost identical chemical

composition for both particles.
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Sample PB790 have a different morphology in comparison with the other
samples, there were observed rounded particles, but also lengthened particles with
approximated dimensions of 5 um x 500 nm, which are more likely to be monoclinic iron
carbide x-FesCs.

The last sample, PB900 has also particles with different sizes, according to the
XRD pattern both phases (Fe;C and a-Fe) are very well crystallized, being cementite the
prevailing phase (83.1 %). EDS analysis of the sample showed that the rounded particles
are compound almost exclusively of Fe and C, and the small particles have K and S in
addition to Fe and C (see appendix 11). However no crystalline phase containing K and S
was identify from the XRD pattern. Additional TEM photography shows the rounded
particles have a core shell structure, and it suggests that the particles have a cementite

core with a thin shell of metallic iron (Fig. 4.7).

BMKAG80-19 5.0kV 9.3mm x80.0k SE 500nm

BMK790A-03 5.0kV 9.3mm x9.00k SE BM900-02 3.0kV 10 ;mrn x22.0k ;E
Figure 4.7 SEM pictures showing the sample morphology of samples PB540, PB680,

PB790, and PB900. The inset in PB900 shows a close view of a single particle with core-
shell structure.
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4.3.7 PB under nitrogen atmosphere: XRD “in situ” measurements

The XRD in situ allowed following the thermal decomposition under nitrogen
atmosphere of a PB sample with a layer thickness of 0.5 mm (details of the experiment
are in table 4.1). The resultant 43 diffractograms were grouped in 7 groups which are well
corresponded with the steps observed in TGA graph (for details see appendix 10).

Selected diffractograms from each group are shown in Fig. 4.8.
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Figure 4.8 Selected XRD patterns from in situ measurements of Prussian blue heated
under N,. The average heating rate was 2 K/min. The symbols represent the identified
phases: Fes[Fe(CN)s]3 (¥), Fes[Fe(CN)g] (V), FerriC (€7), FerC (C), Fe,C; (@), FeoCs
(1)» FesC (6), Fe” (0),K2804 (@), CO(NH,); (W), Fex(SO4); (O).
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Quantitative phase analysis was performed in all diffractograms using the
Rietveld method. For the analysis were considered only the known phases, excluding the
unidentified phases in the XRD patterns. The results show the transformation of PB into
BW, and after its decomposition the formation and posterior transformation of iron

carbides, leading to the final products cementite, iron and carbon (Fig. 4.9).
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Figure 4.9 Results of Rietveld analysis of XRD patterns collected in-situ during the
thermal decomposition of commercial Prussian blue under N, atmosphere. The final
products of decomposition are Fe;C, Fe and C.

4.4  Discussion of Results

4.4.1 Similitude in phase composition from samples in argon and nitrogen

It was investigated the influence of atmosphere on thermal decomposition of PB.
Additionally to the samples heated in argon atmosphere, two samples were heated up to
790 °C and 900 °C in nitrogen atmosphere under the same experimental conditions. The

samples were labeled as PB790-Ar, PB900-Ar, PB790-N,, and PB900-N5,.
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According to the diffractograms, there are no differences in the phase composition
of the samples heated in different atmospheres and temperatures (Fig. 4.10, upper side).
In samples PB790-Ar and PB790-N, were found a mixture of iron carbides as majority
phases, potassium sulfate and potassium ferrocyanide as minor phases. Cementite, iron,
and carbon, were found in samples PB900-Ar and PB900-N,. Rietveld analysis was
performed on all aforementioned samples considering only the iron and iron carbides,
giving the following quantitative results: Fe;Cs (25.1 %), FesC, (43.5 %), FesC (31.4 %)
for sample PB790-Ar; Fe;C; (39.4 %), FesC, (38.0 %), Fe;C (22.6 %) for sample PB790-
Na; FesC (83.1 %), a-Fe (16.9 %) for sample PB900-Ar; and Fe;C (89.3 %), a-Fe (10.7
%) for sample PB900-N,.

Difference in the percentage contribution to samples phase composition, suggest a
slower thermal decomposition of PB when it is heated in nitrogen atmosphere than in

argon, as can be inferred from XRD in-situ measurements (Fig. 4.9).
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Figure 4.10 XRD patterns (upper side) and Mdossbauer spectra (lower side) for PB
samples heated up to 790 °C (left side) and 900 °C (right side) under argon (Ar) and
nitrogen (N;) atmospheres.
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Mossbauer spectra of the samples PB790-Ar and PB790-N, are also very similar
(Fig. 4.10, lower left side), and quantitatively follow the same trend as the results from
XRD. The sub-spectral contributions of iron carbides are as follow: Fe;Cs; (24.8 %),
FesC, (41.0 %), FesC (22.4 %) for sample PB790-Ar; Fe;Cs (34.3 %), FesC, (38.2 %),
Fe;C (14.6 %) for sample PB790-N,. Both spectra present a doublet assigned to a
paramagnetic component with very similar hyperfine parameters (table 4.5), where the
sub-spectral area is slightly bigger (+2.2 %) in the case of sample heated under nitrogen.

It is clear from the spectra of samples PB900-Ar and PB900-N, the presence of
two sextets for Fe;C and a-Fe (Fig. 4.10, lower right side). The hyperfine parameters for
the two sextets on both samples are identical, where the only difference is the less amount

of a-Fe in the sample heated under nitrogen, as was previously explained (table 4.5).

Table 4.5 Mossbauer parameters obtained from the fit of spectra for samples PB790 and
PB900 heated under Ar and N, atmospheres.

IS QS \\Y Bhf Area
Phase  m/s) (mmis) (mmis)  (T) (%)

PB790-Ar

S1 Fe,Cs 028 -026 025 228 7.0
S2 Fe,Cs 0.15 0.03 025 19.1 6.3
S3 Fe,Cs 0.17 030 029 162 115
S4 FesC, 021 010 027 217 172
S5 FesCs 0.16 008 028 180 140
S6 FesC, 024 015 030 109 9.8
S7 FesC 020 000 029 205 224
Dl Fe** (SP) 036 076  0.52 - 8.9
L1 K4[Fe(CN)s]  -0.04 - 046 - 3.0
PB790-N,

S1 Fe,Cs 028 -030 030 229 8.5
S2 Fe,Cs 0.11 0.05 026 184 8.9
S3 Fe,Cs 0.18 032 031 162 169
S4 FesC, 023 007 035 216 214
S5 FesCs 028 006 027 180 7.6
S6 FesC, 025 0.11 034 109 8.9
S7 FesC 020 0.00 030 204 146
DI Fe’" (SP) 035 077 071 - 111
L1 K4[Fe(CN)s] ~ -0.05 - 042 - 2.1
PB900-Ar

S1 Fe° 0.00 000 029 330 200
S2 FesC 018 001 035 206  80.0
PB900-N,

S1 Fe° 000 0.00 032 331 8.1
S2 Fe;C 018 001 036 208 919

Notes: IS: isomer shift, QS: quadrupole splitting or quadrupole shift, W: experimental
linewidth, HS: high spin, LS: low spin, D: doublet, L: singlet, SP: superparamagnetic.
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4.4.2 Dependence of phase composition on heating rate

As described above (table 4.1), a second set of in situ XRD measurements were
done on PB sample heated up to 800 °C with an average heating rate of 8 K/min. The
resultant diffractograms are shown in Fig. 4.11. From the figure, it is possible to see the
changes of phase composition with the increase of temperature; from room temperature
to 300 °C the PB structure remains unaltered, and after 300 °C starts the transformation to
BW. From Rietveld quantitative analysis: at 300 °C there is 61.6 % of the starting PB and
38.4 % of BW; at 400 °C the PB percentage decrease to 30.8 % and there is an increase
of BW to 56.8 %, at this temperature also the BW decomposition leads to the formation
of hexagonal iron carbide &’-Fe,:C (12.4 %). At 500 °C the phase composition is the
same, where the weight percentage of each phase is: 12.1 % for PB, 46.9 % for BW, and
41.4 % for €’-Fe,+C.

Intensity (a. u.)

26 (°) Co-Ka

Figure 4.11 Selected XRD patterns from in situ measurements of Prussian blue heated
under N,. The average heating rate was 8 K/min. The symbols represent the identified

phases: Fes[Fe(CN)s]; (]), Fea[Fe(CN)g] (V), FeauxC (€7), Fe’ (), KFeO, (*).
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At 600 °C the remains of PB transformed to BW (17.2 %), and the presence of &’-
Fe,xC is majority (82.8 %); they are also small unidentified diffraction lines that
probably belong to some potassium compound. Neglecting the small contribution of
unknown phases, it can be said that at 700 °C the phase composition is compose
exclusively of €’-Fe,C. This hexagonal iron carbide shows a shifting of the diffraction
lines, and can be interpreted as thermal expansion of the unit cell prior to decomposition.
Finally, at 900 °C the predominant phase if y-Fe and there is also diffraction lines
belonging to KFeO,.

Comparing both in situ measurements on PB sample heated under nitrogen
atmosphere (table 4.1), it is seen that the thermal decomposition of PB occurs above 300
°C in both cases. However, the phase composition is quite different at higher
temperatures; where the slower heating rate (2 K/min) allows the formation of different
iron carbides and finally the formation of zerovalent iron (ZVI), whereas a faster heating
rate (8 K/min) was obtained exclusively hexagonal iron carbide (&’-FeyxC) with a

posterior formation of iron. This can be resumed by the following schema.

2 K/min: Fe4[Fe(CN)s]; 2 Fey[Fe(CN)g] 2 Fe,C = FesC,, Fe;C; 2 FesC > Fe

8 K/min: Fe4[Fe(CN)6]3 > FCQ[FC(CN)d > Fe,C - Fe

4.4.3 Influence of layer thickness on phase composition

From the results shown in Fig. 4.6, the variation of the sample mass appears to
play an important role in the thermal decomposition of Prussian blue. It agrees with the
concept of “critical sample layer thickness (weigth)” introduced by Hermanek and Zboril
[22]. These authors studied the thermal decomposition thermal decomposition of iron(II)
acetate, where for mass sample of 50 mg was obtained pure hematite, while for mass
sample of 500 mg was obtained pure maghemite. Similar results were also obtained from
Prussian blue heated in air, with narrow sample layer (1 mm) was obtained a mixture of
iron oxides (B-Fe,O3; and maghemite), whereas almost pure maghemite was obtained with
a thick sample layer (4 mm) [20,22].

Similarly, for sample PB680, when the used sample mass was above 10 mg (layer

thickness 0.78 mm) was obtained a mix of iron carbides (Fe;Cs;, €’-Fe,C, {-Fe,C) and
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ferrous ferrocyanide as decomposition products; whereas only &-Fe,C was obtained
when sample mass was 5 mg (layer thickness 0.39 mm). The absence of other iron
carbides and ferrous ferrocyanide in sample PB680-5, suggest that the decomposition
reaction was faster in comparison to the other samples (PB680-10 and PB680-20). In fact,

this can be an advantage because it allows the synthesis of pure iron carbide phase.

4.4.4 Relationship between iron-carbide phases

Above 300 °C most of the PB has been transformed into ferrous ferrocyanide
(BW), and when it decomposes iron carbides are formed. From the results showed in
figures 4.8 and 4.9, all the known iron carbides are present when PB sample if heated up
to temperatures greater than 400 °C in reducing atmosphere.

The first formed iron carbides were the orthorhombic Fe,C and hexagonal
Fe,«C. They are first formed slowly up to 580 °C, then from 580 °C to 660 °C there is an
steadily increase of the amount of Fe,C indicating a faster decomposition of BW, in the
same temperature range (from 620 °C) it can be observed the formation of the hexagonal

iron carbide Fe;Cs. It can be explained by the following equations:

7 Fe,C — 2 Fe;C3 + C (1)
3 Fey+C — Fe;C;5, where x < 0.33 (2)

With the increase of temperature, from 620 °C to 760 °C, the weight percentage
of Fe,C continually decrease and at the same time there is a small increase of Fe,:C.
Another iron carbide has been formed, FesC,, and its weight percentage grows steeply at
the same rate as Fe;Cs, the percentage of both iron carbides increase to the detriment of
Fe,C, this suggest a transformation of the primary iron carbide (Fig. 4.9). Besides Fe,C,
Fe,«C, Fe;Cs, and FesC,, there is also a small percentage of Fe;C and C. The possible

relation between carbides can be expressed by:

6 Fe,C — Fe;Cs + FesC, + C (3)
4 Fezc — F€5C2 + F€3C +C (4)

From 760 °C to 780 °C, there is a percentage decrease of Fe;Cs, and increase of

weight percentage of FesC, and Fe;C. This could probably be explained by the equations:
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3 F67C3 — 7 F63C +2C (5)
3 F65C2 —5 F63C +C (6)

Equation (6) has been proposed by many authors [38,40,41], during the studies of
kinetics of iron carbides [40], origin and behavior of iron carbides under reducing
atmospheres [38]. It was reported by Cohn and Hofer [41] that formation of cementite
occurs at temperatures higher than 480 °C and that FesC, always precede Fe;C and never
the opposite.

Finally, between 800 °C and 900 °C, there are present only Fe;C, y-Fe, and C. It is
pretty clear from Fig. 4.9 the decrease of weight percentage of Fe;C to form y-Fe and C
(Eq. 7); that result has been already observed by many other authors, because of the
instability of cementite at temperatures higher than 700 °C [40,42].

3FesC -3 Fe+C (7)

The transformations between carbides or its decomposition, agrees with the
statement that the stability of iron carbides increases when the carbon contents decreases:
Fe,C < Fey2-24C < FesC, < Fe;C [35,43]. The aforementioned relationships between iron

carbides can be summarized in the schema depicted in Fig. 4.12.

Fe,[Fe(CN)gls

I
Fe,[Fe(CN),]

>,

Fe,C Fe,..C

7 ST

C|| FesC | | FesC, Fe.C,
Fe,C

O\

C Fe

Figure 4.12 Schema showing the decomposition of Prussian blue and subsequent
formation and transformation of iron carbide phases.
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4.5  Overall Mechanism of Thermal Decomposition

Considering a pure sample of Prussian blue, from TGA/DSC analysis (Fig. 4.3,
table 4.2), the first step had a mass loss between 35 °C and 189 °C corresponding to the
release of zeolitic water in PB structure (Eq. 8, Amy, = -6.64 %), then a second release of
water until 300 °C, corresponding to the release of structural water (Eq. 9, Amg, = -9.48
%):

Fes[Fe(CN)s]3-5H20 — Fes[Fe(CN)gls-1.5H,0 + 3.5 H,O (8)

Fes[Fe(CN)s]3-5H20 — Feq[Fe(CN)gls + 5 H,O 9)

Between 300 °C and 420 °C, starts the transformation of ferric ferrocyanide (PB)

into ferrous ferrocyanide (BW), then the following reaction takes place:

Fes[Fe(CN)s]3 — 7/3 Fey[Fe(CN)g] + 2 (CN), (10)

For example, at 370 °C (PB370) as can be seen in Fig. 4.4, both kinds of
ferrocyanide (PB, BW) are present, it can be described by the equation:

Fes[Fe(CN)s]s — 1.4 Fey[Fe(CN)g] + 0.4 Fey[Fe(CN)gls + 1.2 (CN), + 5 H,0
(Amg, = -16.06 %, Ameyp = -14.57 %) (11)

At higher temperatures, i.e. from 420 °C to 900 °C, occurs the formation and
transformation of iron carbides as was explained in the previous section, and the final
formation of iron resulting from the thermal decomposition of cementite. The overall PB
mechanism of decomposition in argon atmosphere can be resumed by the following

equation:

Fes[Fe(CN)g]3-SH,0 — 2 FesC + Fe +2C+7 (CN), + 2N, + 5 H,0  (12)

From the Eq. 11, it was calculated the theoretical mass loss as -53.74 %, which
differs with the experimental mass loss of -56.39 %. The reason of the differences could
be attributed to the fact that it was not consider the minor phases present during the PB

decomposition. The nitrogen was included in the Eq. 11, because it was released during
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the formation and transformation of iron carbides (at 500 °C, 642 °C, 763 °C, 842 °C,
and 885 °C), although its provenance is not well understood, also a little amount of CO;
was release at 418 °C, 471 °C, 579 °C, 704 °C, and 826 °C, according to the EGA

analysis.
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5. Synthesis of iron oxide nanoparticles by thermal decomposition of

chemical synthesized Prussian blue

5.1 Introduction

Prussian blue (PB) is an iron salt that can be synthesized chemically by many
routes. The most used is the direct method, where are mixed an aqueous solution of ferric
or ferrous salt and hexacyanoferrate(Il) or hexacyanoferrate(Ill) (K4Fe(CN)g3H,O,
K;3Fe(CN)g6H,0) [1-4]. The salts commonly used are ferrous or ferric chloride, although
iron nitrate and iron sulfate has been used too, but in that case were used ammonium
hexacyanoferrate or ferrocyanide acid [3]. Cubic crystals of PB can be also prepared, but
in contrast to the direct method it takes longer time (three weeks) [5]. Using ultrasound
[6] or by addition of surfactants some authors had controlled the morphology of PB
particles, some of the surfactants used in the PB synthesis are polyvinylpyrrolidone
(PVP) [7-9] and citric acid [10].

The control of the size and morphology of nanoparticles has been one of the goals
in the synthesis of nanoparticles or nanocrystals. The variation of these two parameters
(size and shape), leads to the variation of the optical, thermal, electrical, magnetic, and
even catalytic properties of the materials [11,12]. In the case of magnetic nanoparticles,
the shape of nanoparticles has influence on the coercitivity of the material because of the
shape anisotropy [13,14]. Usually, the preparation of nanoparticles with defined shapes is
done by colloidal or thermal decomposition methods [11], where the shapes of the
particles can be controlled by means of a surfactant [8,15] or ultrasound during the
synthesis [6]. If well, there is known that particles sizes affect the melting point of the
particles [11], there are no experimental results of the morphology effect.

Iron salts and minerals had been used in the preparation of iron oxides by solid
state thermal decomposition [4,16,17], In general, the particles size of the precursor and
even the thickness of the layer on the crucible affect the temperature of the thermal
decomposition, and the kind of iron oxides produced [18]. Another factor to consider is
the morphology of the precursor, which could influence in the kind of iron oxide

produced after the thermal decomposition of the precursor material.
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5.2 Materials and Methods

5.2.1 Synthesis of Prussian blue (PB) with spherical and cubic morphology

Prussian blue (PB) spherical nanoparticles were synthesized using a modified
version of the synthesis described by Shen et al. [8]. For the synthesis, 7.5 g (67.5 mmol
of monomer units) of polyvinylpyrrolidone (PVP, K-30, Mw = 40 000, Fluka) were
dissolved in 100 ml of hydrochloric acid (HCI, 0.01 M, PH = 2). After the total
dissolution of PVP, 225 mg (0.68 mmol) of potassium ferricyanide (K;[Fe(CN)g],
Lachema) were slowly added to the former solution under stirring. The new solution was
put into a boiling flask, joined to the bulb condenser, and then the aqueous solution was
refluxed at 80 °C during 2 hours. When the time of reaction has finished, the solution was
cooled to room temperature. Then, the PB nanoparticles were separated from the solution
using centrifuge equipment (Sigma Sartorius 4-16 K) (13500 rpm, 25 min), the resulting
precipitate was washed three times alternating between absolute ethanol and water
(13500 rpm, 20 min). Finally, the precipitate was dry in vacuum for 20 h. The blue
powder sample was labeled as PB-S.

Prussian blue cubic microparticles were synthesized using a sonochemical
synthesis described by Wu et al. [6]. For the synthesis, 423 mg (1 mmol) of potassium
ferrocyanide (K4[Fe(CN);]-3H,0, Penta) were dissolved in 100 ml of hydrochloric acid
(HCI, 0.1 M, PH = 1). Then, the solution was put into an ultrasound bath at 40 °C for 4
hours. After that, the cooled solution was centrifuged at 13500 rpm during 15 min; the
blue precipitate was washed two times with water and one time with absolute ethanol
(13500 rpm, 30 min). Finally, the precipitate was dried in air. The dark blue powder
sample was labeled as PB-C.

5.2.2 Preparation of iron oxide nanoparticles by thermal decomposition of PB

Two PB samples, each one with approx. weight of 26 mg, were heated in a muffle
furnace (Linn Hightherm Gmbh LM 112.07) at 350°C for 1 hour. The furnace was set to
have an ascending temperature from room temperature to 350 °C with a heating rate of 5
K/min. The sample containing micro-cubes of Prussian blue has a dark blue color, and
the sample of nano-spheres has a brilliant blue color. After heating, both samples changed

their color to reddish brown color and dark brown color, respectively. The samples
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obtained after the heating were labeled as PBC350 and PBS350. In order to remove
undesired compounds in the samples, they were washed with deionized water four times.
Three other set of samples were prepared using sample PB-C. The first set
consists of three samples W5KC350a, W5KC350b, and W5K350c; PB-C sample was
heated up to 350 °C with a heating rate of 5 K/min, where the mean mass sample was 35
mg. In the second set three samples were prepared at different temperatures: a) 330 °C, 5
K/min, 2 hours (W5KC3302); b) 400 °C, 5 K/min, 1 hour (W5KC400); and c) 350 °C, 2
K/min, 1 hour (W2KC350). The third set consist of two samples with different mass
density (mean mass sample was 33 mg for each sample, but the alumina crucible had
different diameters 15 mm and 33 mm): a) 350 °C, 5 K/min, 1 hour, 4.2 rng/cm2
(W5KC350L); b) 320 °C, 5 K/min, 3 hours, 20.3 mg/cm® (W5KC320). All samples were

washed with deionized water after the thermal treatment.

5.2.3 Samples characterization

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
were carried out simultaneously on PB-C and PB-S samples, using a thermal analyzer
STA 449 C Jupiter from Netzsch. Analyses were done under oxidant atmosphere (air)
from 35 °C to 900 °C with a heating rate of 5 K/min in open alumina crucible; the
average mass of samples was 10 mg. After heating, samples were cooling down to room
temperature under inert atmosphere of nitrogen. Additional analyses were up to chosen
temperatures for PB-C (350 °C, 450 °C) and PB-S (310 °C, 400 °C) samples.

All samples were characterized by X-ray powder diffraction (XRD) and >’Fe
Mossbauer spectroscopy (MS). XRD patterns were recorded with a PANalytical X Pert
PRO MPD diffractometer (CoK, radiation) in the Bragg-Brentano geometry, equipped
with an X'Celerator detector and programmable divergence and diffracted beam anti-
scatter slits. The measurement range was 20: 15° - 90°, with a step size of 0.017°. The
identification of crystalline phases and the Rietveld refinement were performed using the
High Score Plus software (PANalytical) in conjunction with PDF-4+ and ICSD
databases.

Transmission >'Fe Mssbauer spectroscopy on powdered samples was carried out
in a constant acceleration mode using a °’Co(Rh) source at room temperature (RT) and 15
K. Spectra were folded and fitted using the CONFIT2000 software; the isomer shift

values were expressed with respect to metallic alpha-iron.
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Scanning electron microscopy (SEM) was performed on each sample, as
synthesizes and after heating, to study its morphology. The images were obtained using a
scanning electron microscope Hitachi SU-6600, with 5 kV and 15 kV secondary electron
image. Also was performed energy dispersive X-ray analysis (EDS) to check the

elemental composition of the sample.

5.3 Results

5.3.1 Prussian blue: Cubic and spherical shapes

The Prussian blue samples were analyzed by XRD, MS, and SEM. The XRD
patterns confirm the presence of pure Prussian blue on both samples, i.e. PB-S and PB-C
(Fig. 5.1a). The FWHM of XRD reflections in sample PB-S are wider than in sample PB-
C, indicating the minor size of the particles as confirmed by SEM images (Fig. 5.2a and
5.2b). The particles sizes follow a normal distribution (Fig. 5.2¢ and 5.2d), with average
sizes of 1.45 pum for cubic particles (PB-C) and 160 nm for spherical particles (PB-S).
Also, according to the energy dispersive X-ray spectroscopy (EDS) results (Fig. 5.2e and
5.2f), the particles contain K besides the usual elements present in the PB composition
(Fe, C, N), where the PB-C sample contains more amount of potassium than PB-S
sample, which could affect the decomposition mechanism. Due to the presence of
potassium in the samples, it could be inferred that K was incorporated into the PB lattice,
as was proposed by Bueno et al. [19].

The Mdossbauer spectra of the samples are slightly different (Fig. 5.1b). The
spectrum of sample PB-S was fitted with one doublet (IS = 0.38 mm/s, QS = 0.51 mm/s,
sub-spectral area 57.6%) and one singlet (IS = -0.15 mm/s, sub-spectral area 42.4%),
corresponding to the high-spin (HS) ferric ion 6-fold coordinated by N and the low-spin
(LS) ferrous ion 6-fold coordinated by C in the PB structure, respectively [4]. On the
other hand, the spectrum of sample PB-C, besides of the described doublet (IS = 0.34
mm/s, QS = 0.37 mm/s, sub-spectral area 50.9%) and singlet (IS = -0.15 mm/s, sub-
spectral area 41.9%), has another doublet (IS = 0.54 mm/s, QS = 0.31 mm/s, sub-spectral
area 7.2%) corresponding to the HS ferric ion 6-fold coordinated by five N, and one OH-
K or O-H,, which substitute the [Fe*"(CN)e]* vacancies.
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Figure 5.1 XRD patterns (a) and Mossbauer spectra (b) at room temperature of cubic
(PB-C) and spherical (PB-S) particles of Prussian blue. Lattice constants (a) for each
sample are shown.
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Figure 5.2 SEM photographs, histogram for particle size distribution, and EDS spectra of
samples PB-S (a, c, ) and PB-C (b, d, f).

93



5.3.2 Thermal analysis: TG and DSC

The thermal decomposition of Prussian blue in air starts above 250 °C, after the
liberation of the structural water and the cyanide groups from the PB lattice. Studies
using simultaneously thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) from 35 °C to 900 °C (heating rate 5 K/min), show differences in the
results obtained for spherical and cubic particles of PB (Fig. 5.3). First, the estimated
water molecules from TGA differs for both particles, being less H>O in cubic particles (4)
than in spherical particles (9.5), fact that could be influenced by the presence of K" ions
in the PB lattice as was discussed in the previous section. Second, the decomposition
temperature (estimated from the exothermic peak of DSC curve) is smaller for spherical
nanoparticles (269 °C) than for cubic particles (334 °C), but it seems more a size effect
consequence rather than a morphology effect [11]. Third, the mass losses -obtained from
TGA- in both samples are different, principally because of the K presence, which lead to
a formation of potassium compounds as KNOj besides iron oxide in the case of the cubic
particles. Similar TGA curves were published by Samain et al. [1] without further
explanation about the decomposition mechanism of Prussian blue.

The endothermic peak, on step I, for both samples indicates the release of water
molecules from the Prussian blue lattice. The endothermic peak, on step IV, present in the
DSC graph of sample PB-C corresponds to the formation of the ferrite KFe;;0,7,
surprisingly this peak is not present in the sample PB-S, even when the same ferrite is
formed. Step II corresponds to the Prussian blue decomposition, with formation of iron
oxides. In the step III, crystallization of the amorphous iron oxides is likely to happen, as
suggested by the presence of two exothermal effects in DSC for PB-C and PB-S samples
(table 5.1).

Table 5.1 Comparative data from TGA (mass loss: Am) and DSC analysis of samples
PB-S and PB-C. The arrows represent the endothermic () and exothermic (1) effects.

PB-S PB-C
Step Temp.range  Am DSC peak Temp. range  Am DSC peak
) (%) @) ) (%0) 4
I 35-171 -16.63 144 () 35-268 -8.25 221 ()

II 171 -272 -28.95 245,269 (1) 268 — 335 -25.14 278,334 (1)

111 272 -339 -3.01 298,329 (1) 335 -402 1.46 360, 386 (1)

v 339-900 -3.06 none 402 —900 -8.63 664 ()
Sum: -51.66 Sum: -40.56
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5.3.3 Phase composition: XRD and MS

The evaluation of the phase composition of the samples heated up to chosen
temperatures (PB-S: 310 °C, 400 °C and 900 °C; PB-C: 350 °C, 450 °C and 900 °C), was
done using XRD and MS (Fig. 5.4, 5.5 and 5.6). Quantitative phase analysis was done
using the Rietveld analysis on XRD patterns (Table 5.2).

3000 PB-S_310

Intensity (cts)

Intensity (cts)

5000 b
4000

3000

Intensity (cts)

2000

20 (°) Co-Ka

Figure 5.4 XRD patterns for PB-S 310 (top), PB-S 400 (middle), and PB-S 900
(bottom). The symbols represent each phase present in the samples: -Fe,O3 (B),
maghemite (y), KFe;;0,7-hex (V¥), KFe;017-trig (V).

96



PB-C_350

Intensity (cts)

6000 —
5000 —
4000

3000 —

Intensity (cts)

2000 By I

1000

3500 —

3000 —

2500 —
2000 —

1500 —

Intensity (cts)

1000 +

500

Figure 5.5 XRD patterns for PB-C_350 (top), PB-C_450 (middle), and PB-C_900
(bottom). The symbols represent each phase present in the samples: hematite (o), -
Fe,05 (B), maghemite (y), KOCN (0), a-KNOjs (1), y-KNOjs (0), KFe;;017-hex (),

KFe;10;7-trig (V), graphite (C).

PB-S samples after heating at 310 °C and 400 °C, have a similar phase
composition presenting a mixture of iron oxides (y-Fe,O; and B-Fe,;0s) (Fig. 5.4), only
the weight percentage is different, for example at 400 °C the gamma polymorph is the
major phase present, that could reflect the slow transformation of beta to gamma
polymorph (table 5.2). Mossbauer spectra of the aforementioned samples are quite similar

(Fig. 5.6), in addition to the beta and gamma polymorphs, there is one sub-spectral
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component ascribed to superparamagnetic maghemite with isomer shift of 0.35-0.36
mm/s and quadrupole splitting 1.05-1.08 mm/s (table 5.3). Beta polymorph was more
crystalline in comparison to maghemite, according to the full width at half maximum of
diffraction peaks and the experimental linewidth of Mdssbauer sub-spectra. Sample PB-
S 900, have a completely different phase composition than the previous samples, the
major phase was potassium ferrite with two different crystallographic arrangements

(hexagonal and trigonal), and hematite (Fig. 5.4).
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Figure 5.6 Mossbauer spectra, taken at room temperature, of samples PB-S 310 (left top
side), PB-S 400 (left bottom side), PB-C 350 (right top side), and PB-C_450 (right
bottom side).
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Table 5.2 Quantitative results from Rietveld refinement of the PB-C and PB-S samples
heated up to chosen temperatures. The numbers between parentheses indicate the

estimated standard deviations.

Phase PDF-file  Space group PB-C 350 PB-C 450 PB-C 900
o-Fe,03 161291 R-3c 2.5(2) % 3.0(1) % 1.4(1) %
B-Fe 03 108905 [a-3 2544) %  37.7(4) % -
v-Fe,0;3 87119 P4,32 55.4(4)%  27.7(7) % -
KOCN 24008 [4/mcm 16.6(6) % - -
a-KNO; 10289 Pnma - 14.02) % -
v-KNO; 36113 R3m - 17.74) % -
KFe; 0, 83285 P63/mmc - - 17.44) %
KFe; 0,7 174323 R-3m - - 78.1(6) %
C 76767 P65;/mmc - - 3.1(4) %

PB-S 310 PB-S 400 PB-S 900
o-Fe,03 161291 R-3c - - 2422) %
B-Fe,03 108905 [a-3 46.79) %  39.9(7) % -
v-Fe,0;3 87119 P4,32 533(1)%  60.1(9) % -
KFe;;017 83285 P63/mmc - - 10.8(4) %
KFe 1047 174323 R-3m - - 65.006) %

Table 5.3 Mossbauer parameters obtained from the fit of spectra for samples PB-C and
PB-S heated up to different temperatures in air.

Sample Sub- QS W By Arca Assignment
p spectra  (mm/s) (mm/s) (mm/s) (T) (%) g

PB-C 350 S1 0.37 0.00 0.66 485 30.8 Fe (y-Fe,03)
S2 034 -0.14 022 51.0 6.1  Fe'" (a-Fe,0;)
D1 0.36 0.81 0.59 - 341  Fe* (y-Fe,0; SP)
D2 0.40 0.90 0.22 - 8.7 Feh (B-Fe,03)
D3 0.39 0.62 0.24 - 202 gty (B-Fe,05)

PB-C 450 SI 0.36 0.00 1.01 464 21.1 Fe’" (y-Fe,05)
S2 0.39 -0.13 0.39 50.1 8.9 Fe (a-Fe,03)
D1 0.36 0.79 0.59 - 399 Fe* (y-Fe,05 SP)
D2 0.39 0.90 0.22 - 83 Ftp (B-Fe,03)
D3 0.39 0.62 0.24 - 218 gty (B-Fe>03)

PB-S 310 S1 0.36 0.00 1.83  46.0 35.1 Fe’" (y-Fe,05)
D1 0.34 1.05 0.63 - 362 Fe’ (y-Fe,05 SP)
D2 0.38 0.90 0.28 - 7.3 Fe’ b (B-Fe,0;)
D3 0.38 0.62 0.32 - 214 gty (B-Fe,05)

PB-S 400 S1 0.33 0.00 1.60  46.0 40.0 Fe’" (y-Fe,05)
D1 0.35 1.08 0.76 - 310 Fe’ (y-Fe,0;5 SP)
D2 0.38 0.90 0.28 - 8.1  Fe** b (B-Fe,03)
D3 0.37 0.62 0.33 - 209

Fe’” d (B-Fe,0;)

Notes: IS: isomer shift (+ 0.01), QS: quadrupole splitting or quadrupole shift (+ 0.01), W: experimental

linewidth (+ 0.01), By magnetic hyperfine field (= 0.1), Area (£ 0.5), S: sextet, D: doublet, L: singlet,
SP: superparamagnetism, numbers in cursive are the fixed values during the fitting.
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Unlike the prior sample (PB-S), the phase composition of the heated PB-C at 350
°C includes an iron oxide mixture (o, B and y), and potasium cyanate (KOCN), while at
450 °C there were identified potassium nitrides (a-KNO; and y-KNOs), and the iron
oxide mixture (Fig. 5.5). In this case the three iron oxide polymorphs apparently are
produced simultaneously. If only the Fe-bearing phases are considered, then the
percentages of iron oxides are the following: a-Fe,O3; (3.0%), B-Fe 03 (30.5%), y-Fe,O3
(66.5%) for sample PB-C 350; and a-Fe;Os (4.4%), B-Fe O3 (55.1%), y-Fe,O3 (40.5%)
for sample PB-C 450. From these results apparently there is an increment of beta iron
oxide at higher temperature, resulting from the unlikely transformation of gamma to beta
polymorph or due to the inhomogeneity of the analyzed sample. In sample PB-C 900
were identified two polymorphs of potassium ferrite, hematite and carbon (table 5.2).

Mossbauer spectra of samples PB-C 350 and PB-C 450 at the first sight are
similar to the spectra obtained for samples PB-S 310 and PB-S 400. However, the main
difference lies in the presence of an extra sextet for hematite, both iron oxide polymorphs
were also identified, including the superparamagnetic component of maghemite.

The phase composition of samples PBC350 and PBS350 (PB-C and PB-S heated
at 350 °C in a furnace) was analyzed by XRD and Mdossbauer spectroscopy. XRD
patterns (Fig. 5.7) show different phase compositions for both samples after washing
them with deionized water. All potassium compounds were removed by washing of the
both samples with the aim to obtain only the ferric oxide phases. Nevertheless, an
unidentified phase still remained in the sample PBC350.The quantitative phase
composition was calculated by Rietveld refinement, giving the following quantities:
hematite (3.8%), maghemite (62.1%) and B-Fe,O; (34.1%) for sample PBC350, and
100% of maghemite for sample PBS350.

The RT Mossbauer spectra of samples PBC350 and PBS350 (Fig. 5.8a and 5.8b)
are very similar; but according to the phases identified by XRD in the sample PBC350,
there are 3 different iron oxide polymorphs (a-, B- and y- Fe;Os), while in the sample
PBS350 there is only maghemite (y-Fe,O3). The values of quadrupole splitting (QS) for
both doublets of B-Fe,O3; were fixed, to avoid the no-convergence during the fitting,
using values given in the literature [16,20]. Values of subspectra areas, in sample
PBC350, reveal that the dominant phase is the superparamagnetic maghemite represented
by a doublet with 70.3 %, and the minor phase is hematite with 3.1 %, hematite is weakly

ferromagnetic according to its Mdssbauer parameters (Table 5.4).
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Figure 5.7 XRD patterns of the samples PBC350 (top) and PBS350 (bottom). The phases
identified were maghemite (y), hematite (o), B-Fe,O3 (B), and one unknown phase (#).

Low temperature Mdssbauer spectra confirmed the presence of maghemite in both
samples (Fig. 5.8c and 5.8d), indicated by two sextets: one for the tetrahedral sites and
the other for octahedral sites. In the fitting of the Mdssbauer spectrum at 15 K, were used
two distributions of hyperfine magnetic fields for both iron sites of maghemite, and single
sextets for the other ferric oxides (table 5.4). In sample PBC350, two sextets correspond
to d-sites and b-sites of the crystalline phase -Fe,Os, with Mdssbauer parameters close
to those measured at 20 K by Zboril et al. [16]. The hematite in sample PBC350,
represented by a sextet with the highest hyperfine field, corresponds to a crystalline phase
with an antiferromagnetic behavior below the Morin temperature (T ~ 260 K) [16,21].

The ratio of ferric ions in octahedral (O) and tetrahedral (T) sites was determined
from their corresponding sub-spectral areas for both samples: PBC350 ([Fe* o/[Fe* 11 =
1.62) and PBS350 ([Fe*"|o/[Fe’ ]t = 1.67). The [Fe*"|o/[Fe’ ] ratio, for sample PBC350,
slightly differs from the ratio for stoichiometric maghemite (5/3), then the maghemite
present in the sample is non-stoichiometric with an excess of vacancies in the octahedral
sites. A more detailed study was done on sample PBS350, where Mssbauer spectra were
taken at different temperatures and even under external magnetic field (for details see

appendices 12 and 13).
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(b), at 15 K without external magnetic field for samples PBC350 (c) and PBS350 (d).
Resulting distribution of hyperfine magnetic fields from fitting of Mdssbauer spectra

taken at 15 K: PBC350 (e) and PBS350 (f). Sub-spectra assignment: hematite (pink fill),
B-Fe,Os b site (green fill), B-Fe,Os d site (purple fill), maghemite octahedral (blue line)

The group of Mossbauer spectra taken for sample PBS350 is typical for a powder
sample with a strong interaction of particles [22]. At 150 K, the presence of one sextet
with magnetic hyperfine field of 45.1 T indicates the fraction of ordered spins in the core
(28.5

superparamagnetic contribution. When the measurement temperature decreases to 70 K,

of the maghemite nanoparticles

the superparamagnetic contribution disappears, instead three sextets were used to fit the
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spectra (<Bpe> = 40.9 T); two sextets are ascribed to the tetrahedral and octahedral sites
of maghemite, and the sextet with a decreased magnetic hyperfine field (28 T) is related
to disordered spins at the surface of maghemite nanoparticles and size distribution of the
nanoparticles [23]. The Mossbauer spectrum at 5 K is quite similar to the spectra taken at
15 K, which was discussed in the previous paragraph. Finally, Mossbauer spectrum of
sample PBS350 shows that it contains pure stoichiometric maghemite with existence of
canted spins, as was revealed from the presence of the lines 2 and 5 in the Mdssbauer

spectrum measured under an external magnetic field (details in appendices 12 and 13).
Using the relationship 6, =arcsin,/6r/(4+3r) (where: r = Ay s/A¢) it was calculated

the canting angle for each sub-lattice of maghemite: 6. o = 44.6° (tetrahedral site), 0,5 =
59.0° (octahedral site) [22]. The observed spin-canting effect observed in PBS350 sample

is most probably due to finite-size effects of the particles.

Table 5.4 Mossbauer parameters of the samples PBC350 and PBS350 after washing. IS:
isomer shift (= 0.01), QS: quadrupole splitting or quadrupole shift (= 0.01), W:
experimental linewidth (+ 0.01), By magnetic hyperfine field (£ 0.1), Area (£ 0.5), SP:
superparamagnetism, WF: weak-ferromagnetism, AF: anti-ferromagnetism, numbers in
cursive are the fixed values during the fitting.

T IS Qs W B Area
Sample ) Phase (mm/s) (mm/s) (mm/s) (T) (%)
PBC350 300  B-Fe,0sb 041 090 029 i 8.2
BFe0,d 039 062 030 i 18.2
vy-Fe,O5 SP 0.32 0.75 0.69 - 70.5
wFe.O.WF 042 -020 028 5Ll 3.1
PBS350 300  y-Fe,03SP 035 077 059 i 100.0
PBC350 15 BFe0sd 050 019 036 482 9.9
B-Fes0s b 048 074 022 506 33
WFo0.AF 049 040 024 533 2.0

y-Fe,05 O° 0.46 0.00 0.43 50.7° 52.4
y-Fes05 T* 0.39 0.00 0.47 47.7° 32.4

PBS350 15 v-Fe,05 0 0.46 0.00 0.43 50.6°  62.6
-Fe,05 T 0.40 0.00 0.56 46.9° 374

* The sub-spectrum was fitted with a distribution of hyperfine magnetic fields.
b Average hyperfine magnetic field.

Additional experiments were performed on samples PB-C. Results of the first set

of experiments, with samples heated up to 350 °C, show that it is not always possible to
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have the same percentage of the respective iron oxide polymorph (a., B, y), as is shown in
figure 5.9. The phase composition for each sample was: 12.1 % (o), 49.8 % (B), 38.1 (y)
for sample W5KC350a; 27.4 % (a), 30.4 % (B), 42.2 (y) for sample W5KC350b; and
18.1 % (), 38.0 % (B), 43.9 (y) for sample W5KC350c.
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Figure 5.9 Diffractograms of samples W5KC350a, W5KC350b, and W5KC350c.
PBC350 is shown only for comparison. Greek letters stand for each identified iron oxide
polymorph.

The second set of experiments, when samples were heated under different heating
regimes, had as a result the same phase composition with variable weight percentage of
each phase (Fig. 5.10). The phase composition for each sample was: 35.9 % (a), 18.5 %
(B), 45.6 (y) for sample W5KC3302; 17.5 % (o), 38.8 % (B), 43.7 (y) for sample
WS5KC400; and 27.4 % (o), 4.6 % (B), 68.0 (y) for sample W2KC350. When the sample
was heated at lower temperature (330 °C) and for longer time (2 h) was obtained a major
weight percentage of hematite than in the other samples. With a higher temperature (400
°C) of heating was found a bigger weight percentage of beta polymorph than in the other
samples. However, when the sample is heated with a lower heating rate (2 K/min) and

350 °C the major weight percentage corresponds to maghemite.
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Figure 5.10 Diffractograms of samples W5KC3302, W5KC400, and W2KC350.
PBC350 is shown only for comparison. Greek letters stand for each identified iron oxide

polymorph.

The results of the third set of experiments were the same; both samples
(W5KC350L and W5KC320) consisted of a fine powder of maghemite, even when the

experimental conditions were different.

2000
W5KC350L

Intensity (counts)

20 30 40 50 60 70 80
20 (°) Co-Ka

Figure 5.11 Diffractograms of samples WSKC350L and W5KC320. Both samples
contain pure maghemite (y).
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5.3.4 Morphology of the iron oxide particles: SEM and TEM

The morphology of the ferric oxide samples varies, depending on the PB
precursor morphology. Particularly, when the particles of PB are spherical, the
maghemite form spherical clusters with a size of (~116 nm), which is slightly smaller
than the particle size precursor (~160 nm) (Fig. 5.12b), it is probably due to the
decomposition of the PVP coating of the PB nanoparticles. In the case of cubic PB
particles, the maghemite forms cubic clusters with similar sizes as the PB-C precursor
particles (Fig. 5.12a), the same was also seen for sample W5KC320 (Fig. 5.12g). The
identified B-Fe,O; particles have an angular shape with a mean size of 70 nm (Fig.
5.12c¢), this also agrees with the narrow lines in the XRD pattern. In figure 5.12c, it is
observed groups of B-Fe,O; particles in the surface of the cubic cluster, it suggests that
the particles grow on the surfaces where the surface energy permit the polymorph
transformation from Y- to - ferric oxide. It is interesting that the occurrence of
polymorph transformation instead of sintering or agglomeration of the clusters. Even
more interesting is the that our B-Fe,O3; exceed the size limit (~ 30 nm) for polymorph
transformation as described by Sakurai [24].

Maghemite clusters — cubic and spherical — are conformed by small nanoparticles
as can be seen from TEM photographs (Fig. 5.12¢ and g), the size of these particles was
estimated from XRD patterns as 4 nm. Because of their reduced sizes, each particle
behaves as a single magnetic domain, and at room temperature they exhibit
superparamagnetism. At room temperature, the thermal energy is greater than the barrier
energy between the magnetization axes, and the magnetizations of these magnetic
domains are randomly oriented, this behaviour is indicate by the measured doublet in
Mossbauer spectrum. At low temperatures, the thermal fluctuations decrease and the
magnetic moment of the nanoparticles are blocked in a specific direction, given a
measurable magnetization, indicated by a sextet in the Mdssbauer spectrum.

The retention of the morphology during thermal transformation was addressed in
the work of Itoh [25], but a difference with our work is that they only observed that
between polymorph transformation of iron oxides (from hematite to magnetite, and
posterior transformation to maghemite). This offers us the possibility of morphology
control of the precursor materials and makes more efficient the solid state thermal

decomposition method.
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Figure 5.12 SEM images of the samples PBC350 (a, ¢) and PBS350 (b) showing the
clusters of maghemite nanoparticles (a, b) and the B-Fe,O3 nanoparticles (c), and their
respective EDS analysis (d). Detail view of spherical maghemite clusters in sample
PBS350 from SEM (e) and TEM (f) images. SEM (g) and TEM (h) image of cubic
maghemite clusters in sample W5KC320.
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5.3.5 Magnetic properties of the produced maghemite nanoclusters

Magnetic properties of sample PBS350 were studied using a superconducting
quantum interference device (SQUID). The obtained spherical maghemite clusters, in
sample PBS350, behave as superparamagnets at room temperature (300 K) as can be seen
from the hysteresis loop with a very small coercivity (16 Oe) and saturation
magnetization of 21.8 emu/g, which is lower than the bulk magnetization (~74 emu/g)
(Fig. 5.13a and table 5.5). At 5 K the nanoparticles are in a blocked state and show a
magnetic coercivity and a higher saturation magnetization (28.3 emu/g). It is also
observed a slight asymmetry in the hysteresis loop, which suggests particles with a
core/shell structure due to exchange bias field phenomenon (Fig. 5.13b and table 5.5)
[26].

Zero field cooling (ZFC) and field cooling (FC) were measured on sample
PBS350 under external magnetic field of 100 Oe and 1000 Oe respectively (Fig. 5.13c,
5.13d). In ZFC measurement the sample is cooled to 5 K without any external magnetic
field, then a external field is added and the magnetization curve is collected from 5 K to
300 K. In FC measurement, the sample is cooled down to 5 K under an external magnetic
field, and then from 5 K to 300 K the magnetization curve is collected.

The ZFC/FC measurements under magnetic field of 100 Oe, reveals a wide
distribution of particles size, FC curve shows that magnetization seems to come from two
different phases: crystallized maghemite, and amorphous ferric oxide. The blocking
temperature (Tg) was 117 K and the irreversibility temperature (Tj,) was 293 K. When
the ZFC/FC measurements were taken under magnetic field of 1000 Oe, there is a shift of
Tg to 95 K because of the interaction of the particles under the magnetic field, while Tj
was 220 K. The flat part of the FC curve is typical for a highly interacting particle

system, as a powder.

Table 5.5 Parameters of the hysteresis loop of sample PBS350, measured at 300 K and 5

K, where Myax+ (7 T) is the saturation magnetization at 7 T, My (7 T) is the saturation

magnetization at -7 T, Hc+ is the positive coercivity field, Hc. is the negative coercivity
field, Mg is the positive remanent magnetization, and Mg. is the negative remanent

magnetization.

T Muyax+(7T) Mpax —7T) Hete  He Mg+ Mg.
(K) (emu/g) (emu/g) (Oe) (Oe) (emu/g) (emu/g)
300 21.7912 —21.7917 16 -15 0.0952  —0.0938

5 28.2824 —28.3225 741 —1413 7.2334  —6.5715
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Figure 5.13 Hysteresis loop measured at 300K (a) and 5 K (b) under external magnetic
field from -7 T to 7 T. ZFC and FC magnetization curves measured under external
magnetic field with induction 100 Oe (c) and 1000 Oe (d).

5.4  Discussion of Results

5.4.1 Models of thermal decomposition of PB in air and formation of iron oxides

To explain the thermal decomposition of Prussian blue (PB) in air, two models are

proposed: a) one assuming no presence of K in PB for spherical particles, and b) another

for PB structure with K for cubic particles, using the PB model with 25% of Fe(CN)e
vacancies Fey[Fe(CN)s]s [K 4-OH ,-mH,0] proposed by Bueno et al. [19].
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For the first model the Eq. 1 can be written for the PB dehydration and
decomposition considering the steps I, IT and IIT of the TGA graph. The theoretical mass
loss according to Eq. 1 is estimated as Amg,(PB-S) = 45.73 %, which is close to the
experimental mass loss 48.59 % up to 400 °C. It should be underlined that at 900 °C
according to the experimental results, there is a presence of potassium ferrite (KFe;;017),
and its formation correspond to the slight mass decrease (-3.06 %) observed in step IV.
The formation for potassium ferrite is not completely understood because it was not
possible to identify any potassium-bearing phase in the corresponding diffractogram (Fig.
5.4), either some potassium compound was in amorphous state or the percentage weight
was too small in the sample and the corresponding diffraction lines were unnoticed. The
discrepancies between theoretical and experimental values, in sample PB-S, are probably

due to humidity in the samples, or undetected potassium compounds in the samples.

Fes[Fe(CN)g]3-9.5H,0 +5.25 0, — 3.5 Fe,03+9 (CN), +9.5H,0 (1)

In the case of PB-C, the first step on the TGA curve (Fig. 5.3a) corresponds to
release of water from the PB structure with and experimental mass loss of -8.25 %
(Amgy(PB-C) = -8.16 %). Then the thermal decomposition occurs during the second step,
between 268 °C — 335 °C, with a considerable loss mass (-25.14 %), then it is resume in

the following equation:

Fes[Fe(CN)gls» K'xOH i + (5.25 + x/4) O — 3.5 Fe;03 + x KOCN + (9 — x/2)
(CN), + x/2 H,0 (x=13) )

Fes[Fe(CN)g]3' K1 30H | 3-4.6H,0 + 5.575 O, — 3.5 Fe,03 + 1.3 KOCN + 8.35
(CN), + 5.25 H,0 3)

Theoretical mass loss was calculated from Eq. 3, giving as a result -34.51 %, a
slight higher value than the experimental one Am.,(PB-C) = -33.39 %. There was
observed a rise in the TGA curve (step III) with the corresponding increment of mass
(+1.46 %). It can be explained by the thermal decomposition of potassium cyanate to

potassium nitrate:

KOCN + 2 0, — KNO; + CO, “4)
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Combining Eq. 4 with Eq. 3 is obtained Eq. 5, where the theoretical mass loss is
Amy(PB-C) = 31.95% and the experimental mass loss from TGA is 31.93%.

Fes[Fe(CN)s]3 K1 30H | 3-4.6H,0 + 8.175 O, — 3.5 Fe,05 + 1.3 KNO; + 8.35
(CN), +5.25 H,0 + 1.3 CO, (5)

In the temperature range from 402 °C to 900 °C (step IV) of the TGA curve there
is a visible decrease of mass (-8.36 %), which can be explained by de formation of
potassium ferrite (KFe;;0,7) as a result from the solid state reaction between ferric oxide
and potassium nitrate (Eq. 6). This reaction is endothermic as can be noticed from the
downward peak in the DSC curve at 664 °C. At temperatures higher than 500 °C can
decompose into potassium dioxide (K,O) as in Eq. 7 [27].

5.5 Fe,03 + KNO; — KFe;1017 + NO + 0.75 O, (6)
2 KNO; — K»0 + 2 NO, + 0.5 0, (7)

Then the whole process can be described with Eq. 8. Using this final equation was
calculated the theoretical mass loss as -38.88 %, which differs with the experimental

mass loss of -40.56 %.

Fe4[FC(CN)6]3'K+1.3OH71.3'4.6H20 +8.175 O, — 0.75 Fe,O3 + 0.5 KFe; ;017 + 0.4
K;O + 8.35 (CN), + 5.25 H,O + 1.3 CO, + 0.5 NO + 0.8 NO; + 0.575 O, (8)

5.4.2 Kinds of iron oxide polymorphs produced during thermal decomposition of

Prussian blue

From the same precursor, Prussian blue (PB) with cubic and spherical
morphologies has been prepared different iron oxide polymorphs. In both samples, it has
been formed clusters of superparamagnetic maghemite nanoparticles, which retained the
morphology and size of the precursor material (cubic or spherical, depending on the
heating conditions). The origin of B-Fe,O; seems to come from the posterior
transformation of the maghemite nanoparticles in the surfaces of the cubic clusters, but in

some cases is more likely that both phases (o and ) were formed simultaneously. For
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example in heated PB-C samples, where in some cases were visible two layers (the top
layer was dark red, while the bottom layer was red), but unfortunately it was not possible
to analyze independently each layer; the formation of such layers can attributed to the
inhomogeneous reaction within the sample as explained by Machala et al. [21].

Also was investigated the influence of the powder-sample layer thickness on the
thermal decomposition of PB-C samples. Samples heated under the same conditions
(heating rate 5 K/min, 350 °C for 1 hour, average mass 34 mg), but with different mass
density (19.8 mg/cm’ for samples W5KC350 (Fig. 5.9) and 4.2 mg/cm® for sample
WS5KC350L (Fig. 5.11, upper part)) had very different phase composition. In the samples
with a higher mass density the phase composition consisted of three iron oxide
polymorphs (a, B, and y), while for the sample with a low mass density it was obtained
pure maghemite. It is worthy to be mentioned that pure maghemite cubic-clusters can be
obtained by heating the PB-C at lower temperature (320 °C), for a longer time (3 hours),
with a higher mass density (20.3 mg/m?); then it can be inferred the lower temperature

prevents the transition y — [3 in iron oxide (Fig. 5.11, lower part).

5.4.3 Maghemite clusters and its possible applications

Cubic and spherical clusters of maghemite were obtained from PB heated under
the adequate conditions, as was explained in the previous sections. These clusters are
composed of small rounded nanoparticles of maghemite (~ 4 nm in size), and they
retained the original shape of the original precursor. Both maghemite clusters behave as
superparamagnets at room temperature (see sections 5.3.4 and 5.3.5), making then
interesting for potential applications.

Because of the smaller size (~ 116 nm) and narrower particles size distribution the
spherical nanoclusters of maghemite (Fig. 5.12) seem to be more adequate for some
practical applications. For example they could be used for cell separation processes, only
after a surface modification of the clusters or functionalization; but they are not suitable
for use as a contrast agent or hyperthermia, principally because of their low remanent
magnetization (21.8 emu/g).

Another interesting feature of the spherical maghemite nanoclusters is their big
surface area (239.11 m%/g obtained by the BET method), that make maghemite clusters
interesting for catalytic applications or for removing pollutants from water. Also is

possible to deposit Prussian blue diluted in ethanol on glass substrates to produce
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hematite thin films after a thermal treatment, using a similar conditions as for preparing

maghemite powders (see details in appendix 14). The produced hematite thin films could

also be used for water splitting or gas sensing, but it needs further investigation that is

beyond the purpose of this thesis.

Bibliography

1. L. Samain, F. Grandjean, G.J. Long, P. Martinetto, P. Bordet, and D. Strivay, J.
Phys. Chem. C 117, 9693-9712 (2013).

2. B. V. Borshagovskii, V.I. Gol’danskii, G.B. Seifer, and R.A. Stukan, Bulletin of
the Academy of Sciences of the USSR Division of Chemical Science 20, 933-939
(1971).

3. E. Reguera, J. Fernandez-Bertran, A. Dago, and C. Diaz, Hyperfine Interact. 73,
295-308 (1992).

4, R. Zboril, L. Machala, M. Mashlan, and V. Sharma, Crystal Growth & Design 4,
1317-1325 (2004).

5. H.J. Buser, D. Schwarzenbach, W. Petter, and A. Ludi, Inorg. Chem. 16, 2704—
2710 (1977).

6. X. Wu, M. Cao, C. Hu, and X. He, Crystal Growth & Design 6,26-28 (2006).

7. M. Hu, S. Furukawa, R. Ohtani, H. Sukegawa, Y. Nemoto, J. Reboul, S. Kitagawa,
and Y. Yamauchi, Angewandte Chemie (International Ed. in English) 51, 984-988
(2012).

8. X. Shen, S. Wu, Y. Liu, K. Wang, Z. Xu, and W. Liu, J. Colloid Interface Sci. 329,
188-95 (2009).

9. T. Uemura and S. Kitagawa, J. Am. Chem. Soc. 125, 78147815 (2003).

10. M. Shokouhimehr, E.S. Sochnlen, J. Hao, M. Griswold, C. Flask, X. Fan, J.P.
Basilion, S. Basu, and S.D. Huang, J. Mater. Chem. 20, 5251 (2010).

11.  C. Burda, X. Chen, R. Narayanan, and M. a El-Sayed, Chem. Rev. 105, 1025-102
(2005).

12. Y. Xia, Y. Xiong, B. Lim, and S.E. Skrabalak, Angew. Chem., Int. Ed. 48, 60—-103
(2009).

13.  A.-H. Lu, E.L. Salabas, and F. Schiith, Angew. Chem., Int. Ed. 46, 1222—1244
(2007).

14.  D.L. Leslie-Pelecky and R.D. Rieke, Chem. Mater. 8, 17701783 (1996).

15. L. Wang and L. Gao, Journal of Physical Chemistry C 113, 15914-15920 (2009).

16.  R. Zboril, M. Mashlan, and D. Petridis, Chem. Mater. 14, 969—982 (2002).

17.  R. Zboril, M. Mashlan, K. Barcova, and M. Vujtek, Hyperfine Interact. 139/140,

597-606 (2002).

113



18.

19.

20.

21.
22.
23.

24.

25.
26.

27.

114

M. Hermanek and R. Zboril, Chem. Mater. 20, 5284-5295 (2008).

P.R. Bueno, F.F. Ferreira, D. Giménez-Romero, G.O. Setti, R.C. Faria, C.
Gabrielli, H. Perrot, J.J. Garcia-Jarefio, and F. Vicente, J. Phys. Chem. 112,
13264-13271 (2008).

R. Zboril, M. Mashlan, D. Krausova, and P. Pikal, Hyperfine Interact. 120/121,
497-501 (1999).

L. Machala, J. Tucek, and R. Zboftil, Chem. Mater. 23, 3255-3272 (2011).
J. Tucek, R. Zboril, and D. Petridis, J. Nanosci. Nanotechnol. 6, 926-947 (20006).

A.M. Pereira, C. Pereira, A.S. Silva, D.S. Schmool, C. Freire, J.-M. Grenéche, and
J.P. Araujo, J. Appl. Phys. 109, 114319 (2011).

S. Sakurai, A. Namai, K. Hashimoto, and S. Ohkoshi, J. Am. Chem. Soc. 131,
18299-18303 (2009).

H. Itoh and T. Sugimoto, J. Colloid Interface Sci. 265, 283-295 (2003).

O. Iglesias, A. Labarta, and X. Batlle, J. Nanosci. Nanotechnol. 8, 2761-2780
(2008).

Y.Z. Shen, K.H. Oh, and D.N. Lee, Materials Science and Engineering: A 434,
314-318 (20006).



6. Summary and conclusions

The principal aim of this thesis was the preparation of iron and iron oxides using
the solid state reaction method. To reach this goal two different materials has been used
as precursors: a) natural garnets from Alm-Prp and Alm-Sps series, and b) iron(III)
hexacyanoferrate (Prussian blue). The thermal decomposition of the aforementioned
materials was studied using thermogravimetry analysis (TGA) and differential scanning
calorimetry (DSC), where complementary techniques as X-ray diffraction (XRD) and
Mossbauer spectroscopy (MS) were used to studied the phase composition of samples
before and after heating.

The main contribution of this work is the detailed study of the thermal
decomposition of the chosen precursors, and its better understanding to determine a more
accurate mechanism of decomposition in reducing and oxidant atmospheres. The

principal conclusions can be summarized as follow:

Natural garnets decompose in reducing atmosphere at temperatures above 1000
°C. When the iron content is very high as in almandine the decomposition is completed
below 1100 °C, while for garnets with less iron content the decomposition onset is
slightly above 1100 °C.

The common decomposition products observed for all studied garnets are metallic
iron (a-Fe) and hercynite-spinel (Hc-Spl), Fe-cordierite (Fe-Crd) is also observed for
almost all garnets with exception of pyrope. Other decomposition products are pyroxenes
as enstatite (En), clinoenstatite (Cen) and pigeonite (Pgt), cristobalite (Crs), fayalite (Fa),
and anorthite (An) only if the Ca amount in dodecahedral sites is significant.

The onset temperature of decomposition has a linear dependence with the iron
content in dodecahedral sites of garnet; the only exception is observed for pyrope, which
has an onset temperature around 40 °C greater than for almandine, but it shows a slower
decomposition rate than the other garnets. It could be caused for the presence of Ca in
dodecahedral sites, also Fe’" and Cr in octahedral sites destabilizing the garnet structure.

The thermal stability of garnets decrease with the increase of iron content, but
when the iron content is very low, i.e. for garnet composition close to pyrope, the thermal

stability decreases, but it is still greater than for almandine. Although this is contradictory
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to the linear tendency observed for the other garnets, it could probably be explained for

local distortion produced by the presence of Ca in the X-sites.

Prussian blue (PB), when heated under reducing atmosphere of argon, starts to
decompose above 300 °C, and is fully decomposed at 440 °C. According to TGA/DSC
analysis, at temperatures around 150 °C water molecules are released from PB structure,
following by a degradation of the structure that leads to the emission of cyanide groups
(CN ), thus initiating first a rearrangement of the former PB structure to and analogue PB
form (ferrous ferrocyanide), and finally to the breakdown of PB.

The decomposition products formed after decomposition of PB, heated under inert
atmosphere with a low heating rate, are mainly iron carbides; where Fe,C (hexagonal and
orthorhombic crystallographic structure) is first formed, then the former iron carbides
have a rearrangement and decomposition of their structures and originate other crystalline
forms of iron carbides FesC,, Fe;C; a Fe;C. Iron is formed lastly, as a result of the
decomposition of cementite (Fe;C) at temperatures higher than 800 °C.

The kind of inert atmosphere (nitrogen, argon) does not have any influence on the
phase composition obtained after the decomposition, as long as the sample mass and
heating rate are similar when heated under the different atmospheres.

The mass of the sample (layer thickness) influences the kind of phases produced.
When the sample mass is small (< 10 mg, with layer thickness < 0.78 mm) is obtained
only the hexagonal form of iron carbide &-Fe,.C, but if the mass is greater than 10 mg
are obtained Fe,C (hexagonal and orthorhombic) and Fe;Cs.

The heating rate also has influence on the kind of iron carbides obtained. Low
heating rate (2 K/min) allows the obtention of many kinds of iron carbides, on the
contrary with a higher heating rate (8 K/min) is obtained only hexagonal Fe,C, which at

the end is reduced to metallic iron.

2 K/min: Fes[Fe(CN)g]3 > Fes[Fe(CN)s] > Fe,C > FesCa, FesCs > FesC > Fe
8 K/min: Fes[Fe(CN)g]s > Fea[Fe(CN)g] = FerxC > Fe

The synthesized Prussian blue, with cubic and spherical morphologies, when

heated in air decomposes above 250 °C. Cubic particles of Prussian blue (PB-C) have
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potassium incorporated in their structure, while the spherical particles (PB-S) have only
traces of potassium. The differences in the TGA curves for both samples seem to be due
to the potassium presence and not because of the morphology, but the difference between
decomposition temperatures (T4) is rather a consequence of the different size of the

particles.

PB-S: Fe4[Fe(CN)]3:mH,0, 160 nm, Ty =269 °C
PB-C: Fey[Fe(CN)g]3:[K - OH ,-mH,0], 1.45 um, Ty = 334 °C

At the beginning of the thermal decomposition of PB, amorphous iron oxide is
first obtained, then the first polymorph to be formed is maghemite, in the case of sample
PB-S; but in the case of PB-C maghemite and beta polymorph seems to be formed
simultaneously. In the earlier stages of the decomposition (between 300 °C and 350 °C)
the initial morphology and size of the PB precursor is maintained, and usually the formed
iron oxide is maghemite.

When PB-S was heated up to 350 °C in a furnace it was obtained maghemite
agglomerates that kept the initial morphology of the precursor; the same result was also
obtained after heating PB-C but only when the layer thickness was thin (mass density 4.2
mg/cm?), otherwise B-Fe,O3 was additionally obtained. Using a thin layer thickness was
not the only way to obtain cubic clusters of maghemite, also it was possible using a
thickest layer (20.3 mg/cm?) but heating it up to lower temperature (320 °C). However
using very slow heating rate (2 K/min) on sample PB-C promotes the formation of
hematite and maghemite.

The clusters of ferric oxides, both cubic and spherical, are composed of small
rounded maghemite nanoparticles (~ 4 nm in size). The magnetic behavior of the
produced maghemite clusters was probed to be superparamagnetic at room temperature,
with a very small coercitivity, and a big surface area (239.11 m%/g). These properties
make them interesting for possible applications, but it is necessary to carry on more

research in that direction.
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Appendix 1: Localities of garnets and its chemical composition obtained by EMPA.

Label Locality
Grtl Me¢runice, Teplice, Czech Republic
Grt2 Ceylon, Sri Lanka
Grt3 Starko¢, Kutné hora, Czech Republic
Grt4 Dolni Bory, Zd’ar nad Séazavou, Czech Republic
Grt5 Zlaty Chlum, near Jesenik, Czech Republic
Oxide T102 C}"203 CaO FeO MnO NLZQO P205 Sl02 Aleg MgO Y203 Total
Grt5 Wt% 0.04 0.01 0.56 41.19 0.21 0.01 0.01 36.09 2044 091 0.01 9949
+ SD 0.02 0.01 0.11 0.15 0.06 0.02 0.01 022 0.14 0.05 0.01 0.35
Grt3  Wt% 0.02 003 0.71 3448 164 0.02 0.08 3650 2094 424 0.07 98.73
+ SD 0.01 0.01 0.01 0.17 007 002 0.01 045 003 0.06 0.04 0.37
Grt2 Wt% 0.02 0.02 1.10 28.68 054 0.02 0.08 3837 21.81 896 0.01 99.61
+ SD 0.03 0.01 0.03 027 002 001 001 016 011 0.09 0.01 0.23
Grtl Wt%  0.63 198 429 885 032 0.08 0.04 41.24 20.73 20.37 0.00 98.53
+ SD 0.03 0.04 0.04 009 002 002 001 026 010 0.11 0.00 0.28
Grt4 Wt% 0.05 000 0.09 2797 15.15 0.03 041 3534 2032 0.09 0.00 9946
+SD 0.01 0.00 001 130 1.18 0.01 0.12 0.18 0.09 0.02 0.00 0.24
Cations normalized to 12 oxygens
Cation Ti*" CF°° ca®t F° M’ Na&t PT S AP Mgt YT Towl
Grt5 Apfu 0.002 0.001 0.050 2.851 0.015 0.002 0.006 2.986 1.994 0.113 0.001 8.020
+SD 0.001 0.000 0.010 0.011 0.005 0.003 0.005 0.007 0.007 0.006 0.001 0.006
Grt3  Apfu 0.001 0.002 0.061 2339 0.114 0.003 0.005 2.973 2.002 0.513 0.003 8.017
+SD 0.001 0.000 0.001 0.011 0.004 0.003 0.001 0.008 0.004 0.007 0.002 0.008
Grt2  Apfu 0.001 0.001 0.092 1.867 0.036 0.003 0.005 2.978 1.996 1.037 0.000 8.016
+SD 0.000 0.001 0.002 0.016 0.001 0.002 0.000 0.006 0.006 0.010 0.000 0.006
Grtl  Apfu 0.035 0.114 0.334 0.537 0.020 0.011 0.002 2.995 1.775 2.205 0.000 8.028
+SD 0.002 0.002 0.003 0.005 0.001 0.001 0.000 0.011 0.009 0.016 0.000 0.010
Grt4  Apfu 0.003 0.000 0.008 1.949 1.069 0.005 0.029 2.944 1.996 0.011 0.000 8.013
+SD 0.000 0.000 0.001 0.088 0.084 0.002 0.009 0.014 0.008 0.003 0.000 0.009

Notes: SD= Standard deviation. Wt%= weight percentage of oxide. Apfu= Atoms per formula unit.

Grtl: AlmyoPrpgg, Grt2: AlmgsPrpse, Grt3: Almg,Prp;s, Grtd: AlmgsSpsss, Grt5: AlmggPrpy
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Appendix 2: Thermal analysis (TG/DSC) and evolved gases analysis (EGA) of the
natural garnets of almandine-pyrope and almandine-spessartine series.
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Appendix 3: Phase identification and Rietveld refinement of the garnet samples.
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Intensity, log scale (a. u.)
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Appendix 4: Quantitative results from Rietveld refinement of the garnet samples.

AlmyPrpy4
Weight fractions (%)
Phase Chemical formula AlmogPrp, Alrr;;;f(’)rpr A1r111?)67P(§p4— Alnlgﬁggp -
Garnet (Fe,Mg);AlL,Si;01, 99.2(6) 98.8(7) - -
[lmenite FeTiO; 0.8(1) - - -
Rutile TiO, - 0.5(2) n.d. n.d.
o-iron Fe - 0.7(1) 22.0(1) 17.5(1)
Hercynite (Fe,Mg)Al,O4 - - 44.9(2) 44.6(2)
Fayalite Fe,SiO, - - 8.2(2) 21.3(1)
Cristobalite Si0, - - 23.6(2) 12.1(2)
Sekaninaite (Fe,Mg),Al;Si505 - - 1.3(1) 4.5(1)
n.d. - not determined
Almg,;Prps
Weight fractions (%)
Phase Chemical formula AlmgPrp s Almg,Prpis  AlmgPrp;s  AlmgPrp;s  Almg,Prpis
-1100 -1115 -1130 -1200
Garnet (Fe,Mg);ALLSi30, 100.0 87.8(3) 64.7(2) - -
Quartz SiO, - 6.2(1) 2.9(1) - -
Cristobalite ~ SiO, - - 4.2(1) 4.4(1) -
o-iron Fe - 2.3(1) 2.6(1) 4.4(1) 4.5(1)
Hercynite (Fe,Mg)Al,O, - 3.7(2) 8.5(1) 19.7(1) 17.9(1)
Cordierite (Fe,Mg),Al4Si505 - - 2.0(1) 11.3(1) 23.4(1)
Pigeonite (Mg,Fe,Ca)(Mg,Fe)Si,0¢ - - 15.0(3) 60.2(3) 54.2(2)
Almgy4Prpse
Weight fractions (%)
Phase Chemical formula Alme,Prpsg AlmgPrpss  AlmesPrpss  AlmgPrpss  AlmesPrpse
-1125 -1150 -1180 -1200
Garnet (Fe,Mg);AL,S1;04, 100.0 94.5(2) - - -
Quartz SiO, - 1.8(1) - - -
o-iron Fe - 0.6(1) 5.2(1) 11.3(1) 13.7(1)
Enstatite (Mg,Fe)SiOs - 1.2(1) 43.6(4) 25.3(4) 19.2(3)
Cordierite (Fe,Mg),Al4Si505 - 1.3(1) 34.5(1) 55.6(2) 62.3(2)
Hercynite (Fe,Mg)ALLO, - 0.6(1) 16.7(1) 7.9(1) 4.8(1)
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Almzoprpso

Weight fractions (%)

Phase Chemical formula AlmagPrpso AlmyoPrpgy  AlmyoPrpgy  AlmyoPrpgy  AlmyPrpg
-1000 -1100 -1125 -1200
Garnet (Fe,Mg,Ca);Al,Si;0, 100.0 100.0 94.5(3) 48.1(2) -
o-iron Fe - - 0.1(1) 0.4(1) 1.1(1)
y-iron Fe - - 0.4(1) 1.0(1) 2.0(1)
Enstatite (Mg,Fe)SiOs - - 5.1(3) 32.93) 53.7(3)
Clinoenstatite ~ Mg,Si,0¢ - - - 7.3(3) 20.5(3)
Anorthite CaAl,Si,04 - - - 6.6(2) 12.6(2)
Spinel (Fe,Mg)Al,O4 - - - 3.7(2) 10.1(2)
Alm658p535
Weight fractions (%)
Phase Chemical formula AlmesSpsss AlmgsSpszs  AlmgsSpsss  AlmgsSpszs  AlmgsSpsss
-1120 -1140 -1150 -1200
Garnet (Fe,Mg,Ca);Al,Si;0, 100.0 92.8(2) 14.2(5) - -
o-iron Fe - 1.2(1) 10.7(2) 14.8(2) 78.8(5)
Hercynite FeAl,O4 - 1.2(1) 58.7(3) 70.1(5) 21.2(3)
Tephroite (Mn,Fe)Si0, - 1.2(2) 16.5(5) 15.1(6) -
Quartz Si0, - 3.6(1) - - -
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Lattice parameters of the garnets and its decomposition products.

Appendix 5
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Appendix 6: Mossbauer spectra for garnet samples before and after heating.
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Almg;Prp;s
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Almg4Prpse
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Almzoprpso
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Appendix 7: Mossbauer parameters for garnet samples before and after heating.

AlmygPrp4

Component  Assignment Parameter NH 950 1170 1200
§ (mm/s) 1.29 1.27 - -
Vil 2+ A (mm/s) 3.52 3.51 - -
AlmgePrp, Fe T (mms) 0.34 0.30 ; ;
A (%) 93.3 92.4 - -
8 (mm/s) 0.15 0.25 - -
Vi 3+ A (mm/s) 0.37 0.38 - -
AlmygPrp, Fe T (mms) 0.45 0.40 ; ;
A (%) 29 4.2 - -
8 (mm/s) 1.05 - - -
: Vg 3+ A (mm/s) 0.70 - - -
IImenite Fe T (mms) 0.42 _ _ _
A (%) 3.8 - - -
8 (mm/s) - 0.00 -0.02 0.02
2¢ (mm/s) - 0.00 0.00 0.00
a-iron Fe’ B (T) - 32.7 33.0 33.0
I (mm/s) - 0.19 0.28 0.34
A (%) - 3.4 50.2 35.4
S (mm/s) - - 1.17 1.20
: Vi 2+ A (mm/s) - - 2.89 2.95
Fayalite Fe” M1 T (mms) B B 0.28 0.33
A (%) - - 7.0 14.0
S (mm/s) - - 1.16 1.16
: Vi 2+ A (mm/s) - - 2.61 2.72
Fayalite Fe™" M2 T (mms) _ _ 0.28 0.33
A (%) - - 6.8 13.6
S (mm/s) - - 0.94 1.00
IV 2+ - - 1.69 1.70

i Fe” Tl A (mm/s)
Hercynite T (mms) _ _ 0.50 0.58
A (%) - - 20.0 22.0
S (mm/s) - - 0.93 0.97
IV 2+ - - 1.06 1.05

; Fe’' T2 A (mmfs)
Hercynite T (mms) - - 0.49 0.58
A (%) - - 11.0 9.6
S (mm/s) - - 0.89 1.04
L Vig o2+ A (mny/s) - - 2.37 2.25
Sekaninaite ¢ T (mms) ) ) 026 028
A (%) - - 5.0 5.4

Notes: * Fixed parameter. 8: isomer shift (x 0.03), A: quadrupole splitting (+ 0.03), 2¢&: quadrupole shift (£ 0.03), T':
experimental line width (+ 0.03), B: hyperfine magnetic field (+ 0.2), A: relative area (+ 0.5). Superscript roman
numbers indicates the coordination number.
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Almg;Prp;s

Component  Assignment  Parameter NH 1100 1115 1130 1200
6 (mm/s) 1.30 1.26 1.27 - -

A (mm/s) 3.54 3.51 3.51 - -

AlmgQPrplg F€2+ Il (mrn/s) 0.39 0.32 0.33 - -
2 (mm/s) 0.35 0.30 0.30 - -

A (%) 100.0 91.0 58.7 - -

§ (mnys) - -0.01 -0.02 -0.02 0.01

2¢ (mm/s) - 0.00 0.00 0.00 0.00

a-iron Fe’ B (T) - 329 329 32.8 33.0
I (mm/s) - 0.26 0.30 0.28 0.26

A (%) - 9.0 11.4 14.4 12.4

S (mm/s) - - 1.18 1.12 1.16

: : Vg 2+ A (mm/s) - - 2.57 2.66 2.64
Pigeonite Fe™" M1 T (mms) - - 0.48 0.32 0.30
A (%) - - 7.3 17.6 15.1

S (mm/s) - - 1.08 1.07 1.11

: : Vg 2+ A (mm/s) - - 1.98 1.88 1.86
Pigeonite Fe™ M2 T (mms) _ _ 0.42 0.38 039
A (%) - - 11.8 24.9 233

S (mm/s) - - 1.11 1.11 1.15

- VI 2+ A (mm/s) - - 2.25 2.23 221
Cordierite Fe T (mms) - - 0.21 0.34 0.36
A (%) - - 1.6 25.5 349

S (mm/s) - - 0.99 0.99 1.00

: 2+ A (mm/s) - - 1.46 1.37 1.41
Fe-Spinel ~ Fe T (mms) - - 0.66 0.53 0.51
A (%) - - 9.2 17.5 14.2

Notes: * Fixed parameter. &: isomer shift (+ 0.03), A: quadrupole splitting (+ 0.03), 2&: quadrupole shift (+ 0.03), T': experimental line
width (£ 0.03), B: hyperfine magnetic field (+ 0.2), A: relative area (+ 0.5). Superscript roman numbers indicates the coordination
number.
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Almgy4Prpse

Component  Assignment  Parameter NH 1125 1150 1180 1200
8 (mm/s) 1.30 1.29 - - -
A (mm/s) 3.55 3.52 - - -
Almg,Prp;6 Fe*t Il (mms) 0.38 0.33 - - -
2 (mm/s) 0.34 0.31 - - -
A (%) 100.0 90.6 - - -
§ (mm/s) - 0.01 -0.02 -0.01 -0.01
2¢ (mm/s) - 0.00 0.00 0.00 0.00
a-iron Fe’ B (T) - 32.9 32.8 32.9 33.0
' (mm/s) - 0.26 0.28 0.30 0.31
A (%) - 3.7 21.8 47.4 60.2
8 (mm/s) - - 1.12 1.15 1.14
. Vip 2+ A (mm/s) - - 2.61 2.65 2.59
Enstatite Fe”" M1 T (mms) ) ) 030 027 026
A (%) - - 13.7 5.4 2.4
8 (mm/s) - 1.18 1.08 1.10 1.10
. Vip 2+ A (mm/s) - 2.05 1.91 1.86 1.89
Enstatite Fe" M2 1 ms) : 0.60 036 0.37 030
A (%) - 5.7 235 12.4 5.8
8 (mm/s) - - 1.12 1.14 1.15
.. VI 24 A (mm/s) - - 225 225 225
Cordierite Fe T (mm/s) - - 0.31 0.36 0.42
A (%) - - 249 25.8 25.0
§ (mm/s) - - 0.98 1.01 1.02
Vp2* - - 1.43 1.42 1.46

; Fe A (mm/s)
Fe-Spinel T (mms) - - 0.52 0.62 0.59
A (%) - - 16.1 9.0 6.6

Notes: * Fixed parameter. 8: isomer shift (£ 0.03), A: quadrupole splitting (+ 0.03), 2&: quadrupole shift (£ 0.03), I': experimental line
width (£ 0.03), B: hyperfine magnetic field (= 0.2), A: relative area (+ 0.5). Superscript roman numbers indicates the coordination
number.
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Almzoprpso

NH 1000 1100 1125 1200 1200 1200 1200

Component  Assignment Parameter RT RT RT RT RT 0K 10K 5K

S (mm/s) 1.28 1.29 1.28 1.27 - - - -
A (mm/s) 3.55 3.55 3.54 3.55 - - - -

AlmPrpgy WFe*  T1 (mms) 036 027 033 032 - - - -
r2 (mms) 030 025 027 026 - - - -

A (%) 877 900 802 359 - - - -

5 (mms) 035 034 034 - - - - -

Vig 3+ A (mm/s) 0.28 0.31 0.17 - - - - -

AlmyPrpgy  “Fe T (mms) 034 028 028 ; ; ; ; ;
A (%) 12.3 9.9 8.4 - - - - -

5 (mmis) : - T 002 002 009 010 0.3

26 (mm/s) . - - 000 000 000 000 000

a-iron Fe’ B (T) - - - 33.0 33.1 333 33.5 33.8
T (mms) : - - 035 029 034 031 055

A (%) : - - 61 112 267 268 209

5 (mmis) : - 008 008 -009 003 005 006

y-iron Fe T (mms) : - 020 031 026 024 061 082
A (%) : - 47 177 264 152 227 257

5 (mmis) . - 4 L2 10 120 122 123

e A (mms) : - 269 259 260 291 293 301
Enstatite  “Fe" ML 1 ) . - 026 030 028 036 051 079
A (%) : - 25 82 140 192 184 160

5 (mmls) . - 106 117 114 131 132 133

e A (mms) . - 251 213 213 219 220 235
Enstatite  “Fe™ M2 ) : - 029 037 035 036 045 083
A (%) : - 42 197 303 315 234 252

5 (mms) . - - 115 108 122 132 133

. _— A (cams) . - - 170 175 174 181 186
Fe-Spinel Fe T (mms) - - - 0.48 0.50 0.35 0.44 0.55
A (%) : - - 123 181 72 86 122

Notes: * Fixed parameter. 8: isomer shift (+ 0.03), A: quadrupole splitting (+ 0.03), 2&: quadrupole shift (x 0.03), I': experimental line width
(+ 0.03), B: hyperfine magnetic field (= 0.2), A: relative area (= 0.5), RT: measured at room temperature. Superscript roman numbers
indicates the coordination number.
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AlmgsSpsss

Component  Assignment  Parameter NH 1120 1140 1150 1200
§ (mm/s) 1.30 1.26 1.33 - -
A (mm/s) 3.54 3.51 3.38 - -
AlmgsSpss Fe*' Il (mms) 0.41 0.35 0.24 ; ;
2 (mm/s) 0.37 0.33 0.24 - -
A (%) 100.0 91.7 2.0 - -
§ (mm/s) - -0.02 -0.02 -0.02 -0.01
2¢ (mm/s) - 0.00 0.00 0.00 0.00
o-iron Fe’ B (T) - 32.8 329 329 329
' (mm/s) - 0.29 0.26 0.27 0.28
A (%) - 8.3 153 16.7 18.0
8 (mm/s) - - 0.95 0.96 0.96
. Vip 2+ A (mm/s) - - 2.26 2.27 2.18
Tephroite F"ML ' ms) - - 0.43 0.39 0.40
A (%) - - 31.0 29.3 27.0
8 (mm/s) - - 1.22 1.22 1.19
: Vig 2+ A (mm/s) - - 2.44 2.44 2.30
Tephroite Feo M2 (mms) - - 0.39 0.36 0.40
A (%) - - 16.5 14.7 18.7
8 (mm/s) - - 0.98 0.98 0.99
Vg 2+ - - 1.61 1.63 1.56

i Fe’' T1 A (mmfs)
Hercynite I (mms) - - 0.43 0.42 0.44
A (%) - - 24.7 28.7 27.4
§ (mm/s) - - 0.92 0.92 0.91
Vg 2+ - - 1.10 1.06 0.99

i Fe’' T2 A (mmfs)
Hercynite I (mms) - - 0.42 0.38 0.39
A (%) - - 10.5 10.6 8.2

Notes: * Fixed parameter. 8: isomer shift (£ 0.03), A: quadrupole splitting (+ 0.03), 2&: quadrupole shift (£ 0.03), I': experimental line
width (£ 0.03), B: hyperfine magnetic field (= 0.2), A: relative area (+ 0.5). Superscript roman numbers indicates the coordination
number.
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Appendix 8: EDS of the garnet samples after heating at 1200 °C, showing the iron

Fe
Alm, Prp,-1200

U\e‘

2000

1500_' Alm_Prp, 1200 Fe
1000—-

500—-

0.

2 4 6 8
Energy (keV)

2500
2000 ~
1500 ~

1000 ~

2 4 6 8
Energy (keV)

Fe

Alm_Prp, -1200

Energy (keV)

145



500

i Fe
200 Alm, Prp, -1200
300
@ ]
g
3 200-
O ]
100
04
T T T T 1
0 2 4 6 8
Energy (keV)
Base(3) 10
250 nm - 300
e i Alm_Sps_.-1200
] 65 35
200
[2]
€
>
o]
O 100+
0 -
T T T 1
0 2 4 6 8

Energy (keV)

146



Appendix 9: SQUID results of sample AlmyoPrpsgo-1200.

Hysteresis loops were obtained for the sample at room temperature (300 K) and 5 K
under a variable magnetic field from -7 T to 7 T. At room temperature, are noticed two
different sections in the hysteresis loop, corresponding to two different magnetic
ordering. There is one magnetic ordered phase and a second paramagnetic phase, both

corresponding to iron. At 5 K, there is a predominance of magnetic ordering of the

phases.
20
4 pry 10 ‘.,..
4 1 ] ] _..00-0"‘.... . 1 <3 .o°..
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E_q& . E 10 i3 o
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N JAImyPrpg-1200 § ** S J{AIm2Prpg-1200 § ] g
2.4 4T=300K ] e 5 _]7T=5K Jl M1
o A 5 %2 o /0 % o.s_.
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@ - %02 @10 — % R VS
g -3 - 0.4 g T ,., 40
s ./ S 15 o* 1¢
pry ¥4 08 T T s A8 ST
'4 _.‘.,...~.'.'.’. -900-600-300 0 300 600 900 “ '.,.'. -900-600-300 0 300 600 900
H (Oe) -20 -@ H (Oe)
LI DL DL DL DL L | L L
60 -40 -20 0 20 40 60 60 40 -20 0 20 40 60
Intensity of magnetic field H (kOe) Intensity of magnetic field H (kOe)

In the table are presented the parameters of the hysteresis loops of the Alm;oPrpgy sample.
Where Mo+ (7 T) is a maximum magnetization at 7 T, Myax- (7 T) is a maximum
magnetization at — 7 T, Hcy 1S a positive coercivity, Hc_ is negative coercivity, Mgy is a

positive remanent magnetization and My_ is a negative remanent magnetization.

T Mmax+ (7 T) Mmax- (7 T) HC+ HC- MR+ MR-
(K) (emu/g) (emu/g) (Oe) (Oe) (emu/g) (emu/g)

5 19.4234 —19.4234 20 -20 0.0181 —0.0164
300 4.2069 —4.2069 17 - 17 0.0156  —0.0156
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Appendix 10: XRD patterns in-situ collected during heating of Prussian blue under
nitrogen atmosphere with an average heating rate of 2 K/min.
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Appendix 11: EDS analysis of sample PB900 showing its elemental composition. Image
taken with electron beam accelerating voltage of 15 kV and magnification 20000X.
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Appendix 12: Mdssbauer spectra of maghemite clusters prepared from Prussian blue.

Mossbauer spectra taken at different temperatures (300 K, 150 K, 70 K, 15 K, 5 K) on
sample PBS350. Sub-spectra assignment of maghemite: octahedral sites (blue line) and
tetrahedral sites (green line).
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Appendix 13: Mdssbauer parameters of maghemite clusters prepared from Prussian blue.

Mossbauer parameters of the samples PBC350 and PBS350 after washing. IS: isomer
shift (= 0.01), QS: quadrupole splitting or quadrupole shift (+ 0.01), W: experimental line
width (= 0.01), Bpg magnetic hyperfine field (= 0.1), Area (= 0.5), SP:
superparamagnetism, numbers in cursive are the fixed values during the fitting.

T IS QS W By Area
Sample o Phase o m/s) (mm/s) (mmis)  (T) (%)
300  y-Fe0;SP 035 077 0.59 i 100.0

150 y-Fe,O, 040 000 184 451 285
yFe,05SP 041 080  0.64 i 715

70 y-Fe,0;0°  0.42 0.00 0.80 40.2° 37.9
y-Fe,03 T* 0.43 0.00 0.48 47.7° 42.1
v-Fe,05° 0.43 0.00 1.56 28.0° 19.9

15  y-Fe,0;0*  0.46 0.00 0.43 50.6 62.6
v-Fe,0; T 0.40 0.00 0.56 46.9 37.4

5 v-Fe,03 O 0.47 0.00 0.62 50.7 62.4
v-Fe,03 T 0.40 0.00 0.71 47.2 37.6

5¢ v-Fe;,05 O 0.47 0.00 0.91 48.3¢ 62.5
y-Fe,03 T 0.40 0.00 0.89 52.6 37.5

* The sub-spectrum was fitted with a distribution of hyperfine magnetic fields.
b Average hyperfine magnetic field.

¢ Measurement at 5 K under an external magnetic field of 5 T.

4 Effective magnetic field.

PBS350
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Appendix 14: Hematite thin films prepared from Prussian blue.
Prussian blue synthesis

For the synthesis of Prussian blue spherical (PBS) nanoparticles, 3 g (27 mmol of
monomer units) of polyvinylpyrrolidone (PVP, K-30, M,, = 40 000, Fluka) were
dissolved in 40 ml of hydrochloric acid (HCI, 0.01 M, PH = 2). After the total dissolution
of PVP, 90 mg (0.27 mmol) of potassium ferricyanide (K;[Fe(CN)g], Lachema) were
slowly added to the former solution under stirring. The new solution was put into a
boiling flask, joined to the bulb condenser, and then the aqueous solution was refluxed at
80 °C during 2 hours. When the time of reaction has finished, the solution was naturally
cooled to room temperature. Then, the PB nanoparticles were separated from the solution
using centrifuge equipment (Sigma Sartorius 4-16 K) (13500 rpm, 25 min), the resulting
precipitate was washed three times alternating between absolute ethanol and water
(13500 rpm, 20 min). Finally, the precipitate was dried in vacuum for 20 h.

Thin films preparation by Spin-coating method

A concentrated alcoholic solution of PBS was prepared adding 90 mg of the before
synthesized PB to 2 ml of ethanol, and after ultrasonicated during one minute with power
98 W.

A glass substrate was collocated inside of the spin-coater, after 100 ul of the PBS
solution was added to the substrate. Then two steps were carried out, the first one to
homogenize the tick of the liquid drop over the substrate surface creating a thin film
(1000 rpm, 30 s, 2200 rpm/s), and the second to make thinner the film (4500 rpm, 120 s,
2200 rpm/s). These two steps were repeated two times more, to increase the thickness of
the film.

Transformation to hematite

The films are heated up from room temperature to 350 °C, with a heating rate of 5 K/min,
then the samples were maintained at 350 °C for one hour. After the heating, the samples
were cooled in air, rinsed with water three times to eliminate the presence of some
potassium compounds. The previously heated films were again heated up to 650 °C in a
muffle furnace during one hour, with a heat rate of 5 K/min.

Results

The thin films of PBS were homogeneous as it is shown in the Fig. 1. After the first
heating at 350 °C, the films have an orange-brown color (not shown here), but after the
second heating at 650 °C the color change to orange-red (Fig. 1).

The identification of the phases present in the samples was determinate using XRD. For
the sample heated up to 350 °C, it was found KFeO, with a preferred orientation along
[010] direction, and Fe,O; amorphous component (Fig. 2a). Pure hematite (o-Fe,O3) was
obtained after the second heating up to 650 °C (Fig. 2b), result also confirmed by
Mossbauer spectroscopy (Fig. 3). The thickness of the hematite thin film (~ 370 nm) was
measured using AFM. The surface of the film was irregular with empty spaces forming
channels. A closer view of it reveals rounded nanoparticles, with sizes around 100 nm,
without a preferred orientation. Because of the thinness of the film, EDS analyses also
show elements belonging to the glass substrate composition (Fig. 4).
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Fig. 1 PB (left), amorphous Fe,Os (center), and hematite (rigth) thin films.

I
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Fig. 2 XRD patterns of PB sample after first heating at 350 °C (a), after second heating at
650 °C (b). K stands for KFeO,, and H stands for hematite.
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Fig. 3 CEMS spectrum of the hematite film.
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650C1h-07 5.0kV 7.5mm x45.0k SE

Fig. 4 SEM images of hematite thin film with different magnificents and EDS analysis.
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High Temperature Decomposition of Almandine
and Pyrope in Reducing Atmosphere

C. Aparicio, J. Filip and M. Mashlan

Centre for Nanomarerial Research, Palacky University in Olomouc, 17. listopadu 1192/12, 771 46
Olomouc, Czech Republic

Abstract. Thermal decomposition of two garnets of near end-member composition — almandine
(FesgsMgg 15)(Al) 90)Si2990,2 and pyrope (Mgy »Feqs7Cap33)(Cro 1 Feg oAl §1)Sia08012 — has
been carried out in reducing atmosphere (forming gas: 10% of H, in N;). High-temperature
behavior of both samples was monitored using simultaneous thermogravimetry and differential
scanning calorimetry. The decomposition of almandine and pyrope turned out to proceed at
slightly different temperatures above 1000 °C. Therefore, two series of samples were prepared
based on the results of thermal analysis: almandine heated up to 950 °C, 1070 °C and 1200 °C,
and pyrope heated up to 1000 °C, 1100 °C, 1125 °C and 1200 °C. The identification of the
decomposition products was performed by X-ray powder diffraction and Madossbauer
spectroscopy. The common feature of the decomposition of both garnets is the presence of
metallic iron and spinel phase, while the other products include fayalite, cristobalite, and
cordierite for almandine; and enstatite and anorthite for pyrope. The formation of this last
component was enabled due to Ca content in pyrope.

Keywords: Fe-bearing garnet, thermal decomposition, reducing atmosphere.
PACS: 81.40.-z, 81.70.Pg, 82.80.Ej

INTRODUCTION

Garnets of the pyrope-almandine series have been widely studied since many years
ago because they are present in the Earth crust as accessory to major rock-forming
silicates. Moreover, it is commonly used in industry, e.g., as an abrasive material. The
mrntt with a cubic structure and space group la-3d has a structural formula of

Vi ‘”Y 2"VZ3012; where X = Fe™, Mg”, Mn*, Ca™, Y =Fe™, Ti**, Cr’*, Al and Z
= Si™, the superscript Roman numbers indicate the coordination number for each
particular site [1]. The idealized formulae for almandine and pyrope are Fe3Al,Si304,
and Mg;Al1,S81505, respectively.

Published studies dealing with a decomposition of garnets belonging to pyrope-
almandine series were performed under various experimental conditions: oxidizing or
inert atmosphere, isothermal or non-isothermal regime [2,3], and non-ambient
pressure [4]. However, no data have been published for the high-temperature behavior
of garnet in reducing conditions so far. The most frequently used techniques employed
in aforementioned studies involved X-ray powder diffraction [5] and Mdossbauer
spectroscopy [6,7.8]. The results of the high-temperature treatment of garnet in air
demonstrate that the decomposition occurs between 750 °C and 1200 °C, but the
decomposition products for almandine and pyrope differ. The thermal decomposition

CP1258. Mossbauar Spectroscopy in Materials Science— 2010, edited by J. Tuéek and M. Miglierini
© 2010 American Institute of Physics 978-0-7354-0806-7/10/530.00
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of garnets, principally of almandine, has been investigated first under high pressures
[4,9]. In 1992, Harlov and Newton described the synthesis of almandine from a
mixture of magnetite, quartz and kyanite in pressures greater than 28.5 kbar [9].
Anovitz et al. [4] considered the possibility of reversibility of this process; in
equilibrium conditions, they suggested the following products of almandine
decomposition: hercynite, fayalite, and quartz or Fe-cordierite depending on the
applied pressure. They also investigated the oxidation mechanism of almandine
leading to the formation of magnetite, quartz, and sillimanite or hercynite depending
on the applied pressure [4]. According to Thieblot et al. [5], almandine was
decomposed into hematite, sillimanite, and cristobalite in air under atmospheric
pressure. However, based on Mossbauer spectroscopy [7,10], it was demonstrated that
maghemite (y-Fe;Os3) is the original product of almandine decomposition at
temperatures higher than 750 °C and it is subsequently transformed to &-Fe»O3 and
finally to hematite (0-Fe,Os). The decomposition mechanism of pyrope differs mainly
due to a low amount of iron and sometimes the presence of calcium in the
dodecahedral sites. Pyrope with the chemical composition close to the ideal end-
member shows two decomposition products in air: corundum and enstatite [5], while
pyrope with Fe’* in the dodecahedral sites decomposes primarily into hematite,
enstatite, Fe-spinel, and cristobalite: in this case, hematite is also a product of
subsequent oxidation of enstatite at high temperature [2]. At 1200 °C, garnets of
pyrope-almandine solid-solution show spinel ( Mg{_Al,Fe3+)zO4). anorthite and enstatite
as decomposition products for the composition close to pyrope. while cordierite,
anorthite, and spinel or maghemite were detected after the decomposition of garnet of
almandine-pyrope intermediate composition [3].

The aim of this work is to describe the high-temperature decomposition of both
end-member garnets under the reducing atmosphere and to characterize the Fe-bearing
decomposition products by means of Mdssbauer spectroscopy.

EXPERIMENTAL METHODS

Preparation of Samples

Two natural garnets of near end-member composition (almandine and pyrope) were
used in this study. Their respective crystal-chemical formulae, normalized to twelve
oxygen atoms, are:

almandine - (Fez ssMgo.15)(Al.99)S12.990;2 and
pyrope - (Mga 22Feq47Cap 33)(Cro 11FeppeAll 81)S12.08012,

as analyzed by electron microprobe (EMPA — Cameca SX100 operating in the
wavelength dispersive mode; an accelerating voltage of 15 kV, a beam currents of 10

nA and a spot size of ~ 5 um). The inclusion-free fragments of respective garnet
samples were hand-picked under the binocular microscope, subsequently ground in an
agate mortar under isopropyl alcohol and finally air-dried at room temperature. The
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powdered samples of almandine and pyrope were labeled as ALM-NH and PY-NH,
respectively.

The high—temperature behavior of garnet in the reducing atmosphere (forming gas:
10 % H, in Nj; atmospheric pressure) was observed using a simultaneous thermal
analyzer STA 449 C (Jupiter, Netzsch) involving thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). Samples were placed into an open
alumina crucible and dynamically heated with a heating rate of 10 °C/min. Using this
approach, the two series of samples were prepared based on the results of full range of
TGA and DSC measurements: almandine heated up to 950 °C (ALM-950), 1070 °C
(ALM-1070) and 1200 °C (ALM-1200), and pyrope heated up to 1000 °C (PY-1000),
1100 °C (PY-1100), 1125 °C (PY-1125) and 1200 °C (PY-1200). The samples were
cooled down to room temperature within approximately two hours.

Characterization of Samples

Both series of samples, including samples without the thermal treatment, were
characterized using X-ray powder diffraction (XRD) and Mossbauer spectroscopy
(MS). XRD patterns were recorded with a PANalytical X'Pert PRO MPD
diffractometer (CoK radiation) in the Bragg-Brentano geometry, equipped with an
X Celerator detector and programmable divergence and diffracted beam anti-scatter
slits. Samples were placed on a zero-background Si slides, gently pressed and scanned
with a step size of 0.017°. The identification of crystalline phases in the experimental
XRD patterns and the Rietveld analysis were carried out using the High Score Plus
software ( PANal%’tical) in conjunction with PDF-4+ and ICSD databases.

Transmission >'Fe Mdssbauer spectroscopy on powdered samples was performed in
the constant acceleration mode using a Co source in Rh matrix and 1024 channel
detector at room temperature. The spectrometer was calibrated with an o-Fe foil, the
isomer shift values were expressed with respect to the metallic iron at room
temperature. The spectra were folded and fitted by the Lorentz functions using the
computer program CONFIT2000 [11].

RESULTS AND DISCUSSION

Thermal Analysis: TG and DSC

The near end-member almandine and pyrope samples have shown different high-
temperature behaviors (i.e., decomposition), as reflected in their respective DSC
curves (see Fig. 1). While almandine showed one pronounced and sharp endothermic
peak (1055 °C), the pyrope decomposition results in two weak endothermic peaks at
higher temperatures than in the case of almandine (1105 °C and 1130 °C). Both
samples also differ in the TG analysis (not shown), where the mass loss of — 3.51 %
(between RT and 1200 °C) in the case of almandine is approximately five times bigger
than the mass loss for pyrope (— 0.69 %).
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FIGURE 1. DSC curves comparing the almandine (ALM) and pyrope (PY) decomposition
endothermic peaks. Arrows indicate the temperatures of preparation of ALM-950, ALM-1070, PY-
1000, PY-1100 and PY-1125 samples.

Phase Analysis: XRD and MS

XRD patterns of ALM-NH and PY-NH samples are typical for almandine and
pyrope [12], respectively. The PY-NH sample turned out to be impurity-free.
However, in the XRD pattern of the ALM-NH sample, there were identified
diffractions from ilmenite (FeTiO;3) representing inclusions in almandine grains (less
than 2 wt. % of ilmenite according to the Rietveld analysis). Similarly, Mossbauer
spectra at room temperature of untreated almandine and pyrope showed Muassbauer
parameters typical for garnet [13]. The almandine spectrum was fitted with three
doublets, D1: IS = 1.29 mm/s and QS = 3.52 mm/s for Fe’ in the dodecahedral 24¢
position (the relative area of 93.3 % or Y7 % excluding ilmenite contribution); D2: IS
= (.15 mm/s and QS = 0.37 mm/s for Fe* in the octahedral 16a position (the relative
area of 2.9 % or 3 % excluding ilmenite contribution), and D3: IS = 1.05 mm/s and QS
= 0.70 mm/s assigned to Fe™ in ilmenite (the relative area of 3.8 % of total spectral
area). Pyrope, containing 8.85 wt. % of Feyy according to EMPA, gave the Mdssbauer
spectrum with the following components — one asymmetric doublet D1: IS = 1.28
mmy/s and QS = 3.55 mm/s for Fe** in the dodecahedral 24¢ position (the relative area
of 87.7 %), and D2: IS = 0.35 mm/s and QS = 0.27 mm/s for Fe™ in the octahedral
16a position (the relative area of 12.3 %). A slightly larger value of the quadrupole
splitting of D1 doublet in pyrope compared to that observed for almandine evidence
the distortion of this site [13,14]; the asymmetry of D1 doublet could be attributed to a
spin-spin relaxation [ 13,15].

XRD diffractograms (see Fig. 2) and Mossbauer spectra (see Fig. 3) for ALM-950,
ALM-1070, ALM-1200, PY-1000, PY-1100, PY-1125, and PY-1200 samples
represent the crucial data for solving the thermally-induced decomposition mechanism
of both garnets. Below 1000 °C, the structure of both almandine and pyrope is
preserved unchanged: the MS spectrum of pyrope revealed the partial non-destructive
reduction of Fe** to Fe™ (see Fig. 3, right). In the ALM-950 sample, we identified D1
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and D2 doublets for almandine and a very weak sextet of alpha-iron (IS = — 0.02
mm/s, QS = 0.00 mn/s and B = 32.7 T) being, together with rutile TiO, (confirmed by
XRD), the products of decomposition of ilmenite inclusions at temperatures lower
than 950 °C [16]. The weight ratio of a-Fe and rutile derived from the Rietveld
analysis implies that all o-Fe present in the ALM-950 sample originates exclusively
from ilmenite. Such a decomposition of ilmenite inclusions seems to be partially
responsible for the different weight loss observed in TGA for respective garnets.
Indeed, the different amount of Fe being reduced into the metallic form (see below) is
the main reason of different weight loss in both samples.
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FIGURE 2. XRD powder patterns of ALM-1200 and PY-1200 samples, comparing their common
phases: a-Fe (———) and spinel (—).

The decomposition of both pyrope and almandine starts above 1000 “C. However,
the products of decomposition significantly differ for both garnets; therefore, the
results will be presented and discussed separately for respective samples.
Diffractograms of ALM-1070 and ALM-1200 samples represent the fully decomposed
carnet and the newly formed phases were identified as alpha-iron (bcc structure),
hercynite (ideally FeAl,0s), fayalite (ideally Fe;Si04), cristobalite (Si107), and Fe-
cordierite (ideally (Fe>*,.Mg),Al14Sis0;g). Alpha-iron originates partially from ilmenite
decomposition, but its contribution to the total o-Fe is less than 7 %. The variation in
the amount of decomposition products in the ALM-1070 and ALM-1200 samples,
according to the results of the Rietveld refinement and relative areas of Fe-bearing
phases in MS, indicates consecutive reactions of primary products ol decomposition as
soon as they were formed. One example documenting this process can be seen in the
increasing content of fayalite (+ 13.4 %) phase at the expense of alpha iron (- 5.0 %)
and cristobalite (— 10.0 %) phases, as confirmed by the Rietveld refinements of the
ALM-1070 and ALM-1200 samples. Similarly, iron and hercynite react together
towards a formation of Fe-cordierite.

The decomposition of pyrope started at around 1105 °C (based on TGA): however,
diffractions of pyrope were identified also in the PY-1125 sample where enstatite
(ideally (Mg, Fe)SiO;), spinel phase ((Mg,Fez+](Al.Cr‘Fe‘h)gOJ,), and anorthite
(CaAl,S1,0g) were also observed. At 1200 °C, pyrope is completely decomposed and
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the primary products are represented by o-iron, ferroan enstatite (clino and ortho
polymorphs), spinel phase, y-iron (fce structure) and anorthite according to XRD. The
formation of anorthite was enabled due to Ca content in pyrope. At temperatures of
1100 °C and 1125 °C, neither o~ nor y-Fe were identified.

Decomposition mechanisms of both garnets lead, in common, to the formation of
alpha-iron and spinel phase. The spinel is obviously not identical from the chemical
point of view as the iron-to-magnesium ratio significantly differs in both samples of
garnet. The different nature of spinel is reflected by a slight shift of respective
diffractions to smaller d-values in the case of the PY-1200 sample (Mg-rich spinel)
compared to the ALM-1200 sample containing obviously more iron atoms in the
spinel (see Fig. 2) following, thus, the Vegard's law. Hercynite formed from
almandine seems to contain some magnesium in the tetrahedral site according to
stoichiometric calculations and also because it is the only primary phase which can
bear Mg in its structure. Moreover, in the case of pyrope decomposition, the spinel
acts as a sink for Cr.

The Fe-bearing phases in both series (ALM and PY) were characterized by means
of Mossbauer spectroscopy (see Fig. 3). In the ALM-1070 sample. the almandine is
totally decomposed and alpha-iron (50.2 % of the spectral area) constitutes the
dominant phase in the Mossbauer spectrum. The progressive reaction of alpha-iron
with cristobalite and water vapor leading to formation of fayalite [17] caused a
decrease of o-Fe spectral area to 35.4 % (ALM-1200) and an increase of fayalite
spectral area from 13.8 % (ALM-1070) to 27.6 % (ALM-1200). In the Mossbauer
spectra of the ALM-1070 and ALM-1200 samples, we also confirmed other Fe-
bearing phases (all present as paramagnetic doublets), previously identified by XRD:
Fe-cordierite (5.0 and 54 % for the ALM-1070 and ALM-1200 samples,
respectively), and hercynite (31.0 and 31.6 % for the ALM-1070 and ALM-1200
samples, respectively). More details concerning the reductive decomposition of
almandine will be given in the paper of Aparicio et al. [ 18].

According to Mdssbauer spectroscopy, the pyrope decomposition starts between
1000 and 1100 °C (see Fig. 3) where an enstatite formation was observed (confirmed
by XRD). Nevertheless, the pronounced decomposition of pyrope starts at or slightly
below 1125 °C, where the spectral component attributed to enstatite significantly
increases. Together with enstatite formation there is a distinct sextet of alpha-iron in
the PY-1125 (5.8 %: IS =— 0.02 mmv/s, QS = 0.00 mm/s and B =32.9 T) and PY-1200
samples (11.2 %: IS =— 0.02 mm/s, QS = 0.00 mm/s and B = 33.1 T). With respect to
the obvious doublet overlap in 0 mm/s and 2.2 mm/s region, the fitting of two enstatite
doublets is not sufficient to obtain a reasonable fit. Therefore, the doublet
corresponding to the spinel phase could also be included, demonstrating thereby, that
it is a Fe-bearing member of spinel group minerals which was not evident from XRD.
In addition to the spinel. one singlet (IS ~ — 0.09 mm/s) present in spectra of the PY-
1125 and PY-1200 samples could be related to magnetically non-split form of metallic
iron (y-Fe). Ordinarily, the bce structure of the metallic iron changes to the fcc
structure at a high temperature (~ 912 °C) and upon cooling, the metallic iron retains
again the bee structure. Therefore, the unusual presence of y-Fe occurring together
with &-Fe could easily be explained either by possible substitution of some elements
into the structure of metallic iron or by epitaxial growth of y-Fe on a suitable fcc
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lattice. Nevertheless, the most probable explanation — with respect to the generally low
iron content in pyrope — is that y-Fe forms in the form of small and well separated
particles blocking the transition into the bec structure during cooling [19]. A similar
case has been reported for iron nanoparticles (isomer shift of — 0.09 mm/s) enclosed
inside the carbon nanotubes [20] and it also accords with the results of oxidative
decomposition of pyrope where nanoparticles of hematite (with sizes of 15-20 nm)
were observed [2].

ALM-1200 ' ' ' PY-1200

PY-1125 ;
ALM-1070
=] i
= n /
IS PY-1100 Y
@ e
= f&M@ﬂ)
w
=
e PY-1000
}_ a agt
ALM-NH
PY-NH
-6 -4 2 0 2 4 6 -6 -4 2 0 2 4 6
Velocity (mm/s) Velocity (mm/s)

FIGURE 3. Room-temperature Méssbauer spectra for both series of almandine (left) and pyrope (right)
samples showing the different phase composition. White doublet — Ee™ in garnet, white sextet — a-Fe,
black — Fe™ in garnet, dark gray — spinel, medium gray — fayalite (ALM) or y-Fe (PY), light gray — Fe-

cordierite (ALM) or enstatite (PY).

Similarities and Differences in Decomposition of Almandine and
Pyrope

Almandine and pyrope. when thermally treated in the reducing conditions, differ in
decomposition onset (above 1000 °C for both garnets). Pyrope turned out to be more
stable at high temperatures than almandine, remaining partially even at 1125 °C.
Although both almandine and pyrope have the same crystal-structure, the phases
resulting from their decomposition significantly differ. The main reason could be seen
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in occupation of dodecahedral sites with different cations, influencing — among other
things — the strength of inter-atomic bonds and, consequently, also the thermal
stability of the structure. The formation of metallic iron (bcc) upon reduction of Fe in
hydrogen atmosphere is confirmed to be a common feature of the decomposition of
both garnets. Other primary products of almandine decomposition include cristobalite
and hercynite. Fayalite represents the secondary product formed by the reaction of
cristobalite, iron, and water vapor whereas Fe-cordierite is the secondary product
formed in the case of the reaction of o-Fe with hercynite. In pyrope, on the contrary,
enstatite 1s produced prior to the formation of o-Fe and y-Fe, spinel and anorthite.
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Abstract The thermally induced reductive decomposi-
tion of a natural near end-member almandine [w"(Fcz_gg
Mgo 11Ca0.0sMng 02) (Al 09)™ (Si2.09)O12] and possible
hydrogen diffusion into its structure have been carried out
at temperatures up to 1,.200°C, monitored by simultaneous
thermogravimetric analysis and differential scanning cal-
orimetry (DSC), infrared and *"Fe Mossbauer spectroscopy
and X-ray powder diffraction. Below 1,000°C, evidence
for hydrogen diffusion into almandine structure was not
observed. At temperatures above 1,000°C, reductive
decomposition sets in, as displayed by a sharp endothermic
peak at 1,055°C on the DSC curve accompanied by a total
mass loss of 3.51%. We observe the following decomposi-
tion mechanism: almandine + hydrogen — o-Fe + cris-
tobalite + hercynite 4 water. At higher temperatures,
fayalite and sekaninaite are formed by consecutive reaction
of z-Fe with cristobalite and water. and cristobalite with
hercynite, respectively. The metallic z-Fe phase forms
spherical and isolated particles (~ 1 pm).
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Introduction

Garnets of almandine composition have been intensively
studied in the past few decades because of their widespread
occurrence and significant role in the Earth’s crust and
upper mantel as accessory to major rock-forming silicates,
and their phase equilibria are frequently used to interpret
the genesis of igneous and metamorphic rocks (Deer et al.
1997; Geiger 2004 and references therein). Moreover,
almandine is often used for industdal purposes as an
abrasive material for grinding and blast cleaning, water-jet
cutting or optical glass polishing, and as a high-density
medium in water filtration (Chang 2002).

Gamet-group minerals may be exposed to very high
temperatures (above 1,000°C) at low pressure during py-
rometamorphism of silicate rocks resulting from igneous
activity, as well as during spontaneous combustion of coal
and coal-waste piles where reducing conditions may pre-
vail (Grapes 2011). Synthetic (Fe, Al, Y)-garnets are also
exposed to very high temperatures (usually in a mixture
of Ar + H, gases) in plasma spraying technologies
(Ravi et al. 2007). Therefore, the exact knowledge of the
reductive decomposition of gamets might be of significant
importance not only for construction of petrological mod-
els (e.g.. Frost and McCammon 2008), but also for indus-
trial applications of gamet.

The thermal decomposition of pyrope-almandine gamets
has previously been studied in oxidizing (Thiéblot et al.
1998:; Maslan et al. 1997; Barcova et al. 2001; Zboril et al.
2003, 2004) and inert atmospheres (Schairer and Yagi 1952)
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and also under non-ambient pressure (Anovitz et al. 1993).
The decomposition occurs between 750 and 1,200°C,
resulting in the formation of hematite, sillimanite and cris-
tobalite (Anovitz et al. 1993; Thiéblot et al. 1998), where
hematite (xz-Fe203) might be formed by sequential poly-
morph transformation of maghemite (p-Fe,05) and &-Fe,0,
at temperatures above 750°C (Zboril et al. 2002). At
1,200°C, cordierite, anorthite and spinel or maghemite have
been identified as decomposition products of almandine-
pyrope garnets (Zboril et al. 2004). In nitrogen atmosphere,
almandine has been shown to decompose to hercynite,
cordierite and fayalite after 2 weeks at 900°C (Schairer and
Yagi 1952). Anovitz etal. (1993) investigated the oxidation
mechanisms of almandine leading to formation of magne-
tite, quartz and sillimanite or hercynite, or to hercynite,
fayalite and quartz or “Fe-cordierite” depending on the
applied pressure. Moreover, almandine-rich gamet heated at
1,100°C for 10 hat a pressure of 1 kbar and an oxygen fugacity
of 107" to 10~'2 have been shown to decompose to alumi-
nous orthopyroxene, cordierite and spinel (Zang et al. 1993).
Natural examples of gamet decomposition include breakdown
of almandine in xenoliths from the Eifel area, Germany
(Grapes 2011), where gamet is replaced by fine-grained mix-
tures of pyroxenes (ortho- and clinopyroxene) and magnetite.

Under reducing conditions, however, different structural
aspects and decomposition pathways might appear.
Therefore. we have investigated the mechanisms of ther-
mally induced reductive decomposition of almandine under
hydrogen atmosphere. It is well known that thermally
driven hydrogen diffusion into the structures of nominally
anhydrous silicates like garnets might significantly change
their physical and chemical properties, including stability
(Rossman 1996). To exclude such effect, we initially
studied the process of possible hydrogen diffusion into the
almandine structure at temperatures up to 1,000°C.

The presented results are essential for understanding the
mineral behavior during pyrometamorphism of silicate
rocks as well as spontancous combustion of natural/
anthropogenic materials. At elevated pressures, comparable
reactions might proceed also at lower temperatures
(Keesmann et al. 1971), and thus, the presented reaction
mechanisms become meaningful for petrologists and
experimental geophysicists investigating the Earth’s man-
tle where reducing conditions prevail (Frost and McCam-
mon 2008). The understanding of reductive decomposition
of iron-bearing silicates has also consequences in investi-
gation of space weathering (e.g., Hapke 2001).

Sample description and experimental techniques

The investigated sample is a brownish-red near end-
member almandine from the locality Zlaty Chlum near
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Jesenik, Czech Republic. Optically clear crystal fragments
were hand-picked, washed in a cold diluted hydrochloric
acid and finely ground in an agate mortar. For investigation
of hydrogen diffusion into almandine structure. single-
crystal slabs were prepared by parallel grinding and dou-
ble-side polishing of impurity-free almandine fragments to
a thickness of 380 pm.

The chemical composition of the untreated almandine
was determined with a Cameca SX 100 electron microprobe
(EMP) operating in the wavelength dispersive mode with
an accelerating voltage of 15 kV, a beam current of 20 nA
and an analytical spot size of ~1 pm. The following
standards and analytical spectral lines were used: K, lines:
sanidine (Si, Al, K), albite (Na), almandine (Fe), pyrope
(Mg). andradite (Ca), rhodonite (Mn), TiO; (Ti), ScVOy,
(Sc, V): L, lines: pollucite (Cs), Rb-leucite (Rb). The
analytical data were comrected using the PAP comection
procedure (Pouchou and Pichoir 1985) and normalized to
12 anions per formula unit.

The almandine single-crystal slabs were thermally
reated for 1 and 2 h at 800°C in air using a conventional
muffle furnace and, subsequently, for 1, 4, 12 and 24 h at
800, 900 and 1,000°C, and also for 93 h at 1,000°C under
hydrogen in a horizontal glass-tube furnace. The experi-
ments were started by placing the single-crystal slabs in the
preheated furnace and terminated by rapid quenching prior
to the FTIR spectroscopy measurements.

Unpolarized FTIR absorption spectra in the OH
stretching frequency region of almandine single-crystal
slabs were recorded from 3,000 to 4,000 cm™' using
a Bruker Equinox 55 spectrometer equipped with an NIR
source, an LN, cooled InSb detector, a CaF, beam-splitter
and circular sample apertures (100 pm in diameter). A total
of 100 scans (resolution of 4 cm™") were performed in air
for each sample and the respective background.

The thermal decomposition of almandine was in-sifu
monitored in a reducing hydrogen-containing atmosphere
(10% of H, in N,: atmospheric pressure) using a thermal
analyzer (STA 449 C Jupiter, Netzsch) including both
thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) coupled to a mass spectrometer
(QMS 403 Aéolos, Netzch) for evolved gas analysis
(EGA). In this case, powdered almandine samples were
placed in an open alumina crucible, dynamically heated up
to the chosen temperature (950, 1,070 and 1,200°C) with
a heating rate of 10 K/min and then quickly cooled down.
Phase analysis of untreated (labeled as ALM-NH) as well
as thermally treated samples (labeled according to the final
heating temperature; Fig. 1) was performed by X-ray
powder diffraction (XRD) and *’Fe Méssbauer spectros-
copy at room temperature.

The XRD patterns were recorded with a PANalytical
X'Pert PRO MPD diffractometer (CoK, radiation) in the
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Fig. 1 Upper part: TGA (red) and DSC (Blue) curves of almandine
thermally treated in hydrogen (i.e., 10% of Ha in Na). Thick arrows
indicate the temperatures of preparation of samples ALM-950, ALM-
1070 and ALM-1200. f—temperature of 675°C; [l—temperature of
900°C; Am—experimentally observed mass difference; Amy,—theo-
retical mass difference; *value considering 2 wi% of ilmenite
inclusions in ALM-NH sample; *value including Am of —023%
from fluid inclusions and considering 2 wi.% of ilmenite inclusions.
Lower part: evolved gas analysis for a mass-to-charge ratio m/z = 18

Bragg-Brentano geometry, equipped with an X' Celerator
detector and programmable divergence and diffracted
beam anti-scatter slits. Samples were placed on a zero-
background Si slide and scanned in a continuous mode
(resolution of 0.017° 2 Theta, scan speed of 0.004° 2 Theta
per second). Identification of crystalline phases and Riet-
veld refinements were obtained using the software High
Score Plus (PANalytical) in conjunction with the PDF-4+

and ICSD databases. Peak shapes were modeled using the
pseudo-Voigt function, separately refining the Caglioti
parameters (u, v, w), unit cell parameters and scale factor
for each phase.

Transmission *'Fe Mbssbauer Spectroscopy on pow-
dered samples was carried out in a constant acceleration
mode using a j?Co{Rh] source at room temperature.
Spectra were folded and fitted by Lorentz functions, and
the isomer shift values are expressed with respect to
metallic x-iron. The recoil-free fractions of all phases were
considered to be equal.

Results and discussion
Characterization of untreated almandine

The averaged results of the EMP analysis of the almandine
sample (Table 1) lead to the crystal-chemical formula
VIl(Fe, ¢sMgq 11Can 0sMngg2) V(AL oo) ™V (Siaee)01a  (ie.,
AlmogPy4. considering ideal almandine and pyrope end-
members). Based on XRD analysis (not shown), the
untreated sample is a nearly pure almandine with a cell
parameter a = 11.5341(2) /D\. containing minor ilmenite
inclusions that amount to less than | wt.% according to the
Rietveld refinement. The *'Fe Mossbauer spectrum (Fig. 2;
Table 2) was fitted with three doublets. The dominant
D1 doublet corresponds to Feo* in the dodecahedral 24¢
position (relative subspectrum area A =93, or 97%
excluding the ilmenite contribution), whereas the D2 doublet
corresponds to Fe'" in the octahedral 16a position (A = 3%)
in the almandine structure (ctf., Geiger 2004). The hyperfine
parameters of the D3 doublet (A = 4%) are typical for
Fe* in the ilmenite structure (cf.. Stevens et al. 1998).

Dehydrogenation and hydrogen diffusion in almandine
at temperatures below 1,000°C

The presence of OH stretching bands of low intensity in an
unpolarized FTIR spectrum of untreated almandine sample
indicates the existence of OH defects in the almandine

Table 1 Chemical composition of untreated almanding obtained by EMP

Oxide TiO, Cra0s Ca0 FeQ MnO Na,0 Po0s Si0s ALO; MgO Yo0s Total
W% 0.04 001 056 41.19 021 001 0.01 36.09 20.44 091 0.01 99.49
SD 002 001 0.11 0.15 006 0.02 001 022 0.14 0.05 0.01 035
Cation Tit crt ca*t Fe?*t Mnt Na*t pt sitt APt Mg™t Y Total
Apfu 0.002 0.001 0.050 2851 0.015 0.002 0.006 2,986 1.904 0.113 0.001 8.020
sD 0.001 0.000 0.010 0011 0.005 0.003 0.005 0.007 0.007 0.006 0.001 0.006

Cations normalized to 12 oxygens

SD Standard deviation, Wr.% oxide weight percentage. Apfiu Atoms per formula unit
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Fig. 2 Room-temperature ~ Fe Mossbauer spectra of samples ALM-NH and ALM-950. Note the different velocity scales

Table 2 Mdossbaner parameters for samples ALM-NH and ALM-950

Component  Assignment  Parameter ALM-NH  ALM-950
Almandine  VWFe*t & (mm/s) 1.29 127
(D1 AEy (mm/s) 352 351
I' (mm/s) 0.34 0.30
A (%) 93 Q3
Almandine  V'Fe't & (mm/s) 0.15 025
(b2) AEy (mmls) 037 038
I (mm/s) 0.45 040"
A (T) 3 4
Nmenite Vigpe2+ & (mm/s) 1.05 -
(D3) AEg (mmis)  0.70 -
I' (mm/s) 0.42 -
A (%) 4 -
t-iron Fe" & (mm/s) - 0.00%
&g (mm/s) - 0.00%
By (T) - 327
I (mm/s) - 0.19
A (%) - 3

d—isomer shift (£0.02), AEg—quadrupole splitting (+0.02), eg—
quadmuipole shift (£0.02), N'—experimental line width (£0.02), By,—
hyperfine magnetic field (40.2), A—relative area (=£3), * fixed
parameters. Roman numbers indicate the coordination number

structure (Fig. S1 in the supplementary material). The
concentration, estimated according to Lambert-Beer’s law,
tumed out to be approximately 2 ppm HaO (using the
calibration of Libowitzky and Rossman 1997). Such
a low content of OH defects is typical for garnets of
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pyrope-almandine composition (Beran and Libowitzky
2006) and is several orders of magnitude lower than the
values commonly reported for gamets of grossular-andra-
dite or spessartine composition (cf., Johnson 2006). Upon
heating in air (800°C, 1 and 2 h), the OH content drops to
zero, demonstrating the complete dehydrogenation of the
almandine structure (Fig. S§1). Subsequent treatment at
temperatures up to 900°C under hydrogen and a maximum
of 24 h caused no observable hydrogen diftusion into the
previously dehydrogenated almandine sample (Fig. S1).
At 1L000°C and 1-110 h of treatment, almandine single-
crystal slabs mamed out to be less transparent for infrared
radiation, and the resulting spectra were rough (i.e., clear
indication of incipient decomposition of almandine: not
shown) with no clear evidence for OH stretching bands.
Interestingly, hydrogen diffusion into the structure of the
studied metamorphic almandine is limited compared to
other rock-forming silicates like pyroxenes (e.g., Sundvall
et al. 2009). Thus, we can exclude the influence of hydrogen
diffusion into the almandine structure in the subsequently
discussed decomposition mechanisms of almandine under
the strongly reducing hydrogen atmosphere.

Thermal behavior of almandine between 35
and 1,200°C in hydrogen: characterization
of decomposition products

The TGA curve of the powdered almandine sample can be
divided into three temperature intervals, which differ sig-
nificantly in the respective mass loss behavior (Fig. 1). The
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Fig. 3 XRD patterns of the
thermally decomposed samples.
The identified phases are
hercynite (He; PDF No.:
00-034-0192), fayalite (Fa; PDF
MNo.: 00-020-1139), bee iron
(x-Fe; PDF No.: 00-006-0696),
cristobalite (Crs; PDF No.:
00-011-0695) and sekaninaite
(Sek; PDF No.: 00-054-0679).

e

Black points correspond to
experimental data, red solid line
show the Rietveld refinement of
the data, and Black lines under
each of the XRD pattems
represent the difference between
the experimental and calculated
intensities
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steep fall in mass between 900 and 1,200°C correlates with
a pronounced endothermic peak at 1,055°C on the DSC
curve (Fig. 1).

The *'Fe Mdssbauer spectrum of ALM-950 sample
(Fig. 2) is highly comparable to that of the untreated
sample and was fitted by the D1 and D2 almandine dou-
blets (Table 2) and an additional weak sextet correspond-
ing to metallic iron (z-Fe). Metallic iron and rutile were
confirmed by XRD (not shown), both being the products of
reductive decomposition of ilmenite inclusions at temper-
atures lower than 950°C (cf., de Vries et al. 2007). The
weight ratio of a-Fe and rutile derived from the Rietveld
refinement implies that all x-Fe present in sample ALM-
950 originates exclusively from ilmenite. The fraction of
the ferric iron doublet can be considered equal for both the
ALM-NH and ALM-950 samples (Table 2) as the differ-
ence is within the experimental error for Mossbauer spec-
troscopy. We can conclude that the almandine structure
remains mostly unchanged up to 950°C and that no
reduction of iron in almandine structure was observed.

The diffraction patterns of ALM-1070 and ALM-1200
samples (Fig. 3) represent the fully decomposed garnet
sample, with the newly produced phases identified as «-Fe,
hercynite, cristobalite, fayalite and sekaninaite (Table 3).
The observed z-Fe arises partially from decomposition of
ilmenite inclusions (as discussed above), but this contribu-
tion to the total x-Fe content is less than 5% relative.
The wvariations in the phase composition of ALM-1070
and ALM-1200 samples (Table 3) indicate consecutive

| g @0 [ |l |

40 50 60 70 80
2 Theta (deg) CoK_

reactions of the primary almandine decomposition products
as soon as they are formed: The fayalite content increases
(+13.1 wt.%) at the expense of alpha-iron (—4.5 wt.%) and
cristobalite (—11.5 wt.%). Moreover, the sekaninaite con-
tent increases (Table 3) at the higher temperature.

The *’Fe Massbauer spectra of the ALM-1070 and
ALM-1200 samples were fitted by one sextet and five
paramagnetic doublets (Fig. 4). The x-Fe sextet is domi-
nant in the spectrum of the ALM-1070 sample, but weaker
in sample ALM-1200 (Table 4). The contribution from
fayalite was fitted with two paramagnetic doublets repre-
senting Fe’* at M1 and M2 sites with their spectral area
ratio (Le., Fe atomic ratio) equal to 0.97 and 0.98 for the
ALM-1070 and ALM-1200 samples, respectively, being
close to the theoretical occupancy for iron in the olivine
structure (Dyar et al. 2009). The spectral area for the
fayalite doublet increases from 14% (ALM-1070) to 28%
(ALM-1200), whereas the subspectrum doublet for sekan-
inaite has an equal area in the spectra of both samples
(Table 4). The last two doublets are ascribed to ferrous iron
in the tetrahedral T1 and T2 sites of hercynite {cf. Carbonin
et al. 1996), with the inner doublet representing the more
distorted tetrahedral site. The hercynite doublets have
a summed area of 31 and 32% for the ALM-1070 and
ALM-1200 samples, respectively. Octahedrally coordi-
nated Fe** in hercynite was not confirmed.

The metallic x-Fe was further identified by scanning
electron microscopy in the mixture of reaction products of
sample ALM-1070. The metallic iron forms spherical and
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Table 3 Results of quantitative phase analysis of all studied samples (from Rietveld refinement)

Phase Chemical formula Weight fractions (%)

ALM-NH ALM-950 ALM-1070 ALM-1200
Almandine FesAl:Sis0 99.2(6) 98.8(7) - -
Nmenite FeTiO, 0.8(1) - - -
Rutile TiO, - 0.5(2) n.d. n.d.
g-iron Fe - 0.7 2.1 17.5(1)
Hercynite (FeMgIALO, - - 44.9(2) 44.6(2)
Fayalite FexSi04 - - 8.2(2) 21.3(1)
Cristobal ite Si0, - - 23.6(2) 12.142)
Sekaninaite (Fe Mg )AL Si<O; 5 - - 1.3(1 4.5(1)

The numbers in parentheses indicate the estimated standard deviations. Cell parameters and ICSD collection codes of all refined phases are listed
in Table S1 in the Supplementary material

n.d. not determined

T T T T T T T 1.06F T ¥ ! ! : % e
1.04 -Fe2" (Sekaninaite) 1 Fe™ (Sekaninaite)
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Fig. 4 Room-temperature *"Fe Mossbaner spectra of samples ALM-1070 and ALM-1200

isolated particles with an average diameter of approxi-  fluid inclusions or fine cracks in the almandine sample
mately 1 pm (Fig. S2 in the supplementary material). (three very weak peaks in evolved gas analysis; Fig. 1).

Between 675 and 900°C, mass loss and evident release of
Mechanisms of almandine thermal decomposition water (small peak at around 850°C) can be explained by

decomposition of ilmenite inclusions and formation of both
In the temperature range from 35 to 675°C, the observed  alpha-iron and rutile according to the reaction (cf., de Vries
mass loss (Fig. 1) can be ascribed to release of water from et al. 2007):
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Table 4 Mossbaver parameters of samples ALM-1070 and ALM-
1200

Component  Assignment Parameter ALM-1070  ALM-1200

a-iron Fe" & (mm/s) —0.02 0.02
£ (mms) 0.00% 0.00%
By (T) 330 330
I (mm/s) 0.28 0.34
A (%) 50 35

Hercynite VR T1 & (mm/s) 0.94 1.00
AEgp (mm/s)  1.69 1.70
I (mmds) 0.50 0.58
A (%) 20 22

Hercynite  'VFe'™™ T2 & (mm/s) 093 0.97
AEg (mm/fs)  1.06 1.05
I (mm/s) 0.49 0.58
A (%) 11 10

Fayalite VIFe™ M1 4 (mm/s) 1.17 1.20
AEq (mmfs)  2.89 2.95
r(mms) 028" 0.33"
A (%) 7 14

Fayalite VIFe™ M2 4 (mm/s) 1.16 1.16
AEg (mm/s) 261 2.72
r(mms) 028" 0.33"
A (%) 7 14

Sekaninaite “'Fe™* 4 (mm/s) 0.89 1.04
AEp (mm/fs) 237 225
I (mm/s) 026 0.28
A (%) 5

Symbols and abbreviations as in Table 2

FeTiOs + Ha(g) — TiO; + x-Fe + H20 (g). (1)

Finally. an observed mass loss between 950 and
1.200°C, a single pronounced endothermic peak at
1,055°C (DSC) and water vapor formation at 1,075°C
(EGA: Fig. 1) demonstrate sudden and complete
decomposition of almandine. The reaction of almandine
with hydrogen leads to Eq. 2:

Ft33 S ng_‘.J'\lgSi_aOn + :}.Hg[g)
— Fey,_ Mg Al Os + 2u-Fe + 38i0, + 2H,0(g)  (2)

(0 < x =1: x =0.15 for the studied sample).

The presence of fayalite and sekaninaite in samples
ALM-1070 and ALM-1200 suggests consecutive reactions
of primary products with increasing temperatures. More-
over, the mass loss calculated for Eq. 2 is 6.42%, that is,
far from the observed value of 3.10%. Therefore, the
increase in fayalite content at temperatures from 1,070 to
1.200°C suggests the reaction of metallic iron with cris-
tobalite and water vapor (cf., Temes et al. 1991):

25-Fe + Si0; + 2H,0(g) — Fe;Si0s + 2H(g). (3)

Consumption of 1 molecule of H,O from Eq. 2 by Eq. 3
would decrease the theoretical mass loss down to value of
3.21%, which is in very good agreement with the observed
value of 3.10% (Fig. 1).

The formation of sekaninaite can be explained by
reaction of hercynite and cristobalite (reaction without
change in mass: Liu et al. 2009) according to:

2F€| _tMg_‘.ﬁlzch +55101 =¥ fFC| _,ng)zf\l.,;SiJ-Om. {4)

The predominant formation of fayalite relative to
sckaninaite at temperatures up to 1200°C (Table 3)
might be caused by different reaction rates and higher
stability of hercynite compared to x-Fe under the given
conditions. Assuming that only 10% of hercynite reacts
with cristobalite and 50% of «-Fe reacts with SiQ; and
water vapor, we get the overall reaction:

Fe; Mg, ALSi;0,; + Hy(g)
— -Fe + 0.9Fe, Mg Al QO + 2.255i0,
+ {],5F035104 + 0.(]5(FC| ._,Mg_..)l.a‘-\l_;SisOm + Hg()[g)
(5)

Based on the acquired experimental data, we may
propose a general mechanism of reductive decomposition
of almandine in hydrogen (sekaninaite and fayalite are
formed in amounts indicated as “a” and “b”, respectively)
as:

Fe;_ Mg, AlSi;012+ (2 — b)Ha(g)
— (1 —a)Fe;_ Mg, Al Oy + (2 — b)Fe + (b/2)Fe,S5i04
+(3—5a/2—b/2)8i05 + (a/2)(Fe, Mg, ),ALSisO5
+(2— b)H,0(g). (6)

Assuming that all alpha-iron. cristobalite and water
are consumed to form fayalite and sekaninaite in our
model (i.e., # =2 and a = 4/5 in Eq. 6). we obtain an
equilibrium equation comparable to the one reported by
Anovitz et al. (1993) for pure end-member almandine in
the temperature range 650-850°C at pressures below 3.3
kbar. Evidently, the main difference between oxidative and
reductive decomposition of almandine lies in the formation
of iron oxides (Zboril et al. 2002) and metallic iron (this
study). respectively, without valence changes of iron in the
almandine structure up to the temperature of its reductive
decomposition.

The presented mechanism including the formation of
metallic iron particles from iron-bearing silicate might be
correlated with processes in Earth’s mantle where reducing
conditions could prevail and cause metallic iron to be
stable (Frost and McCammon 2008). Moreover, the pre-
sented formation of metallic iron particles has an analogy
in space weathering where submicroscopic iron particles
are formed by partial impact melting and reduction of
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surfaces of Fe(ll)-bearing minerals saturated with solar
wind hydrogen (Hapke 2001).
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Thermal behavior of almandine at temperatures up to 1,200 °C in hydrogen
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Fig. S1 Unpolarized FTIR absorption spectra in the OH stretching frequency region of
untreated almandine (raw), after treatment for 2 hours at 800 °C in air (A) and after
treatment for 24 hours at 900 °C in hydrogen (H). Arrows highlight the weak OH
stretching bands.
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Fig. S2 Representative scanning-electron microscope image of decomposed almandine
(sample ALM-1070) — arrows point to metallic iron particles on the surface of the
decomposition products (left), and energy-dispersive X-ray (EDX) spectrum collected
from a single metallic iron particle (right). Aluminum and silicon identified in EDX
spectrum arise from reaction products beneath the iron particle. Data were collected on a
field emission scanning electron microscope (Hitachi SU6600) with ultrahigh point-to-
point resolution (1-2 nm).
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Abstract The thermal decomposition of Prussian blue
(iron(Ill) hexacyanoferrate) under inert atmosphere of
argon was monitored by thermal analysis from room tem-
perature up to 1000 °C. X-ray powder diffraction and TFe
Mossbauer spectroscopy were the techniques used for
phase identification before and after sample heating. The
decomposition reaction is based on a successive release of
cyanide groups from the Prussian blue structure. Three
principal stages were observed including dehydration,
change of crystal structure of Prussian blue, and its
decomposition. At 400 °C, a monoclinic Prussian blue
analogue was identified, while at higher temperatures the
formation of various polymorphs of iron carbides was
observed, including an orthorhombic Fe,C. Increase in the
temperature above 700 °C induced decomposition of pri-
marily formed Fe,Cs and Fe,C iron carbides into cement-
ite, metallic iron, and graphite. The overall decomposition
reaction can be expressed as follows: Fey|Fe(CNjgly
4H20 — 4Fe + FesC + 7C + 5(CN)2 + 4N2 + 4H0.
Keywords Insoluble Prussian blue - Iron carbide - XRD -
Calcination
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Introduction

The Prussian blue (PB) complex salt was unwittingly
produced by a painter in the beginning of the eighteen
century. From this day until now, PB has been employed in
a wide range of applications in industry, pharmaceutics,
and science. Prussian blue, “insoluble” PB, iron(lll)
hexacyanoferrate or ferric ferrocyanide are usually the
names of this ferrocyanide compound. PB has an ideal
chemical formula of FeT[Fc'r(CN)6]3-1H30 with the Fm-
3m space group [1], where Fe®" ions are found in a low-
spin (S = 0) state and Fe*" ions are found in a high-spin
(§ = 5/2) state. PB shows a ferromagnetic behavior below
its Curie temperature Te = (5.5 + 0.5) K [2].

Physicochemical properties of PB have been investi-
gated by several experimental techniques including
infrared spectroscopy [3], X-ray diffraction [4]. and
Méssbauer spectroscopy (MS) (2, 6, 7). These investiga-
tions were devoted to structural analysis [1, 8, 9],
synthesis [10-12], magnetic properties [13]. applications
[14-16], PB-based analogs [17, 18], and some of them
have been focused on behavior of PB at high tempera-
tures |5, 6, 19].

In general, when hexacyanoferrate compounds contain-
ing crystalline water are heated, one endothermic effect
(always below 200 °C) corresponds to a release of the
water molecules. Afterward, the thermal decomposition
occurs at higher temperatures depending on the composi-
tion of the starting compound [20]. According to De Marco
[20-23], Brar [24], and Lehto [25] the decomposition of
hexacyanoferrate compounds in air occurs with an exo-
thermic effect and accompanied by a release of gaseous
products ((CN), or HCN). Finally, the oxidation of iron
cations leads to the formation of iron oxides as common
decomposition products [19, 24-27].
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One of the oldest works on thermal decomposition of
hexacyanoferrate in vacuum was reported by Gallagher and
Prescott [28]. They studied thermal decomposition reac-
tions of europium hexacyanoferrate(1ll) and ammonium
europium hexacyanoferrate(ll) compounds resulting to Eu
hydroxide and Fe(CN),. Further decomposition of Fe(CN},
to Fe;C and finally to metallic iron has been confirmed.
Cosgrove et al. [18] studied thermal behavior of Prussian
blue up to 530 °C in vacuum and in air using thermal
analysis, X-ray diffraction, and MS. According to Moss-
bauer spectra, they identified the changes in iron sites with
a temperature before and after cyanide release taking place
around 290 °C. The reversibility of the process was proved
only if the sample was heated at temperatures below
450 °C. Finally, the anthors concluded that the structure of
PB heated in vacuum up to 450 °C was partially destroyed
and crystalline ferrous ferrocyanide with undetermined
crystal structure was formed. On the other hand, when the
PB sample was heated in air at 410 °C they obtained
magnetite in addition to the above-mentioned phases.

Other study on PB thermal decomposition carried out in
argon |5] described the simple mechanism toward Fe;C,
graphite and nitrogen as the final products. Years later,
Inoue et al. [6] published the Mossbauer characterization of
thermal decomposition products of PB in vacuum. In this
paper, Inoue et al. explained the thermal behavior of the
dried PB from 200 to 350 °C and assumed that changes in
Massbauer parameters above 250 °C corresponded to a
flipping of cyanoligands or an existence of mixed-valence
states. Therefore, it is clear that a full decomposition of PB
has not been achieved at such low temperatures. Thus, one
can see from the literature overview that the behavior of PB
at high temperatures is not still completely understood. In
order to fill this knowledge gap, this study is focused to
describe the thermal behavior and elucidate the decompo-
sition mechanism of PB at temperatures up to 1000 °C
under an inert atmosphere.

Materials and methods
Starting material and sample preparation

The insoluble Prussian blue (Fey[Fe(CN)gl;-xH,0) nano-
particles (60-80 nm) used in this study were manufactured
by Sigma Aldrich. The Prussian blue nanopowder (PB) was
heated up to different temperatures in argon atmosphere
(gas flow of 30 mL/min, protective gas flow of 10 mL/min
(Ar)), inside of an opened alumina crucible. The heating
rate was 10 °C/min and the mean mass of the samples was
16 mg. The heat treatments of the samples were performed
using a thermal analyzer (STA 449 C Jupiter, Netzsch)
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enabling simultancous thermogravimetric analysis (TG)
and differential scanning calorimetry (DSC). The analyzer
is coupled to mass spectrometer (QMS 403 Aégolos, Net-
zsch) for the analysis of evolving gases (EGA) during the
decomposition reaction. The PB was heated up to follow-
ing temperatures: 400, 670, and 1000 °C. They were
labeled as PB1, PB2, and PB3, respectively.

Samples characterization

All the samples were characterized by X-ray powder dif-
fraction (XRD) and transmission >'Fe MS. XRD patterns
were recorded with a PANalytical X Pert PRO MPD dif-
fractometer (Co K« radiation) in the Bragg-Brentano
geometry, equipped with an X'Celerator detector and pro-
grammable divergence and diffracted beam anti-scatter
slits. The samples were placed on a zero-background Si
slide, gently pressed and scanned with a step size of 0.017°,
and with angular range from 10° to 90°. The identification
of crystalline phases in the recorded XRD pattems was
performed using the High Score Plus software (PANalyti-
cal) in conjunction with PDF-4+ database.

Transmission *'Fe MS (1024 channels) was carried out
in a constant acceleration mode using a *'Co gamma
source in Rh matrix at room temperature (RT). The spec-
trometer was calibrated with a x-Fe foil, and the isomer
shift (IS) values were expressed with respect to metallic -
iron at room temperature. The spectra were folded and
fitted by Lorentz functions using the computer program
CONFIT2000 [29]. Relative contents of iron-bearing pha-
ses are expressed through atomic percents given from a
relative area of a given subspectrum.

Results and discussion
Characterization of PB samples

The PB sample was characterized by XRD and TFe MS.
Both techniques proved that the initial Prussian blue sam-
ple contained an admixture of a minor phase (~ 3%)
identified as mineral jarosite ((K.Na)Fe(SO4),(OH)g). The
Maossbauer spectrum was fitted with two doublets and one
singlet (Fig. 1). The singlet and the major doublet corre-
spond to low-spin (LS) ferrous ions octahedrally coordi-
nated to six C atoms (IS = —0.14 mm/s, 50.6%) and high-
spin (HS) ferric ions octahedrally coordinated to six N
atoms (IS =041 mm/s, QS = 0.17 mm/s, 47.0%) in
Prussian blue, respectively. The minor doublet comresponds
to ferric ions (IS = (.32 mm/s, QS = 1.13 mm/s, 2.4%) in
octahedral site of jarosite [30].
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Fig. 1 RT Maissbauer spectrum of the PB sample. The subspectra are
shifted along the vertical axis for clarity

Thermal behavior of PB

Simultaneous TG and DSC analyses under argon atmo-
sphere up to 1000 °C (Fig. 2) showed four decomposition
steps: 1 (67-262 °C), I (262-377 °C), UI (377-707 °C),
and 1V (707-1000 °C). In step I, the mass decrease
(7.62%) was assigned to water loss from the PB structure,
accompanied by an endothermic peak at 178 °C in DSC
graph and a wide peak with a centroid at 210 °C in the
evolved gas analysis graph (not displayed). The number
of water molecules per one molecule of PB was deter-
mined as four from TG. The mass losses detected within
the steps I (14.75%) and 111 (23.02%) comrespond mainly
to a release of cyanide groups from the PB structure at
average temperatures of 308, 352, 608, and 643 °C
(Fig. 2), accompanied by endothermic reactions (I: 318
and 348 °C, 1I: 613 and 643 °C). In step 1L, in addition to
(CN), emission a release of nitrogen at 693 °C accom-
panied by an endothermic reaction has been detected. On
the other hand, a consumption of nitrogen represented by
a downward peak at 358 °C can not be related to the
decomposition reaction but it only indicates the detection
of other new formed gas by the mass spectrometer, which
for a moment changes relative concentrations of the
gases. Moreover, an irregular release of carbon dioxide.
which was probably adsorbed from air by the surface of
the PB sample before the measurement of thermal anal-
ysis, was detected by EGA (not displayed) within the
measurement.
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Fig. 2 TG (thick black line), DSC (thin black line), and EGA (lower
part) of the PB sample camied out in argon atmosphere. Roman
numbers indicate the stages of decomposition

Sample heated up to 400 °C

The thermal analysis finished at 400 °C (sample PB1)
shows that the original structure of PB released all of its
structural water (4H,0) and six (CN)~ groups, i.e., 3(CN)
in gaseous form (cyanogen). Temperature of crystal water
release (210 °C) agrees well with other thermal studies of
PB and PB analogs |5, 18].

The evident change in PB structure has been observed in
both XRD pattern (Fig. 3) and Mbssbauer spectrum
(Fig. 4a) of PB2 (“as-prepared” sample), however, the
spectral components of the original PB (~25%) are still
present. Unfortunately, it was not possible to find any pat-
tern in the PDF-4+4 database, which matches the diffraction
lines of the newly formed phase (Fig. 3). Given that some of
these compounds are unstable, the same sample was char-
acterized again after one and half year (“aged” sample) to
verify its stability. This new XRD pattern is slightly dif-
ferent from the “as-prepared” PB2 sample. The cell group
and cell parameters of those unknown phases were calcu-
lated with Fullprof 2000 software [31]. It was found that
both phases show a monoclinic structure with space group
P 2/m, nevertheless a difference in the cell parameters
confirms the instability of the structure (see figures S1 and
$2 on supporting information).
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Fig. 3 XRD patterns of the PB
samples before and after
thermal analyses carried out in
inert atmosphere. The symbols
in the graphs represent the

identified phases: Jarosite (#),
Fe,C (filled square), Fe 4
{vertical bar), FesC (filled
cirele), alpha iron (), gamma
iron (y), magnetite (open circle),
and graphite (plus symbol).
Samples heated op to: 400 °C
(PB1), 670 °C (PB2), and

1000 °C (PB3)

Intensity, log scale/a.u.

10 20

RT Missbauer spectrum of PB2 consists of six spectral
components (Fig. 4a), of which the singlet L1 and one
doublet D1 belong to the starting PB (Table la). The
increase in the quadrupole splitting (QS) value of DI
doublet agrees with the change in the environment of Fe?*
(HS) due to a dehydration process in Prussian blue [6]. D2
doublet has typical values for LS ferric iron octahedrally
coordinated to six carbon atoms in M;|Fe(CN)g], structres
[32]. D3 doublet has the IS and QS values very close to
those for Fe?* HS in K,Fe[Fe(CN)e] (IS = 1.09 mmys,
QS = 045 mm/s) |33]: a doublet with similar values of IS
and QS were also obtained from pyrolyzed soluble Prussian
blue (FeK[Fe(CN)s]-xH,0), and aged Prussian brown
(Fe(H30)[Fe(CN)g]-xH,0). Mossbauer parameters of D4
and D5 doublets are comparable with those of ferrous tri-
valent hexacyanides (Fey [M'™(CN)4]>-0H,0), which have a
cubic structure and two different iron environments [34].

The doublets D2 and D4 show hyperfine values corre-
sponding to flipping of cyano ligands in PB structure as
proposed by Inoue et al. [6]. In our case this indicates the
change in the crystal structure of PB after the beginning of
its decomposition. Qur Mossbauer spectrum resembles the
spectrum measured on a PB sample heated up to 460 °C in
a vacuum by Cosgrove et al. [18]. They suggest the for-
mation of ferrous ferricyanide after heating when PB has
released cyanide groups. Ferrous ferricyanide is not a sta-
ble compound; therefore the newly formed compound may
be a different one with no cubic structure. With respect to
the IS values, the doublets D2 and D3 correspond to iron
atoms octahedrally coordinated with six carbon and nitro-
gen atoms, respectively. From relative areas of subspectra,
it is possible to dctt,mnnc tht_, relation between ferric and
ferrous ions as Fe'*/Fe’" = 0.89. Thus, a possible
arrangement of iron atoms can be expressed as
Fe,3Fe] J[Fe™?(CN),],, where LS Fe'* is identified by D2

s
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component, and HS Fe’* is identified by D3, D4, and D5
subspectra.

The Mossbauer measurement of the aged PB1 sample
(Fig. 4b: Table 1b) also revealed that the structure did not
remain stable. The change is reflected by an absence of D4
and DS doublets, but a presence of a new doublet with the
hyperfine parameters typical for a mixed-valence state and
the second singlet with the IS peculiar to low-spin ferrous
ions. The aging process is thus based on a slow oxidation of
the sample.

Sumple heated up 1o 670 °C

Three crystalline phases including Prussian blue,
Eckstrom-Adcock carbide (Fe,Cs, space group P6;me) and
iron carbide (Fe,oC) have been identified by XRD (Fig. 3).
The latter phase is predominant and the corresponding
diffraction lines match for two patterns in the database, the
first one is a pseudo-hexagonal £'-Fe,C and the second one
is an orthothombic Fe,N. Nevertheless. there are still a few
more diffraction lines in the diffractogram that could not be
assigned to any pattern in the database.

The very complex RT Mdossbauver spectrum of PB2
sample was fitted by five c,cucts, three doublets, and one
singlet (Fig. 5, Table 2). S1, 82, and S3 sextets were
ascribed to three non- cqmva.lcm positions of iron atoms in
the hexagonal structure of FesCa (sum of sub-spectral
areas: 10.3%) [35]. Literature values for the hyperfine
interactions of Fe;C; were taken from Lodya's and
Yamada's papers |36, 37]. L1 singlet and D3 doublet
show the hyperfine parameters typical for anhydrous
Prussian blue. Relatively low areas of L1 and D3 sub-
spectra (together 11.6%) point out that decomposition of
the Prussian blue is almost completed at this temperature
(670 °C).
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Fig. 4 RT Mdssbauer spectra of PB1 (400 °"C): a “as-prepared” and
b aged. The subspectra are shifted along the vertical axis for clarity

Sextets S4 and S5 (Fig. 5; Table 2) can be attributed to a
major FesC compound, which could have pseudo-hexago-
nal or orthorhombic structure (sum of sub-spectral areas:
56%). Although it is known that hexagonal iron carbides
and iron-nitrides are isostructural |38], the orthorhombic
(-Fe,C (Pben space group) is almost unknown being in
many cases incorrectly identified as pseudo-hexagonal &'
phase [39-42]. Comparing the hyperfine parameters with
those reported for Fe,C, we can find a slight disagreement
in the values of the hyperfine magnetic field. The values
obtained in our work (144 and 11.7 T) are smaller than
those usually measured for hexagonal e-carbides (between

Table 1 Mossbauer parameters of the PB1 sample (400 °C): a)
“as-prepared” and b) aged

Iron state  18%mm 87" QS/mm s™'  W/mm s™'  Area/%
(a)
DI Fe't HS 038 0.40 0.47 14.7
D2 Fe'TLS  —0.17 0.24 0.32 34.6
D3 Fe’t HS 1.16 0.35 0.32 22.4
D4 Fe't HS 130 1.00 0.44 15.3
DS Fe'" HS 126 2.24 0.37 1.4
Ll Fe™ LS —0.14 - 0.32 1.6
(b)
DI Fe'™ HS 040 036 0.41 14.9
D2 Fe'" LS —0.16 026 0.32 36.4
D3 Fe** HS 116 0.36 0.35 22.0
D4 Fe* ™ HS 0.77 0.16 0.42 14.9
L1 Fe*© LS —0.14 = 0.32 11.8

15 isomer shift (£0.01), @S quadrupole splitting (£+0.01), W experi-
mental line width (+0.01), Area (+0.5), D doublet, L singlet, 45 high
spin, LS low spin

* Relative to metallic iron (x-Fe)

1.03
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D1 V
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/
2
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Fig. 5 RT Missbaver spectam of sample PB2 (670 °C). The
subspectra are shifted along the vertical axis for clarity

17 and 24 T). The lowest hyperfine magnetic field of 17 T
has been obtained by Niemantsverdriet et al. [40] and
Amelse et al. [41]. The reason for a smaller hyperfine field
given by Le Caér et al. [42] is an altemmative ordering of
iron and carbon atoms in the structure or a different crys-
talline symretry. Niemantsverdriet et al. [40] also mea-
sured the XRD pattern of this carbide, and they obtained

_‘Q_I Springer

179



666

C. Aparicio et al.

Table 2 Mossbauer parameters of sample PB2 (670 °C)
Phase 1S%mm s~ QS/mm =" W/mm s~ B/T Area/%

S1 Fe,Cs 0.23 —0.13 0.30" 22.7 32
S2 Fe;Cs 0.04 0.04 0.30" 19.2 2.6
S3 Fe;Ca 0.16 0.00 0.30" 15.1 4.5
S4 Fe.C 0.21 .02 0.45 14.4 30.5
S5 Fe.C 0.26 0.08 0.73 11.7 25.5
D1 Fe't 1.27 296 0.39 - 10.7
D2 Fe't 0.91 1.18 0.36 - 11.4
D3 PB 0.39 052 0.36 - 5.9
L1 PB —0.10 - 0.27 - 5.7

1S isomer shifi (+0.01), @S quadrupole splitting (£0.01), W experimental line width (40.01), 8 hyperfine magnetic field (£0.1), Area (40.5),

5 sextet, D doublet, L singlet
* Relative to metallic iron (x-Fe)
" Fixed value

practically the same diffractogram as described by Barton
and Gale [39], and which is also shown in our work (Fig. 3.
sample PB2). Thus, both S4 and S5 sextets can be ascribed
to an orthorhombic (-Fe,C. The broader lines and smaller
hyperfine field of these sextets indicate some kind of a size
distribution of the iron carbide particles.

The doublets D1 and D2 could not be directly assigned
to any phase. They might be a result of the formation of
other phases, or they could belong to a cyanide compound
of the type Fel[M"™{CN)gl».

Sample heated up to 1000 °C

Metallic iron with bec and fecc lattice (x and 7}, respec-
tively), cementite @-Fe;C (orthorhombic, Pnma space
group), graphite (hexagonal, P6imc space group) and a
small amount of magnetite FesOy (~4 wt%), were the
phases identified by XRD on sample PB3. The quantitative
results obtained by Rietveld refinement of the respective
XRD pattern are shown in Table 3. The aforementioned
phases, except carbon, were also identified by MS; fur-
thermore it was possible to reveal by MS that the gamma
iron phase is not pure metallic iron, but fcc iron with

Table 3 Resulis of Rietveld refinement for the PB3 sample
(1000 °C)

Phase Weight percentage/%
a-Fe 228 (1)
y-Fe 263 (1)
Fe.C 383 (2)
Fe,0, 39
L 8.7(3)

The number in parentheses denotes the uncertainty of the last digit
)
(" =2.52)
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cartbon structural inclusions, i.e., austenite phase, as has
been clearly indicated by the presence of a doublet sub-
spectrum with IS close to zero (Fig. 6: Table 4). The
estimation of a content of carbon atoms in the structure
(0.93 wt%) was calculated according to the relationship
given by Ron [43]. Magnetite identified by XRD and MS
appears owing to an oxidation of metallic iron.

Overall mechanism of thermal decomposition

Within the first step, four water molecules are released
from the crystal structure of PB:

1.04 H:.So4 i
a—Fe

R ASAe s
RS

r ":4'1_
y-Fe

“""W\&\W

0.98 -

1.02 =

1.0

Transmission
(=]

0.96 - E

| I
B8 6 4 2 0 2 4 6 8
=

Velocity/mm s

Fig. 6 RT Mdsshaver spectum of sample PB3 (1000 °C). The
subspectra are shifted along the vertical axis for clarity
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Table 4 Missbauer parameters of the PB3 sample (1000 °C)

Component 18 mm s~ QS/mm s—' W/mm s~ B/T Area/%
%-Fe —0.02 0.00 0.34 330 26.3
-FeaC 0.17 0.02 0.37 207 35.2
Fey0y (tet) 0.29 001" 0.32" 487 1.9
Fe 0, (oct) 061 0.02 0.31" 459 1.8
+-Fe(C) —0.01 0.54 0.73 - 14.8
wFe —0.11 - 0.28 - 19.9

1§ isomer shift (+£0.01), 05 quadropole splitting (+0.01), W experimental line width (£0.01), B hyperfine magnetic field (+0.1), Area (+£0.5)

* Relative to metallic iron (x-Fe)

" Fixed value

67—262°C: Fey[Fe(CN)g); - 4H,0 —
Fey[Fe(CN)g]; + 4H,0 (1)

The second decomposition step is accompanied by a
formation of a ferricyanide phase, which could not be
found in the PDF database. According to the model
constructed from the analysis of the Mossbauer spectrum of
the PB1 sample, it is possible to suggest the following
equation:

67377 °C:Fey[Fe(CN)g], - 4H,0 — 0.26Fe, [Fe(CN)],
+ 0.74(7/5 Fel[Fe™(CN),], + 3/5 (CN);) + 4H,0
(2)

This equation, expecting the formation of the ferricyanide
compound with three structural positions of high-spin
ferrous ions, however, does not salisfy the mass loss
determined from TG and emission of three moles of (CN ),
as determined from EGA. In fact, the mass loss calculated
from this reaction is only 9.1%.

In accordance with the overall mass loss of 45.39%
determined from TG during the steps L 1L, and 1 (from 67
to 707 °C), a release of 4 mol of H-0, 4 mol of N2, and
5 mol of (CN); by the decomposition of 1 mol of PB can
be considered (see Eq. 3). The theoretical mass loss is then
Amy, = 47.7%. Importantly, while the emission of 3 mol
of (CN), during the step II results only to the structural
change of the PB compound, the release of next 2 mol of
(CN), during the step Il is accompanied by a total
decomposition of PB toward iron carbides and graphite.
Taking into account the Mossbauer spectral areas of Fe,Cy
and Fe,C (Table 2), we can calculate comresponding coef-
ficients for solid decomposition products in Eq. 3.

67—707 °C: Fea[Fe(CN)gl, - 4H20 —
3Fe,C + 1/7 Fe;C3+32/7 C
+ S(CN);, + 4Nz + 4H:0 (3)

Within the step IV (from 707 to 1000 °C), the solid-state
decompositions of Eckstrom-Adcock carbide (FesCa) as

well as Fe,C carbide to FeyC carbide (cementite) and
graphite take place (Eckstrom and Adcock [44], Cohn and
Hofer [45]):

3Fe,C; — TFe;C + 2C (4)
3}-‘{33(: —¥ ?..FC1C + C [5)

The cementite is further decomposed into metallic iron and
graphite. The quantitative analysis of the XRD pattem
(Table 3) and relative areas of the Maossbauer spectrum
(Table 4) of the PB3 sample (the minor admixture of
magnetite has been neglected) then gives an overall
equation for the carbides decomposition:

3Fe.C + lf?FB'}Cj + 32{'?(_‘ —
FesC +4(a,y) —Fe + 7C (6)

Conclusions

Thermally induced decomposition of an insoluble Prussian
blue (Fey|Fe(CN)gla-4H,0) under inert atmosphere con-
sists of three main steps. After the dehydration, a restruc-
turation of the original crystal lattice accompanied by the
changes in valence and spin states of iron atoms and release
of cyanogen—(CN), take place. Above 400 °C, the
decomposition of PB is finished resulting to iron carbides
and graphite. The increase of temperature up to 1000 °C
induces the formation of metallic iron, cementite and
graphite. The overall decomposition reaction can be
expressed by the following equation:

1000°C: Fes[Fe(CN)g], - 4H,0 — 4(z, y) — Fe
+ FesC + 7C + S5(CN), + 4N, + 4H,0 (7)

More detailed characterization of the ferrocyanide inter-
mediate, which was found to be unstable in an opened air,
is a subject of future investigations.
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Fig. S1 Full profile fitting and cell refinement of sample PB2 “as prepared”.
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Fig. S2 Full profile fitting and cell refinement of sample PB2 “aged”.
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