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Preface

The material sciences are undergoing tremendous progress. New products are being
developed with overwhelming potential. Looking more closely, one sees that nature
creates many of these materials in a wide array of variations. Mineralogy covers the
physical and chemical properties of materials in the geosphere and biosphere, which
are closely related to their structure. Many of these properties are now utilized in
various areas of our modern society. One of the most impressive examples is garnet,
a mineral observed in magmatic and metamorphic rocks. Its chemistry and crystal
structure are closely related to the chemistry of the host rock as well as the pressure
and temperature conditions of formation. For humans, garnet serves an important
material for technology that is opening emerging application fields, e.g. its potential
for energy storage.

This book focuses on what we can learn from nature for technological applica-
tions and vice versa, what we might benefit from modern technical applications and
experiments to gain a better understanding of the multifaceted processes in nature.
This book does not cover all the different aspects of applied mineralogy but instead
focuses on three main topics: (i) high-technology materials based on minerals, (ii)
environmental mineralogy, and (iii) biomineralization, biomimetics, and medical
mineralogy. We have assembled renowned scientists and specialists to write a chapter
on their research fields, reflecting the different facets of applied mineralogy. Each
contribution in the book highlights recent activities within the specific research area
of the author(s) and gives a perspective for future development in technology, envi-
ronment, and medicine.

This book is addressed to a more advanced audience, including graduate stu-
dents, who are interested in nature and technical progress. It also intends to make
younger students curious to learn more about the diverse fields of applied mineral-
ogy. We would be delighted if we could inspire them with regard to their future scien-
tific and professional career in universities, public research institutions, or industrial
companies.

We thank all authors and reviewers — without their contribution, “Highlights in
Applied Mineralogy” would not have been possible.

Munich and Salzburg in November 2017

Soraya Heuss-Afbichler Georg Amthauer Melanie John

https://doi.org/10.1515/9783110497342-202
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Reinhard Wagner, Daniel Rettenwander and Georg Amthauer
1 Lithium ion—-conducting oxide garnets

1.1 Introduction

Garnets comprise a well-known mineral supergroup for geoscience-related miner-
alogists, petrologists, and geologists. As garnets are very common and form attrac-
tive crystals (see Fig. 1.1), they are also desired by mineral collectors and for use in
jewelry. In nature, garnets occur in magmatic and metamorphic rocks. The chemical
composition of natural garnets is related to the chemistry of the host rock. In addi-
tion, their crystal chemistry and structure reflect the pressure and temperature condi-
tions during their formation. For example, pyrope-rich garnets indicate that their host
rock formed at the high pressures and temperatures most probably of the upper earth
mantle. Furthermore, garnet is also an important material for technical applications,
such as the well-known YAG laser. Recently, a new group of garnet-type compounds,
namely Li-oxide garnets, has been identified as a promising material in the field of
energy storage, as they can be used as solid electrolyte in Li-based battery concepts.
All these phases have one common feature, which is their crystal structure. The
so-called garnet structure is presented in detail in a separate section of this chapter. The
general formula of garnets is frequently given as X.Y,Z ¢, , where X, Y, and Z represent
cations with the coordination numbers 8, 6, and 4, respectively, while ¢ represents the
anions, which can be either 0>, OH-, or F-, respectively [1]. Most natural garnets are
oxides. As the garnet structure is notably flexible from a crystal chemical point of view,
it allows a wide variety of elements to be incorporated into this structure type. According
to Grew et al., 53 elements have been reported for garnets in the Inorganic Crystal Struc-
ture Database; five additional elements were reported in synthetic garnet-structured
compounds [1]. The different positions can be occupied by various cations, e.g. X by

Fig. 1.1: Natural garnet samples from the mineralogical collections of the University of Salzburg.
(Left) Almandine, Otztal, Austria (width 30 cm). (Middle) Grossular var. hessonite, Mussa Alp, Italy
(width 8 cm). (Right) Andradite, Serifos, Greece (width 8 cm).

https://doi.org/10.1515/9783110497342-001
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Tab. 1.1: Important natural (upper) and synthetic (lower) garnets.

Species name Formula X Y Y4 [0}
Pyrope Mg ALSi.0,, Mg, Al Si, 0,
Almandine Fe,ALSi,O,, Fe, Al Si, 0,
Spessartine Mn ALSi,O,, Mn, Al Si, 0,
Uvarovite Ca,Cr,Si0,, Ca, Cr, Si, 0,
Grossular Ca,ALSi0,, Ca, Al Si, 0,
Andradite Ca,Fe,Si.0,, Ca, Fe, Si, o,
Katoite CaSAlz(OH)12 Ca3 Al2 O (OH)12
Cryolithionite Na,ALLiF, Na, Al Li, F,
Yttrium-iron-garnet (YIG) Y,Fe,0,, Y, Fe, Fe, 0,
Yttrium-aluminum-garnet (YAG) Y,ALO,, Y, Al Al o,
Gadolinium-gallium-garnet (GGG) Gd,Ga,0,, Gd, Ga, Ga, 0,
Lithium-lanthanum-zirconate (LLZO) Lazr,Li,0,, La, Zr, Li, 0,

Mg*, Fe*, Mn*, Ca*, Y**, Gd**, La**; Y by Al**, Fe*, Cr*, Ga*', Ti**, Sn*, Zr*, Sb*>, Ta**,
Nb*, Te*; and Z by Li*, AP**, Fe**, Ga** Si*, Ti** [2]. Many of these elements occur in
different oxidation states at the different cation positions of the garnet structure.
Therefore, numerous different compounds of natural and synthetic origin have been
reported. Some of the most important garnets are listed in Tab. 1.1.

1.2 Crystal structure of garnets

The so-called garnet structure is the fundamental feature of this group of minerals and
related inorganic compounds. To understand the properties of garnet-type materials,
a detailed knowledge of the structure is essential. The crystal structure of garnets
was first solved by the German mineralogist and crystallographer Georg Menzer in
1925 and was the first solved crystal structure of a silicate mineral [3-5]. Since then, a
number of research have been performed on the garnet structure [1, 6-12].

The garnet structure belongs to the cubic system and shows space group Ia3d
(no. 230), i.e. the space group with the highest symmetry. A polyhedral model of the
garnet structure is shown in Fig. 1.2. Despite a wide variation of their chemical compo-
sition, all minerals of the garnet supergroup can be described by the general crystal
chemical formula {X_}[Y,I(Z,)¢,, [1], where X represents an eightfold-coordinated cation
located at special position 24c, whereas the coordination polyhedron can be described
as triangular dodecahedron with site symmetry 222. Simply put, this polyhedron can
be seen as distorted cube. “Y” refers to a sixfold-coordinated cation located at the 16a
site with the coordinating anions forming an octahedron, site symmetry 3. “Z” is a
fourfold coordinated cation, located at the 24d site, with site symmetry 4. The anions,
represented by ¢ in the general formula, are located at a general position 96h. In
most cases, the @-position is occupied by O*. With these four symmetrically unique
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I_N

Fig. 2.1: Visualization of the garnet structure as polyhedra model, created with VESTA 3 [13]. Blue
dodecahedra represent XO, polyhedra with X as central cation, located at Wyckoff position 24c¢; green
octahedra depict YO, octahedra with Y as central cation, located at Wyckoff position 16a. Red tetrahedra
correspond to ZO, tetrahedra with Z as central cation located at Wyckoff position 24d. From [14].

atomic positions, the garnet structure can be considered as comparatively simple
structure. Using a polyhedra model, the garnet structure can be described as three-
dimensional framework formed by alternating corner-sharing ZO, tetrahedra and
YO, octahedra. The polyhedral framework resulting from this combination forms tri-
angular dodecahedral cavities hosting the comparatively large X cation, which can
also be referred to as XO, dodecahedron. Each anion is coordinated by two X cations,
one Y cation, and one Z cation. As a consequence, the garnet structure shows a high
percentage of shared edges (see Tab. 1.2). The high density and refractive index of
minerals belonging to the garnet group can be related to this structural feature [6, 7].

Tab. 1.2: Shared polyhedral edges in the garnet structure.

Polyhedron Shared edges

Tetrahedron (24d) 2 with triangular dodecahedra
Octahedron (16a) 6 with triangular dodecahedra
Triangular dodecahedron (24¢) 2 with tetrahedra

4 with octahedra
4 with other triangular dodecahedra

After Novak and Gibbs [6].

The unit-cell parameter of garnets is strongly dependent on the radii of the ions [9].
For example, the unit-cell parameter of silicate garnets with Si** on the Z site and 0*
as anion can be predicted by using the formula

a,(8) = 1.61[r(X)] + 1.89[r(Y)] + 9.04
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in which r(X) is the ionic radius of the X cation located on the eightfold-coordinated
site and r(Y) is the ionic radius of the Y cation located on the octahedral site [6].
A more general formula is

aO(A) = 1.750[r(X)] + 1.653[r(Y)] + 1.904[r(Z)] + 6.225[r(¢p)]

which additionally includes the atom at the tetrahedral Z site and oxide and fluoride
anions at the @ site [9]. If one site hosts different kinds of ions, e.g. in solid solutions,
the weighted average of the respective ionic radii has to be used.

Furthermore, also the positional parameters x, y, and z of the anion ¢ are depend-
ent on the ionic radii of the cations and can be estimated by using appropriate equa-
tions [6, 9]. Novak and Gibbs performed a detailed investigation on the effects of the
chemical composition of silicate garnets, i.e. garnets with Si** at the tetrahedral Z posi-
tion, on the polyhedral interaction, bond lengths, and angles. They showed that the
X-0 and Y-0 bond lengths, the unit-cell parameter a, as well as the 0-X~-0, 0-Y-0,
and O-Si-0 angles of silicate garnets are linearly dependent on the radii of the X and
Y cations. By using this information, they were able to predict a “structural stability
field” for silicate garnets as a function of the ionic radii of the X and Y cations [6].

Besides compounds exhibiting the conventional cubic garnet structure, several
phases with pseudocubic crystal structures, showing tetragonal space group I4,/acd
(no. 142), are also listed within the garnet supergroup. The formation of the tetragonal
structure is caused by a reduction in symmetry, as some of the crystallographic sites
split into more symmetrically unique positions [1]. Compounds with this tetragonal
structure are known from naturally occurring minerals as well as from synthetically
produced materials [15, 16].

1.3 Natural and synthetic garnets

The following section introduces a selection of the most important garnets, whereas
natural as well as synthetic compounds will be presented briefly.

1.3.1 Natural garnets

Natural garnets have been investigated in detail, as these minerals play an impor-
tant role in geoscience. To classify the different kinds of natural garnets systemat-
ically, the International Mineralogical Association (IMA) therefore introduced the
term “garnet supergroup” [1]. This term does not only include silicate garnets, which
belong to the common garnet group, but also minerals from other chemical classes,
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such as arsenates, vanadates, oxides, and fluorides, which are isostructural with
classic silicate garnets. Thus, the garnet supergroup includes all minerals that show
the garnet-type structure and currently consists of 32 approved species and 5 addi-
tional species needing further studies for their approval [1].

Silicate garnets play an important role in geosciences. Natural silicate garnets
can be divided into two major solid solution series. For members of the pyral-
spite series, i.e. pyrope (Mg,ALSi,0, ), almandine (Fe*;A1Si,0,,), and spessartine
(Mn3AIZSi3OH), the octahedral site is occupied with Al**, while the dodecahedral
site hosts divalent cations such as Mg*, Fe?, and Mn?. The other solid solution
series is called ugrandite series, which is an acronym for uvarovite (Ca,Cr*.Si,0,)),
grossular (Ca,ALSi.0,)), and andradite (Ca,Fe*",Si,0,)). For ugrandites, the dodeca-
hedral position is occupied with Ca?, while the octahedral site can host various
trivalent cations. Samples of various members of the silicate garnet group are
shown in Fig. 1.1. The SiO,* tetrahedron can be replaced by 4 OH- groups; these
compounds are also referred to as hydrogarnets. Katoite, Ca3A12(OH)12, is the
most common hydrogarnet. As a curiosity, the fluoride garnet cryolithionite,
Na,ALLiF,,, has to be mentioned.

Natural silicate garnets are used as abrasive materials, e.g. as abrasive blasting
material for water jet cutting and as abrasive powder [17]. Because of to their bril-

liance, hardness, and rich color variety, garnets are very popular gemstones.

1.3.2 Synthetic garnets

The garnet structure has also been reported for numerous synthetic compounds.
Some of these synthetic garnets are of technological importance [11, 12]. Yttrium iron
garnet (YIG), Y,Fe* Fe’* O,, is an example for a magnetic garnet. Fe’* is located on
octahedral and tetrahedral sites, exhibiting differently orientated spins and therefore
leading to a ferrimagnetic behavior. The high Verdet constant of YIG leads to a strong
Faraday effect. Thus, YIG is used for various magneto-optical, optical, acoustic, and
microwave applications such as microwave filters.

Yttrium-aluminum-garnet (YAG), Y3A12A13012, shows a high refractive index and
is thus used as a gemstone. By doping with certain elements, a large variety of colors
can be achieved for this material. YAG doped with rare earth element, in particular
Nd-doped YAG, is an important material for solid-state lasers [18].

Further synthetic garnets, e.g. gadolinium-gallium-garnet (GGG, Gd,Ga,Ga,0,,),
are of technological importance for special applications. Finally, there is also a wide
variety of other synthetic garnet-structured compounds that do not have a technolog-
ical relevance at the moment, but many show interesting effects.

One of the most recent developments in synthetic garnets is the research on
Li-ion—conducting oxide garnets.
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1.4 Solid Li-ion conductors

Much effort is undertaken to find and improve solid Li-ion conductors in order to
enable the realization of new battery concepts. Batteries require an ionically con-
ductive electrolyte, which has to be an electrical insulator. The electrolyte enables
the transport of ions from the negative electrode (anode) to the positive electrode
(cathode) and vice versa. The electrolyte also physically separates the anode and
cathode in a battery and thus prevents a short circuit. Currently, Li-ion batteries are the
most common battery type. These batteries usually contain organic, polymer-based,
and gel-like electrolytes, which have numerous disadvantages, such as flammability,
toxicity, as well as danger of leakage and short circuits. In addition, the chemical and
electrochemical stability of these organic electrolytes is not satisfactory [19-21].

Using solid Li-ion conductors as electrolyte material, most of these problems could
be solved. As mentioned above, the key requirement for electrolyte materials is high
Li-ion conductivity, while, at the same time, the electronic conductivity should be
negligible. Furthermore, the electrolyte materials should show a high electrochemical
stability window and should be stable against Li metal and Li alloy anodes as well
as against high-voltage cathode materials. In addition, thermal and mechanical sta-
bility as well as a low charge-transfer resistance at the electrode-electrolyte interface
are required. Finally, inexpensive and environmentally friendly thin-film preparation
methods are needed in order to ensure large-scale manufacturing [19, 20].

Numerous compounds have been identified as inorganic solid Li-ion conduc-
tors. Based on their crystal structure, they can be categorized into several groups.
The most important solid Li-ion conductors are NASICON-type materials such as
LATP, Li, Al Ti, (PO,),, LISICON-type materials, Li,, (P, M )O, (M = Si**, Ge*), thio-
LISICON-type materials, e.g. Li GeP,S  (LGPS), perovskite-type materials such
as LLT, Li3XLa(ZB)_XI:I(1/3)_2)(Ti03 (0<x<0.16), Li-argyrodites, e.g. Li PS X (X = Cl, Br, I),
LIPON compounds, and Li-oxide garnets [22]. The latter group of materials is of
particular interest, as it shows very promising properties.

1.5 Introduction on Li-oxide garnets

Garnet-structured Li-ion conductors were first identified by Thangadurai et al. in
2003 [23]. In the meantime, numerous garnet-type Li-ion conductors with different
compositions have been discovered. Most of these compounds are based on the cubic
garnet structure with space group Ia3d, but some members of this group actually
show structures with lower symmetry, which has been discovered by Wagner et al.
[24, 25] and Rettenwander et al. in 2016 [26]. These modifications can be derived from
the common Ia3d garnet structure [16, 24-26]. Different from common garnets, most
garnet-type Li-ion conductors contain more than three Li-ions per formula unit at the
tetrahedral site. Thus, these compounds are also known as Li-stuffed oxide garnets.
Garnet-type Li-ion conductors exhibit ionic conductivities of up to 102 S/cm at room
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temperature [25-28]. Furthermore, they also show superior chemical and electro-
chemical stability, as they are stable against metallic Li and exhibit a wide electro-
chemical stability window of up to 6 V [19-21, 29].

In contrast to the general crystal-chemical garnet formula {X }¥[Y ]/(Z)"e,,,
which is commonly used in mineralogy, the chemical formulae of Li-stuffed oxide
garnets are frequently written differently. For Li-oxide garnets, Li*, which is located
at the tetrahedrally coordinated 24d site as well as at additional 48g and 96h sites of
space group Ia3d, is written as the first element. The cation located at the dodeca-
hedrally coordinated site, i.e. 24c, is given as the second element, and the cation
located at the octahedrally coordinated 16a site is given as the last cation, resulting in
a general formula (Li,, )*{X_}®[Y |€I0,..

1.5.1 Structural features of Li-oxide garnets

As mentioned above, Li-stuffed oxide garnets contain more than three cations, namely
Li*, at the tetrahedral site to accomplish charge balance. The Li content can be adjusted
by changing the valence of the X and Y cations. These additional Li*-ions, as shown in
Fig. 1.3, are located at two “interstitial” sites, which are not occupied in the conventional
garnet structure [30]. One of these interstitial sites is the sixfold-coordinated 48g site of
the space group Ia3d, with point symmetry 2. The coordinating polyhedron of the 48g
site is also described as distorted octahedron. The second interstitial site is an additional

Fig. 1.3: Crystal structure of cubic Li,La,Zr,0,, with space group /a3d, created with VESTA 3 [13].
This figure illustrates the characteristic structural features of Li-stuffed oxide garnets. Blue LaO,

dodecahedra with La** located at Wyckoff position 24¢; and green ZrO, octahedra with Zr** located
at the 16a site. Li* is located on 3 different positions which are partially occupied: Li* occupies the
24d position, as is well known from the conventional garnet structure, shown in red; as well as two

additional sites, 48g, shown in orange; 96h, represented by yellow spheres. Modified from [14].
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Fig. 1.4: Illustration of Li-ion diffusion in Li-stuffed oxide garnets, visualized using the VESTA 3
program [13]. The Li*-ion diffusion mechanism, involving the three different Li* positions, is shown
on the left side. The image on the right illustrates the three-dimensional network of different Li* sites
within the unit cell, enabling fast Li* diffusion. From [14], modified.

distorted fourfold-coordinated 96h site of the space group Ia3d, with point symmetry 1.
The 96h site can be interpreted as the split position of the 48g site, resulting from a
slight displacement of Li* at the 48g site. The coordinating polyhedron of the 96h site
can be described as strongly distorted LiO, tetrahedron; sometimes, it is also described
as strongly distorted octahedron, with two O? ions showing a significantly longer Li—-O
bond length. As the 48g and 96h positions are located very closely, some structural
models omit the 48g position. Due to electrostatic interactions between Li* cations, the
occupation of the sixfold-coordinated Li* site is not possible if both neighboring tet-
rahedral 24d sites are occupied by Li*. This leads to a theoretical upper limit of 75 Li*
per formula unit [31]. Even for Li-oxide garnets with high Li contents close to 7 Li* per
formula unit, the Li sites are only partially occupied. The additional interstitial Li* sites
48g and 96h are considered as essential factors for enabling fast Li-ion conductivity
[30, 32]. From a structural point of view, each LiO, polyhedron, hosting Li* on the 48g site,
connects two LiO, tetrahedra with Li* located at 24d sites by shared faces. Each of these
LiO, tetrahedra with Li* at the 24d site as central component is connected to four LiO,
polyhedra (with Li* at the 48g site) by shared faces. This results in a three-dimensional
polyhedron network consisting of alternating LiO, (24d)-LiO, (48g) polyhedra, which
are only partially occupied by Li* and thus enabling fast Li-ion conduction [20]. This
diffusion pathway is shown in Fig. 1.4. The Li*-ion diffusion pathway can therefore be
described as 24d-96h-48g-96h-24d, affecting all three Li positions if the 96h-48g-96h
split-atom site is taken into consideration [33]. For Li-oxide garnets with space group Ia3d,
the movement of Li*-ions from the tetrahedral 24d site to the distorted four-fold coor-
dinated 96h site is seen as the limiting factor within the diffusion pathway, as this step
requires the highest activation energy of the diffusion pathway described above. Direct
movements between two octahedral 48g voids, bypassing the bottleneck on the 24d site,
are considered as improbable due to the high activation energy needed for this step [33-35].

For Li-stuffed oxide garnets with very high Li contents of seven Li* per formula
unit, a tetragonal garnet structure of space group I4 /acd was reported [16, 36, 37].
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As already mentioned, this space group symmetry has also been reported for some
natural garnets [1, 15]. In the I4 /acd modification of Li La,M,0,, (M = Zr*, Hf**, Sn*),
Li* is located at three different sites: Lil is located at the tetrahedrally coordinated
8a position, Li2 occupies the distorted sixfold-coordinated 16f site, and Li3 is located
at distorted sixfold-coordinated 32g sites [16]. These positions are similar to the Li*
positions reported for cubic Li-stuffed oxide garnets; however, in the tetragonal mod-
ification, the Li distribution is “ordered”. This is a major difference compared to cubic
Li-stuffed oxide garnets with space group Ia3d. The latter modification shows only a
partial occupation of Li sites, resulting in a statistic distribution of Li*-ions, leading

to a higher symmetry.

1.6 Systematic of Li-oxide garnets

Since the discovery of fast Li-ion—conducting Li-oxide garnets by Thangadurai et al. in
2003, numerous Li-oxide garnet materials have been developed [23]. The following over-
view on these materials, modified from [14], is based on the reviews by Thangadurai et al.
[19, 20] and Zeier et al. [21].

1.6.1 Li,Ln,M**,0, (Ln =Y, Pr, Nd, Sm-Lu; M¢* = Te¢*, W**) (Li, phases)
Rare earth containing Li-oxide garnets with the general formula LiLn**M®0,,
(M = Te®*, We*) were first described by Kasper in 1969 [38]. The applicability of Li-
oxide garnets with Te®* at the octahedral 16a site and trivalent rare earth element
cations at the dodecahedral 24c site as Li-ion conductors has been studied by
O’Callaghan et al. [39] and Cussen et al. [40]. In addition, similar phases with W¢* instead
of Te®* at the octahedral 16a site can be attributed to the group of Li, phases [41]. As
opposed to Li-oxide garnets containing more than 3 Li* per formula unit, Li*-ions of
Li, phases are exclusively located at the tetrahedral 24d site of the garnet structure,
which is similar to natural garnets. Li-oxide garnets with 3 Li* per formula unit show
comparatively poor Li-ion conductivities as well as high activation energies, leading
to the conclusion that Li*-ions located at tetrahedral 24d sites are less mobile. Li-oxide
garnets containing more than 3 Li* per formula unit, also referred to as Li-stuffed
oxide garnets, are therefore seen as superior alternative.

2712

1.6.2 LiLa,M**,0,, (M** = Nb**, Ta**, Sb**, Bi**) (Li, phases)

The existence of a Li,La,M**,0,, (M** = Ta™, Nb>*) phase in the system La,0,-M,0,-Li,0 was

initially suggested by Abbattista et al. in 1987 [42], followed by further studies [43, 44]. In
2003, Thangadurai et al. identified Li_.La,M,0,, (M = Ta**, Nb>) as fast Li-ion conductor [23].

37271
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This was the discovery of the fast ionic conductivity of Li-stuffed oxide garnets, giving
rise to numerous studies on these materials [23]. Besides Nb** and Ta**, other pentavalent
cations such as Sb** and Bi** have been identified as suitable constituents for the forma-
tion of Li, phases [41, 45]. The crystal structure has been a matter of intensive discus-
sion, as besides the garnet-type structure with space group Ia3d initially suggested by
Mazza and colleagues in 1988, the non-centrosymmetric 12,3 space group has also been
considered for this type of materials [43, 44]. Finally, in 2006, Cussen solved the crystal
structure for Li,LaM,0,, (M = Ta**, Nb**) using neutron diffraction and confirmed the
space group Ia3d [46]. In contrast to Li, phases, the high Li* content of these Li, phases
requires the occupation of additional Li* sites that are not required in the conventional
garnet structure. These additional Li sites located at the 48g and 96h positions are only
partially occupied and they are considered as essential for enabling fast Li-ion conduc-
tion in garnet-type materials. Cussen and Yip compared d° and d'° phases and concluded
that the replacement of a d° cation (e.g. W¢*, Ta**, Nb*) with a d'° cation (e.g. Te®*, Sb**)
of the same charge causes an increase of the unit-cell parameter, which is related to
polarization effects [20, 41].

1.6.3 LiA*La,M**,0,, (A* = Mg*, Ca*, Sr**, Ba**; M** = Nb**, Ta**) (Li, phases)
The Li* content of Li, phases can be increased by a partial replacement of La** with
divalent cations such as Mg?, Ca%, Sr*, and Ba?, which leads to a further increase of
the Li content of the garnets [45, 47-50]. This results in a change of the Li* distribu-
tion over the three 24d, 48g and 96h sites. The occupation of the tetrahedral 24d site
decreases with increasing Li* contents, while the occupation of distorted octahedrally
coordinated 48g and distorted fourfold-coordinated 96h sites increases. The partial
substitution of La** by divalent ions also affects the unit-cell parameters, as these
cations have different ionic radii. This topic was studied in detail by Zeier et al. [51].

1.6.4 LiLa,M*,0,, (M* =Zr*, Hf*, Sn*) (Li, phases)
Li-oxide garnets with exceptionally high Li contents of 7 Li* per formula unit were first
described by Murugan et al. in 2007, as they reported cubic garnet-type Li La,Zr,0,,
(LLZO) with space group Ia3d [52]. This study showed that the garnet structure can
accommodate 7 Li*-ions per formula unit. Furthermore, also the ionic conductivity of
7.74 x 10 S/cm at 25°C was superior compared to most other solid Li-ion conductors.
In contrast to this study, Awaka et al. reported a tetragonal polymorph of LLZO and
Li La,Hf,0,, showing space group I4 /acd [37]. The same structure was also reported

2712

for Li La,Sn 0, [16, 36]. The ionic conductivity of the tetragonal 4, /acd modification of

2712
LLZO is approximately two orders of magnitude lower compared to the cubic Ia3d mod-

ification. For Li La,Sn,0,,, a phase transition from the tetragonal 4 /acd modification
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to the garnet-like cubic Ia3d modification was observed above 750°C, indicating that
the cubic modification might be interpreted as high-temperature modification [36].
A similar phase transition from I4 /acd to Ia3d has been reported for LLZO at tempera-
tures around 650°C [53].

The discussion about these two structural modifications has finally been solved
by Logeéat et al., who investigated the solid solution series of Li, La,Zr, Ta O, with
x = 0-2 [54]. At room temperature, Li-stuffed oxide garnets with 7 Li* per formula unit,
such as pure LLZO, thermodynamically prefer the tetragonal I4./acd structure with an
“ordered” distribution of the Li* cations. Li occupies all sixfold-coordinated 16f and 32¢
sites of the tetragonal structure as well as one third of the tetrahedrally coordinated 8a
sites. The ordering of the Li*-ions leads to comparatively low ionic conductivities. The
introduction of supervalent cations causes the formation of Li* vacancies and leads to
a disordered, statistical distribution of Li*-ions among sixfold-coordinated and tetrahe-
drally coordinated sites. These Li-oxide garnets with a statistically disordered Li distri-
bution therefore exhibit a higher symmetry, namely the cubic Ia3d garnet structure [54].

Indeed, it has been shown that a stabilization of the cubic Ia3d modification of
“pure” LLZO at room temperature might be caused by the unintended incorporation
of AP** into the samples from the alumina crucible used during sintering. This leads
to compounds with the chemical composition Li, Al La Zr,0 , [55, 56]. Subsequently,
further supervalent cations have been identified to stabilize the cubic Ia3d modifica-
tion of LLZO at room temperature. These stabilizing cations can be introduced at differ-
ent positions into the LLZO structure. It has been reported that Al**, Fe*, Ga**, and Zn?
can be incorporated on Li* positions to stabilize the cubic LLZO modification at room
temperature [55-65]. A substitution of La** with Ce* on the eightfold-coordinated 24c
position also causes a stabilization of the garnet-structured LLZO modification [66].
Furthermore, a partial replacement of Zr** on the octahedrally coordinated 16a site by
pentavalent and hexavalent cations such as Ta’*, Nb**, Sb*>, Bi**, Te**, W¢, and Mo*®*
leads to the stabilization of the cubic Ia3d structure for LLZO-type materials [29, 33, 54,
63, 67-76]. Several of these substituents that stabilize the cubic modification have been
discovered by Rettenwander et al. [29, 60]. All these substitutions with supervalent
cations lead to a reduction of the Li content, which causes a disorder in the Li* dis-
tribution and thus stabilizing the cubic garnet-structured LLZO modification at room
temperature. This emphasizes the importance of Li* vacancies for the stabilization of
the cubic LLZO modification. The “critical” Li content required for the stabilization
seems to be around 6.5-6.6 Li* per formula unit [77]. Another stabilization mechanism
is related to the interaction of LLZO with CO, and H,0; this modification is sometimes
also referred to as low-temperature cubic phase, exhibiting comparatively poor Li-ion
conductivity [53, 78-80].

LLZO materials show superior properties compared to other Li-stuffed oxide
garnets. The Li-ion conductivity of cubic LLZO samples reaches up to 10> S/cm at
room temperature [27, 28]. The ionic conductivity of LLZO garnets is affected by the
chemical composition as well as by the structural parameters, such as Li content,
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occupancy disorder, and unit-cell parameter, but the microstructure and density of
the samples also have a significant influence on the Li-ion conductivity [21, 81-87].

Besides the high ionic conductivity, LLZO also shows other properties that are
considered essential for application as solid-state electrolyte. The chemical stability
of electrolyte materials is one of these parameters. Compared to other solid-state elec-
trolytes, LLZO is a chemically very stable material. In particular, its stability against
Li metal and high-voltage metal oxide Li cathodes is seen as significant advantage
[19, 20, 52, 88-90]. This allows the preparation of LLZO-based solid-state batteries
using Li metal anodes, which enable much higher energy densities compared to bat-
teries using other anode materials such as graphite. However, the stability of LLZO in
air is still under discussion, as reactions with H,0 and CO, were reported to cause the
formation of LiOH and Li,CO,. Also, protonation of the LLZO garnet phase due to the
exchange of Li* for H* is mentioned in literature [75, 80, 83, 91-99].

The electrochemical inertness is also seen as a critical factor for electrolyte mate-
rials. Cyclic voltammetry experiments on cells containing LLZO-type electrolytes indi-
cate a very wide electrochemical stability window of up to 6 V [19, 29]. Ohta et al.
(2011) reported a potential window of up to 9 V vs. Li*/Li [70]. Computational predic-
tions actually report a smaller electrochemical stability window [100, 101]. However,
these results also show satisfying values for the potential application of LLZO as elec-
trolyte in solid-state batteries.

LLZO materials exhibit an excellent mechanical and thermal stability, enabling
the application of LLZO electrolytes over a wide range of temperatures [90, 102, 103].
This is of special interest for certain battery systems such as molten Li metal halide
batteries, which have to be operated at high temperatures [90, 104].

In summary, it can be stated that LLZO-type materials are particularly suited to
be used as solid-state electrolytes. Therefore, a lot of effort is currently undertaken to
develop new battery concepts using LLZO as solid-state Li-ion conductor.

1.6.5 Li-oxide garnets with space group /43d

A new category of Li-oxide garnets with acentric cubic space group I43d has been
identified by single crystal X-ray diffraction by Wagner and colleagues [24-26]. The
introduction of certain trivalent substituents, namely Ga* and Fe*, leads to the
formation of a different structural modification, showing the acentric cubic space
group I43d. The stabilization of the cubic LLZO modification by the substitution
3 Li* > M* + 20, (M* = Ga*, Fe*) has already been reported earlier [60-62, 105].
However, as the X-ray powder diffraction patterns of the conventional garnet-type LLZO
modification with space group Ia3d and the ones of the acentric cubic I43d modifica-
tion are almost identical, these former studies assumed the garnet-type Ia3d structure.

The reduction in symmetry, compared to the Ia3d structure, seems to be
caused by the site preference of the substituents. This leads to the splitting of the
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tetrahedrally coordinated 24d position, which is the common tetrahedral Z site
of the Ia3d structure. This tetrahedral site splits into two alternating tetrahedral
sites, 12a and 12b. The coordinating tetrahedron of the 12a site is slightly smaller
and more distorted compared to the one of the 12b site. The trivalent substituents
distinctly prefer the 12a site [24, 25]. A graphical representation of the I43d modi-
fication is given in Fig. 1.5.

These garnet-type compounds with space group I43d show exciting properties con-
cerning their Li-ion mobility. "Li NMR spectroscopy of Ga**-substituted LLZO with space
group I43d showed features that might be attributed to an additional Li-ion diffusion
process that is absent in A**-substituted LLZO with space group Ia3d [24]. Another study
by Rettenwander et al. compared the solid solution Li, Al ,, Ga LaZr,0,, and observed
the phase transformation from the Ia3d modification to the I43d modification for
x = 0.15, which coincides with a reduction of the activation energy required for
the Li* diffusion process [26]. This study also reported high ionic conductivities of
1.2 x 10° S/cm at room temperature for Li,, Ga, La,Zr,0,, with space group I43d. For
Fe3*-substituted LLZO, which also shows the I43d modification, ionic conductivities of
up to 1.38 x 102S/cm at 23.5°C have been reported by Wagner et al. [25]. This is the highest
ionic conductivity that has been reported for Li-oxide garnet materials. The results of
these studies on garnet-type Li-oxide materials with space group I43d indicate that these
garnet-related compounds actually show superior Li-ion dynamics compared to the
conventional garnet-structured compounds with space group Ia3d. These findings
highlight the significance of structure-property relationships.

Fig. 1.5: Crystal structure of Ga-substituted LLZO with space group /43d, created with VESTA 3 [13].
Blue dodecahedra represent 8-fold coordinated La** (located at the Wyckoff position 24d); green
octahedra 6-fold coordinated Zr** (Wyckoff position 16¢). The red spheres represent tetrahedrally
coordinated Li* at Wyckoff position 12a (Li1), orange spheres correspond to tetrahedrally coordinated
Li* located at the 12b site (Li2); yellow spheres represent to distorted 6-fold coordinated Li*

at Wyckoff position 48e (Li3). From [14], modified.
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1.7 Outlook

Systematic research has led to the discovery of Li-oxide garnets that are suited to be
used as solid Li electrolytes, in particular for thin film batteries. In order to enable
the large-scaled production of such batteries, suitable preparation methods have to
be developed. Therefore, different approaches such as magnetron sputtering, pulsed
laser deposition, aerosol deposition, sol-gel based dip coating, spin coating and other
methods are currently investigated [89, 106-110]. However, the deposition of such thin
films seems to be delicate, as the formation of Li-deficient phases such as LaZr,0, and
other phases shows that the deposition of the correct Li content is challenging [111].
Therefore, further investigations are needed in order to improve the deposition tech-
niques [106, 112-117].

1.8 Conclusions

Li-oxide garnets are among the most promising materials to be used as solid Li electro-
lytes. These materials show the garnet structure with space group Ia3d. For Li-stuffed
oxide garnets, containing more than three Li-ions per formula unit, additional Li sites
are introduced compared to the conventional garnet structure. This three-dimensional
network of partially occupied Li positions enables fast Li-ion diffusion. In particular,
cubic Li LaZr,0,, (LLZO) shows excellent electrochemical properties. The introduction
of certain substituents, such as Ga** and Fe3*, into the LLZO structure leads to a
slightly different cubic modification with the non-centrosymmetric space group
I43d. These compounds show superior ionic conductivities. Detailed knowledge
of structure property relationships is essential for the understanding and improve-
ment of this class of materials.
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2 Olivine-type battery materials

2.1 Introduction

Among the minerals, olivine LiFePO, has been the subject of intense research and is
now commonly used as a cathode material of lithium (Li)-ion batteries, which have
been developed for electrical vehicles and plug-in hybrid vehicles. Such batteries are
also needed to buffer intermittence problems before integration on the grid of the
electricity produced by solar cells or wind turbines. The purpose of this chapter is
to report the outstanding story of this mineral, which has been first discovered and
studied by mineralogists almost 200 years ago. Chemists and physicists only realized
its potential 20 years ago and still struggled for more than 10 years to reach the present
state of the art where iron-phosphate batteries are commercialized all over the world.
The extension of the research to other olivine phosphates for their potential use as
cathodes for Li-ion batteries is also discussed. Section 2.5 is devoted to the research
for the future at longer scale, with the promising application of iron phosphate olivine
as cathode element of the future sodium (Na)-ion batteries.

2.2 Olivine in nature

Olivine is a common mineral of volcanic rocks, chemical formula (Mg, Fe),SiO,
(chrysolite, golden stone in Greek), that belongs to the silicates subgroup of
nesosilicates and got its name from its usual olivine-green color. It is the median
term in the fayalite-forsterite series. The forsterite Mg,SiO, is the mineral that does
not contain iron, while fayalite Fe SiO, is magnesium-free. Note that fayalite and
forsterite create a solid solution series. Other olivine minerals are monticellite
CaMgSiO,, kirschsteinite CaFeSiO,, and tephroite Mn_SiO,. Olivine crystallizes in the
orthorhombic crystal system (Pmna S.G.) (Fig. 2.1). A strong relief can be observed
under a polarizing microscope, as well as a high birefringence with bright shades from
second- to third-order polarizing microscope analysis (hardness 6.5-7). Olivine is the
dominant mineral in peridotites, rocks making up the upper mantle that crystallizes
first when magma cools. This mineral is often found in basaltic lava. Being grown
at high temperatures and lacking water, olivines are very sensitive to atmospheric
agents, hydrothermal alteration, and low-degree metamorphism involving hydration,
oxidation, silicification, or carbonation.

In 1834, a German professor of mineralogy at the Ludwig-Maximilians Universitat
Miinchen, Johann Nepomuk von Fuchs, discovered a new mineral that he calls
triphylin [1]. This discovery, however, went largely unnoticed, since this professor,
also a conservator of the Mineralogical State Collection Munich, became notorious

https://doi.org/10.1515/9783110497342-002
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Fig. 2.1: Pictures of olivine-type crystals: (a) chrysolite (Mg,Fe),SiO,, (b) purpurite Fe*PO, containing
Mn3 impurities, and (c) triphylite LiFe’PO,.

mainly for his work on an alkaline silicate used in stereochromy (a method of wall
painting in which water glass is used either as a painting medium or as a final fixative
coat). His name is even commemorated by the fuchsite, a chromium-rich variety of
the mineral muscovite, belonging to the mica group of phyllosilicate minerals, with
the following formula: K(Al,Cr),(AlSi,0, )(OH),. Triphylin took its name from the
Greek Tolg, tria, for threefold, plus @uAn phylon, family, because it contains three
cations (Fe, Li, and Mn). Indeed, in nature, Fe and Mn are always mixed in an alloy
composition LiFe, Mn PO, that exists in any composition x. Later on, the name was
translated in English as triphylite. It is a scarce orthophosphate primary mineral
found in phosphatic pegmatites and pegmatite dikes. Nowadays, chemists keep the
name triphylite for LiFePO, (despite the fact that there are only two cations, rendering
the name unjustified), while lithiophilite (from the greek ¢ilog, philos, for friend)
refers to the other end member LiMnPO,, a name that is well justified since it identifies
the material as a friend of Li. Li itself was identified only soon before, in 1817, by
Johan August Arfwedson from the analysis of the mineral petalite (LiAlSi,O, ) and the
name is derived from the Greek AiBog lithos, meaning stone. Since these end members
are artificial ceramics, mineralogists refer to triphylite and lithiophilite as Fe- and
Mn-rich LiFe, Mn PO,, respectively. The mineral with intermediate composition is
known as sicklerite. Lithiophylite is a resinous reddish to yellowish brown mineral,
while triphilite is a gray-blue primary phosphate mineral that is rather rare.

The delithiated form Fe’PO, of triphylite, named heterosite, which crystallizes in
the orthorhombic system (Pmna S.G.) (hardness 4-4.5) is a secondary mineral in the
oxidized zone of complex granite pegmatites, replacing primary phosphate minerals.
Purpurite, a Mn-rich Mn?,_Fe’ PO, mineral, is identified by its dark violet-brown
to bright purple color. The existence of this delithiated Fe, Mn PO, solid solution
gives evidence that Li can be extracted from the LiFe, Mn PO, series. The natural
degradation of the olivine-type Fe-Mn phosphates has been studied by mineralogists.
Ferri- and mangano-sicklerite Li (Fe, Mn )PO, are secondary Li phospho-olivine
minerals, a weathered product of the lithiophilite-triphylite series occurring in Li-rich
pegmatite [2].

Since their discovery, almost no other publication or study concerning these
materials can be found in the literature until 1967, when Santoro and Newnham
from the Electrical Engineering Department of MIT determined their structural and
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magnetic properties [3]. This is, to our knowledge, the first time that physicists or
chemists expressed interest in LiFePO, and LiMnPO,. Still, this is some sort of
anachronism, since it was also the last time until 1997, when John Goodenough
stunned the electrochemical community by claiming that LiFePO, was a good
candidate as a new cathode material for Li-ion batteries, as it realizes a capacity of
~170 mAh/g™ at moderate current densities [4]. The community, at that time, was
skeptical because LiFePO, is an insulator, which seems incompatible with the use as
a cathode. Also, triphylite alters easily into other phosphate minerals, and geologists
show a lot of respect for it, for making other phosphate minerals possible. However,
this feature and the fact that pure and stoichiometric LiFePO, does not exist in nature
means that good-quality and well-crystallized are difficult to make, which is bad news
for chemists and physicists. Moreover, the material ages. One aging mechanism of
Li(FeHMnX)PO , under soft conditions involves Li* ions extraction from the lattice with
a progressive oxidation of Fe and/or Mn, leading to the transformation of triphylite
into ferri-sicklerite and then heterosite according the relation [5, 6]

Li(Fe? Mn2)PO, - Li (Fe’> Mn?)PO, -> (Fe? Mn*)PO,. 1)

A mineral well known to form in nature as an alteration product of the triphylite is the
strengite FePO,-2H.0. The role of water can result as a second possible iron oxidation
by the incorporation of H,0 and OH- groups in the triphylite framework leading to a
tavorite-like LiFe’PO,(OH) compound [7]. The strengite occurs if the oxidation condi-
tions are high enough to oxidize the iron of triphylite from a ferrous (+2) state to the
ferric (+3) state, which is actually the iron state in strengite. Such aging phenomena
are not surprising since they only result from the fact that the iron “likes” to be in the
trivalent state. These properties that we know from the mineralogists are the indica-
tion that the material needs to be protected against humidity.

Another difficulty comes from the crystal structure illustrated in Fig. 2.2. Corner-
shared FeO, octahedra are linked together in the bc-plane; the LiO, octahedra form
edge-sharing chains along the b-axis. Thus described, the material looks lamellar.
This, however, is not the case, because these atomic bc-planes are linked together by
PO, units that bridge neighboring layers of FeO, octahedra by sharing a common edge
with one FeO, octahedron and two edges with LiO,. Owing to these strong bridges that
give LiFePO, remarkable thermal stability, the material is a truly three-dimensional
lattice.

Between two adjacent bridges, there is room for Li*ions that are thus distributed
along one-dimensional channels. These Li*ions can thus be removed easily, and
during this delithiation process, the Fe?* is oxidized in Fe** in order to keep the
electrical neutrality locally. This is, in essence, the reversible electrochemical reaction
when LiFePO, is used as a cathode compound for Li-ion batteries. Meanwhile, this
structure also implies difficulty. Since the Li* ions must be removed by emptying the
Li channels, any impurity or defect involving a Li site will block not only this Li, but
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Fig. 2.2: Crystal structure of LiMPO, olivine (M = transition metal). Corner-shared MO, octahedra
are linked together in the bc-plane; LiO, octahedra form edge-sharing chains along the b-axis. The
tetrahedral PO, groups bridge neighboring layers of MO, octahedra by sharing a common edge with
one MO, octahedra and two edges with LiO, octahedra.

Tab. 2.1: Lattice parameters of olivine LiMP04 (M = transition metal) materials.

Crystal a(d) bA) c(A)  Unit cell volume (A%
LiFePOA 10.332(4) 6.010(5) 4.692(2) 291.3(9)
LiMI‘IPOA 10.431(0) 6.094(7) 4.736(6) 301.1(2)
LiCOPOA 10.200(1) 5.919(9) 4.690(0) 286.9(8)
LiNiPOA 10.027(5) 5.853(7) 4.676(3) 274.4(8)

also the whole channel to which it belongs. As a consequence, the electrochemical
performance of this cathode material is drastically dependent on its purity.

Despite these difficulties, the pioneering work of John Goodenough in 1997
was the motivation for chemists to work on the synthesis and investigation of the
electrochemical properties of LiFePO, and the whole phospho-olivine LiMPO,
(M indicates transition metal ions, including not only Fe and Mn, but also Co, Ni).
Lattice parameters of olivine LiMPO, materials are listed in Tab. 2.1. The first problem
that prevented any application as a cathode for Li-ion batteries was the much too small
electrical conductivity. It took 4 years before the problem was solved by serendipity,
when plastic introduced by mistake with the precursors during the synthesis liberated
carbon during the annealing process, and this conductive carbon coated the LiFePO,
particles, drastically improving the electrical conductivity of the powder [8]. Of course,
the carbon coat does not modify the conductivity inside the LiFePO, particles. However,
once an electron has reached the surface, it can be driven to the collector through the
framework of the carbon coat, provided that the carbon is percolating through the
structure, which is the case if the particles are in contact and if the carbon coat covers
uniformly the particles. Therefore, a good electrical conductivity can be obtained
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provided that the LiFePO, powder has two properties: (i) the size of the particles,
which is the typical length of the electron path inside any LiFePO, particle to reach the
surface, must be as small as possible (inn practice, this requires particles of size in the
order of 100 nm); (ii) the carbon coat must be conducting and must cover the surface
of the particles uniformly. Hence, enormous work has been done to synthesize LiFePO
powders that fulfill these two requirements.

4

2.3 LiFePOa olivine
2.3.1 Synthesis

Pure and well-crystallized LiFePO, does not exist in nature, and we have to syn-
thesize this material. Many synthesis routes have been used to prepare LiFePO,,
which have been reviewed in [9]. Here we have selected two processes that are used
to synthesize this material at the industrial scale for battery applications. The first
process is the solid-state synthesis method. FeP04-2(H20) and Li,CO, are used as
the precursors. After ball-milling in 2-propanol overnight, the blend is dried and
mixed with 5 wt.% of a polymeric carbon additive. The choice of the polymeric addi-
tive is not critical; it can be polyethylene-block-poly(ethylene glycol) 50% ethylene
oxide like that of Ravet et al. [10] or lactose [11]. After annealing at 700°C-750°C
under flowing argon atmosphere, LiFePO, particles are obtained, with a 3-nm-thick
carbon coat. This powder pressed at 3750 kg/cm at room temperature presents
an electronic conductivity higher than 10 S/cm [10]. The reason why the choice
of polymeric additive is broad originates from the strong affinity between Fe and
C[12], and it was very fortunate since it allowed for the first carbon coating that was
not done on purpose initially.

The hydrothermal route is also successful to prepare well-crystallized LiFePO,
with controlled size of the particles within a reaction time of 5-12 h [13, 14], with
the advantage that the synthesis temperature can be as small as 230°C [15]. Then, the
choice of complexing agent [16] and optimization of the stirring speed used in the
hydrothermal chamber [17] have made possible the synthesis of LiFePO, of very high
quality. Nevertheless, annealing under argon atmosphere at 700°C is still needed to
obtain a coating of the particles with conductive carbon, for reasons that are explained
in a following section devoted to the optimization of the carbon deposit.

2.3.2 Impurities and defects
As mentioned earlier, the problem of low conductivity of the LiFePO, was solved in

2001. Nevertheless, at that time, the electrochemical properties of the LiFePO, powder
were irreproducible and varied a lot from one sample to another, which still prevented
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any commercial development. This was due to the lack of control of the purity of the
sample. As we have mentioned earlier, good electrochemical properties require the
preparation of LiFePO, free of any impurity or defect that might block the Li channels.
Actually, impurities were damaging at concentrations that are so small that they cannot
be detected by conventional tools such as X-ray diffraction for instance, so that the
chemists thought they were dealing with a pure and stoichiometric material, which
was not the case. That is in essence why the solution of this problem took another few
years, owing to the analysis of magnetic properties. Indeed, Fe* is a magnetic ion, so
that any impurity in its vicinity may modify its magnetic properties. The basic idea is
then to measure the perturbation of the magnetic properties induced by an impurity or
a defect as a probe to identify it and to determine its concentration. Once this has been
done, the synthesis parameters can be modified accordingly to get rid of the impurity
step by step. When it is pure, LiFePO, is an antiferromagnet with a Néel temperature
of 52 K [3]. If the annealing temperature during the synthesis is higher than 800°C,
then a ferromagnetic component to the magnetization is detected, even at room
temperature, which is the signature of the presence of a y-Fe,0, impurity. Then from
the value of the remanent magnetization, we can deduce the amount of y-Fe 0, in the
material, and by a fit of the magnetization curves in a model of superparamagnetim,
we could even determine that the impurity is under the form of nano-sized y-Fe 0,
particles [18, 19]. This has been confirmed later on by the observation of such y-Fe,0,
particles on images obtained by high-resolution transmission electron microscopy. In
another case, a remanent magnetization is observed only below 245 K, which is the
signature of the Fe,P impurity, as Fe,P orders ferromagnetically at this temperature
[18, 19]. Actually, this impurity almost stopped the research on the application of this
material as a cathode for Li-ion batteries. Some groups had found that there was a
dissolution of iron in the electrolyte used for the batteries and concluded that LiFePO,
had no future as it could not endure the corrosion by the electrolyte. Fortunately,
we determined that the presence of Fe in the electrolyte was detected only when
Fe P impurity was present, and not when LiFePO, was pure [20]. This gave evidence
that LiFePO, can be used as a cathode element, but only when it is prepared free
of this impurity, i.e. when it is prepared with an annealing temperature lower than
800°C; otherwise, the corrosion of the nano-particles of Fe P liberates iron inside the
electrolyte, which results in the aging of the battery. In the opposite case, i.e. if the
annealing temperature is too low, or in absence of reducing atmosphere, the presence
of a Fe’* impurity is observed, namely the NASICON-like phase Li,Fe,(PO,), that can
be identified by its first-order magnetic transition near 25 K [21]. The amplitude of the
jump of magnetization at this temperature gives access to the amount of this impurity
present in the sample. Then it was straightforward to determine the amount of these
different impurities as a function of the different synthesis parameters, and finally
determine their optimized values leading to pure LiFePO,.

Some defects are the result of deviation from stoichiometry [22]. An excess in
Li among the precursors leads to the formation of Li,PO,. Since it is not magnetic,
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the presence of this impurity and its amount in the material can be determined by
the decrease in the magnetic susceptibility with respect to that of pure LiFePO,. The
presence of this impurity, however, is not dramatic, since it just acts as an inert mass
in the electrochemical process. Meanwhile, a deficiency of Li among the precursors
during the synthesis results in the formation of an antisite defect that can be written as
Fe® +V/ in Kroger-Vink notation. First, antisite defects are understood as an exchange
of crystallographic positions. Hence, Li takes place on Fe site and vice versa, while
defect-free LiFePO, has an M,M,PO, formula antisite defect LiFePO, that would look
like (Li, Fe )(Fe,_Li)PO,. An excess of Fe in LiFePO, would look like (Li, , BxFex)FePO p
depending on the valence state of the Fe on the Li-position, assuming the Fe on the M,
place has oxidation state +2 [22-24]. Since iron keeps the divalent state in the antisite
defect, it was not possible to detect this defect with magnetic measurements, but it
has been identified and its concentration determined by other techniques such as
Rietveld refinement of the X-ray diffraction pattern and inductive coupled plasma
spectroscopy [22]. This defect turns out to be very damaging to the electrochemical
performance of LiFePO,, because each Fe’* ion on a Li site blocks the Li-channel,
i.e. prevents all the other Li*ions of the corresponding channel from participating to
the electrochemical process. This will be illustrated in the next section.

2.3.3 Electrochemical properties

Let us first recall some bases of the electrochemistry of LiFePO,. The redox potential
of Fe?"/Fe** with respect to Li%/Li* is 3.45 V, which is the voltage of a cell with LiFePO,
and Li as electrodes. The electrolyte is usually a mixture of ethylene carbonate and
diethylene carbonate (EC/DEC 1:1) and the Li salt is LiPF,. The reasons for the choice of
this electrolyte and salt is beyond the scope of the present report and can be found ina
book devoted to Li-ion batteries [25]. We report herein the electrochemical properties
of such cells. Among different techniques, one simple probe of the performance of
the cell is the measurement of the potential of the cell versus its capacity. After it has
been built, the cell is discharged. It means that the first action to do is to charge the
cell, i.e. extract the Li* ions from LiFePO, to send them to the Li electrode through the
electrolyte. Meanwhile, the same amount of electrons is moved through the external
electrical circuit connecting the two electrodes through the charger to ensure charge
neutrality in the crystal. If all the Li-ions can be extracted from LiFePO,, we can
obtain the theoretical specific capacity of the cell, 170 mAh/g, calculated simply as
the number of moles of electrons in 1 g of LiFePO, times the charge of the electron.
In practice, the capacity will be at most equal to this value and will depend on the
speed at which the cell will be charged or discharged. When the speed is increased,
we do not give enough time to all the Li-ions to move from one electrode to the other,
which results in the reduction of the experimental value of the capacity. Therefore,
when reporting the measurement of the capacity, we must always specify the speed
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used to charge or discharge the cell. This is specified by the C-rate, which means
that the charge or discharge is performed when the electrical current fixed during
the experiment is such that the theoretical capacity should be achieved in a time of
1/C hours. For instance, a 2C rate means that the current is fixed at such a value that
full charge or discharge should be obtained after half an hour. In practice, however,
the measurement will reveal that it is not possible to maintain this current so long,
so that the actual capacity measured at this C-rate will be smaller. The performance
of all the cells reported here have been prepared after carbon coating; otherwise,
the electrical conductivity is so small that it is impossible to extract the Li within a
reasonable time. Also, the performance of the cells depends on the size of the LiFePO,
particles, as mentioned earlier in this report. The results reported hereunder have
been obtained on powders of typical size 100 nm.

The voltage-capacity curve obtained with pure LiFePO, measured at C/10 rate is
reported in Fig. 2.3 together with those obtained with other LiMPO, olivine materials
(M = Mn, Co, Ni) for comparison. We recover the plateau at 3.45 V, characteristic of the
redox potential of Fe?*/Fe** with respect to Li%/Li*, and a capacity close to the theoretical
one. However, in presence of antisite defects, the capacity is severely decreased, despite
the very small C-rate of C/20, as shown in Fig. 2.4. The degradation of the performance
of the cell resulting from the presence of Fe,P impurity is evidenced, despite the fact
that only 0.5% of the iron belonged to this impurity. This is due to the fact that the
presence of Fe P decreases the ionic conductivity so that both the capacity and cycling
rate are degraded with respect to the pure carbon-coated LiFePO,.

5.0 [ Olivine frameworks
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Fig. 2.3: Typical discharge profile of Li//LiMPO, cells. Measurements were carried at C/10 rate at
room temperature with electrolyte 1 mol/L LiPF, in EC:DMC (1:1).

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

2.3 LiFePO, olivine — 31

=
<

= I
X=-3.8% X=+11%

vt

s J

w
0

w
o

w
)

Potential vs. Li%/Li* (V)
w
iy

Deficiency x forx< 0
inlLi_, Fe PO, =

142 T1-x

w
=)

0 50 100 150
Specific capacity (mAh g™)

2.8

Fi

8. 2.4: Electrochemical performance of Li-deficient (Li,,, Fe, PO, with x<0) iron phosphate [22].

1-x

2.3.4 Carbon coating

Owing to the dramatic impact of the impurities that are generated when the annealing
temperature exceeds 750°C, it is mandatory to keep this temperature at 750°C or lower.
Unfortunately, the conductive form of carbon is graphite, which is synthesized above
1100°C. The question of how conductive is the carbon coat deposited on the surface
of LiFePO, then arises. The tool to characterize this coat is Raman spectroscopy for
two reasons. First, carbon can be identified by two broad Raman bands structure:
one at 1583 cm™ corresponds to the G line associated with the optically allowed E,
zone-center mode of crystalline graphite and the other one at 1345 cm™ corresponds
to the D line associated with disorder-allowed zone-edge modes of graphite. Second,
the penetration depth of the laser beam in the particles is about 30 nm, which means
that the analysis of the reflected beam in the Raman experiment gives access to the
full carbon coat plus only a small amount of LiFePO,. This feature makes the Raman
experiment the ideal tool to probe the carbon layer [26]. Most of the time, the D/G
ratio is considered to predict the electrical conductivity, since the G band is attributed
to graphite, which is a good electrical conductor. The type of carbon, e.g. MWNT,
can only be determined by looking at high wavenumbers (>2300 cm™) in the Raman
spectrum. As a result, we have determined from these spectra that the carbon is
similar to coke, which is a conductive form of carbon. We have also shown that the
electrical conductivity of this carbon layer deposited on LiFePO, at a temperature of
700°C is comparable to that of a carbon film deposited on silicon by pyrolysis at 850°C,
measured in Ref. [27], which explains the efficiency of the carbon coating of LiFePO,
in improving electrical conductivity. This is fortunate, on the one hand, the carbon
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coating at 850°C was impossible due to the formation of the impurities; on the other
hand, if the carbon deposited at 700°C was as insulating as the carbon deposited
on a silicon wafer by pyrolysis at this temperature, the carbon coat would have had
no effect. Again, this outstanding result is presumably attributable to the particular
affinity between carbon and iron that is known to play an important role in biology.
The carbon coating, however, has another beneficial effect: it prevents the formation
of Fe’-based impurities. The reason was subject to controversy. One hypothesis was
that it was a carbothermal effect. Indeed, this process of reduction of iron by carbon
is used to purify iron in blast furnaces since the 19th century. However, this reduction
process occurs above 1000°C; thus, it is very unlikely in the present case when the
temperature does not exceed 750°C. This hypothesis has been definitely ruled out by
an experiment showing that the choice of pure carbon as the carbon additive with the
precursors in the synthesis process failed to give pure and well-crystallized LiFePO,;
only the choice of an organic precursor does the job [21]. The reason is that the organic
additive contains hydrogen, and the hydrogenous gas that is liberated creates the
reducing atmosphere needed to synthesize LiFePO, and avoid the formation of Fe’-
based impurities [21]. Meanwhile the carbon part of the organic precursor forms the
carbon coat. Finally, the annealing process at 700°C-750°C has another beneficial
effect: it re-crystallized the surface layer of the LiFePO, that, without the carbon
coating, is disordered if not amorphous [11]. It is remarkable that this understanding
of the synthesis process has been obtained a posteriori and dates from only a few
years. Somehow, Santoro and Newham [3] were very lucky to obtain pure and well-
crystallized samples in 1967. At that time, they prepared the samples using a solid-
state reaction with phosphate and iron precursors that contained hydrogen and Li
carbonate that contains carbon. Presumably, the hydrogen liberated in the annealing
provided the reducing atmosphere, whereas the carbon in the Li precursor eventually
coated the LiFePO, particles. Also, the annealing temperature that they have chosen
was 800°C, which was probably slightly overestimated, so that they barely avoided
the formation of magnetic impurities. It took years to again obtain pure LiFePO, on
a regular basis, since the role of the choice of the precursors and of the synthesis
parameters was not understood and also because the measurements of the magnetic
properties that turned out to be the best tool to detect the impurities were not used by
the electrochemists.

2.3.5 Aging

Circa 2010, the problems mentioned above were all solved, and the industrial
production of LiFePO, developed fast. However, some of the companies that bought
LiFePO, complained to their suppliers that the product was not good, whereas
other companies did not complain. The reason was due to the fact that not enough
attention was paid to the work of mineralogists who had mentioned the sensitivity
of these olivine materials to water exposure [5]. This degradation when kept in
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a humid atmosphere was evidenced in two steps. First, we have detected Fe** in
the surface layer of the LiFePO, particles, which gave evidence of a delithiation
of this layer over a thickness of few nanometers [12]. In a second step, we have
analyzed the evolution of the capacity as a function of the time spent in dry (5%
humidity) atmosphere and in ambient atmosphere (55% humidity) at different
temperatures ranging from 20°C to 60°C. The results [28] are shown in Fig. 2.5. The
exposure to humidity results in a decrease of the capacity, because the Li in LiFePO,
that has reacted with H,0 no longer participates in the electrochemical process.
The degradation increases with temperature because the kinetics of the reaction
increases with temperature.
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Fig. 2.5: Capacity of the C-LiFePO, /LiPF,-EC-DEC/Li cells as a function of time spent in dry atmosphere
and in ambient atmosphere (55% relative humidity) at three different temperatures [28].

The different opinions on the product coming from the same companies actually
came from the different storage conditions. Therefore, the recommendation to keep
the product in a dry chamber has been added to the technical specifications of the
suppliers of LiFePO,. Since then, the material is developing fast and is included in the
composition of many batteries used today in Li-ion batteries. In particular, owing to
the very good thermal stability of LiFePO,, it is now possible to make batteries with
a LiFePO, cathode and titanate Li,Ti,O,, anode that can be charged or discharged
very fast. Such a battery with 90-nm-thick carbon-coated particles displays a charge
capacity of 650 mAh at low C-rate and retains more than 80% of rated capacity at 60C
charge rate (1 min) over the 3500 cycles that have been tested [29]. This result makes
this battery the most powerful in the market and with the longest life. Its energy
density, however, is smaller, due to loss of 1.4 V in the voltage of the cell. Note that the
power is too large to be available to individuals, since the companies in charge of the
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electricity supply consider that 50 kW is the maximum power that can be delivered
without instability on the grid. The use of such power is thus different, for example,
in salvaging the energy dissipated by brakes in public transportation.

2.4 Other Li-based olivines
2.4.1 Li(Mn,Fe)PO, olivines

Figure 2.3 shows that LiFePO, has the lowest redox potential vs. Li°/Li* among the
olivine phosphate family. This is why many efforts have been made to replace Fe by
Mn in increasing the potential to 4.1 V, since higher potential means more energy
density. Unfortunately, LiMnPO, (LMP) is even more insulating than LiFePO » SO that
electrochemical activity requires a reduction of the size of the particles to few tens
of nanometers, which is expensive. Among the best results obtained so far, carbon-
coated LMP particles of 30 nm delivered a specific capacity of 110 mAh/g at 1C rate [30,
31]. Nano-rods synthesized by modified poll and resin coating processes to enhance
their conductivity delivered a capacity of 120 mAh/g at 1C rate [32]. Another dif-
ficulty comes from the fact that, in the delithiation process, Mn? shifts to the Mn?*
valence configuration. Mn** is a Jahn-Teller ion, meaning that this change of valence
is accompanied by a strong local trigonal distortion of the lattice. The resulting strain
and stress fields, although easier to accommodate in nano-particles, remains a source
of aging upon cycling. We can then conclude that LiMnPO, is not competitive with
LiFePO, so far. A way that has been explored to overcome these problems is to use
the fact that, from triphylite to lithiophilite, the solid-solution LiFe, Mn PO, exists for
any x, as mentioned in the first section. We have investigated this series, determined
their structural and magnetic properties [33, 34], and related them to the electro-
chemical properties [34, 35]. The magnetic properties gave evidence that the strain
field increases importantly for x > 0.6, and ultimately prevents the full delithiation as
soon as x = 0.08. These results were supported by the analysis of the electrochemical
properties so that we have recommended that the optimum concentration of the solid
solution is x = 0.6 and must be kept lower than 0.8. Under such conditions, Mn con-
tributes efficiently to the electrochemical process at 4.1 V, which results in an improve-
ment of the energy density with respect to LiFePO,, but only at low C-rates. The last
difficulty with Mn is that, in contrast with Fe, it does not interact with carbon, so that
the carbon coating is more difficult. In another approach, we have synthesized com-
posites made of LiMnPO, as the core of the particles, coated with a layer of LiFePO, that
was itself coated with carbon [36]. This approach was indeed successful in the sense
that the electrochemical properties of this composite were improved with respect to
the solid solution with the same proportion of Mn. Nevertheless, the synthesis of such
a composite is not cheap and not suited for industrial-scale mass production.
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2.4.2 LiCoPOa and LiNiP04 olivines

With Co and Ni, the potential of the cell increases (4.8-4.9 and 5.1-5.3 V vs.
Li°/Li*, respectively), but it is detrimental to safety. For instance, Li CoPO, (x = 0.6)
and CoPO, appearing during the delithiation of LiCoPO, are unstable upon heating
and decompose readily in the range of 100°C-200°C, while the decomposition of
Li-poor phases leads to gas evolution [37]. With LiNiPO, electrode, we even reach
the voltage where the standard electrolytes become unstable. This, however, is not
necessarily crippling, since sulfo-based electrolytes extend the oxidizing stability
to 5.8 V. The different processes that lead to the synthesis of pure LiNiPO, can be
found in Ref. [38]. Nevertheless, the study of the electrochemical properties of
LiNiPO, is very limited. On a general basis, the laws of thermodynamics tell us that
the higher potential, the higher the partial oxygen pressure at equilibrium in tran-
sition metal oxides [39], which means increased risk of loss of oxygen. This is a
major cause of instability, in particular when the anode is graphitic carbon, since
the reaction of carbon and oxygen to produce CO and CO, is exothermal, resulting in
battery fires. That is why we do not recommend batteries with too high concentra-
tion of nickel in the cathode. This is a recommendation that industries have diffi-
culties heeding, as they are all trying to make batteries with energy density as high
as possible to win the market.

2.5 Battery of the future: olivine-based Na-ion cells

In the column just below hydrogen and Li in the table of elements, one finds Na,
which is very cheap and has a huge quantity. Therefore, many efforts in research are
now focused on Na-ion batteries. NaMPO, (M = Fe, Mn) compounds synthesized under
high-temperature conditions crystallize in the maricite structure, in which case they
are electrochemically inactive [40]. Meanwhile, olivine NaFePO , can be obtained at
low-temperature synthesis, by chemical or electrochemical delithiation followed by
sodiation of olivine [41-43]. As an alternative to the organic-based electrochemical ion-
exchange process which is disadvantaged by sluggish dynamics and co-intercalation
of Li*, Tang et al. [44] investigated an aqueous-based, electrochemical-driven ion-
exchange process to transform olivine LiFePO, into highly pure olivine NaFePO,,
which shows superior electrochemical performance. Other techniques employed to
synthesize NaFePO, include solid-state sintering at 350°C and chemical oxidation-
reduction using Nal and FePO, [45]. Fang et al. [46] prepared olivine NaFePO,/C
microsphere cathode by a facile aqueous electrochemical displacement method from
LiFePO,/C precursor. The NaFePO,/C cathode shows a high discharge capacity of
111 mAh/g, excellent cycling stability with 90% capacity retention over 240 cycles
at 0.1C rate, and high rate capacity (46 mAh/g at 2C rate).
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In situ X-ray diffraction measurements disclose that the Na//NaFePO, cell has
different charge and discharge mechanisms. Contrary to LiFePO,, the Na extraction
process from NaFePO, occurs with an intermediate Na, FePO,, which has been
described by a Na*/vacancy ordering [41, 47, 48]. As shown in Fig. 2.6, a single plateau
is observed on discharge profiles [41, 49, 50]. Owing to the larger volumetric mismatch
between NaFePO, and FePO, (~17.6% difference in unit volume), the asymmetry
Na-ion intercalation/de-intercalation mechanism is observed [47].
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Fig. 2.6: Charge-discharge curves of Na//NaFePO, electrochemical cells. Measurements were carried
at C/20 rate at room temperature with electrolyte 1 mol/L NaClO, in EC/PC (1:1).

Olivine NaFePO, has the theoretical specific capacity of 154 mAh/g, which makes it an
attractive positive electrode material for Na-ion batteries. The uncoated NaFePO, elec-
trode operates with a working potential range of 2.2-4.0 V vs. Na°/Na* and delivers a
discharge capacity of ca. 108 mAh/g at a current density of 10 mA g™. Coating with
polythiophene (a conductive polymer) improved the electrochemical performance, as
a discharge capacity of 142 mAh/g and a stable cycle life over 100 cycles, with a capac-
ity retention of 94% were observed [51]. A specific capacity of 147 mAh/g for NaFePO,
was reported during the first cycle for the cell operated at 60°C and C/24 rate, but the
cycle ability was limited to 4-5 cycles [40]. Oh et al. [49] prepared a NaFePO, electrode
by electrochemical Li-Na exchange of LiFePO, and showed that the material keeps
its original structure over 50 charge-discharge processes at C/20 rate and room tem-
perature with a capacity of 125 mAh/g. Amorphous-phase NaFePO, exhibits a high
discharge capacity of ~150 mAh/g but operates at a low working potential (~2.4 V)
with an s-shape discharge profile [52]. Wongittharom et al. [50] demonstrated the
good electrochemical performance of olivine NaFePO, using an ionic liquid (IL) elec-
trolyte (NaTFSI-(BMP)TFSI). At 50°C, an optimal capacity of 125 mAh/g (at 0.05C rate)
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is found for NaFePO, in a 0.5-mol/L NaTFSI-incorporated IL electrolyte. Despite signif-
icant similarities, NaFePO ) differs from LiFePO, in the detail of its surface structures.
An electrochemically converted NaFePO, olivine cathode and a nano-structured Sn-C
anode were combined in an efficient Na-ion battery, characterized by a capacity of
150 mAh/g, voltage of 3 V, and consequently, a practical energy density estimated to
be of the order of 150 Wh/kg[53]. These results give evidence of a rapid progress in the
performance of NaFePO, as a cathode of a new generation of Na-ion battery.

2.6 Conclusion

In 1834, the phosphate olivine family was discovered by the mineralogists who
recognized primary minerals in it. Chemists and physicists, however, only recognized
its promising application as a cathode element of Li-ion batteries in 1997, and it took
another decade before it became a reality. Probably, a better communication between
these two scientific communities would have accelerated the process. Nevertheless,
the problems that needed to be solved, starting from the mineral to the synthesis of
pure nano-sized samples without any defect or impurity at the industrial scale were
complex and illustrate that the delay between fundamental research and applications
can be long. Today, one element of the family, LiFePO,, is commonly used in Li-ion
batteries all over the world, and yet the family has not said its last world, since Na
phosphate olivine is a promising candidate as a cathode element for next-generation
Na-ion batteries in the future.
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3 Natural and synthetic zeolites

3.1 History and definitions

Fig. 3.1: Needle-like crystals of zeolite
natrolite grown on a basaltic rock.

Zeolites (Fig. 3.1) are a group of minerals first recognized in 1756. The name “zeolite” was
termed by the Swedish mineralogist Axel Fredrik Cronstedt [1] to describe stilbite, the
first zeolite mineral classified. “Zeolite” is a combination of the two Greek words “zeo”,
meaning “to boil”, and “lithos”, meaning “a stone” (Fig. 3.2). This describes vividly one
of the important properties of zeolites: the ability to reversibly release and take up water
depending on the temperature and moisture level of the external environment. During
the following years, more and more natural zeolites were discovered: chabazite (1792)
[2], mordenite (1864) [3], clinoptilolite (1932) [4], and tounkite-like mineral (2004) [5], to
name a few. Up to now, 67 different zeolite minerals are known [6].

Fig. 3.2: Heated natural stilbite showing
the release of water vapor.

https://doi.org/10.1515/9783110497342-003
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The classical description of a zeolite based on natural zeolites is a crystalline
alumosilicate possessing a silicate framework with micropores which are occupied
by inorganic cations and water molecules (Fig. 3.3). The general formula of a zeolite
mineral is MiM;‘ [AL | - wH,0, with M' = Li, Na, K; M" = Mg, Ca, Sr, Ba, and

(x+2y)Sln—(x+2y)02n

Si > Al (in analogy to [7]).

The composition of the tetrahedral framework is presented in square brackets.
Each Al framework atom leads to one negative charge (distributed about the oxygen
atoms bonded to the Al atom) which has to be compensated by an extra-framework
cation, M* or M*, which are attached to the charged oxygen atoms. Water molecules
are also included in the pore system of the zeolite bonded to the extra-framework
cations, to the framework, or to other water molecules.

Fig. 3.3: Structure of zeolite dachiardite showing the silicate framework (gray bonds, Si/Al: purple,
0: red) und the constituents of the pore volume (Ca?*: yellow, K*: orange, water molecules: light blue).

Originally, all our knowledge on zeolites results from natural zeolite minerals. In
the middle of the 19 century, the water adsorption ability was recognized [8]; some
decades later, the ion exchange properties [9] and the ability of activated (= water-
free) zeolites to absorb small molecules was discovered [10]. The shape-selective
nature of the uptake of small molecules was realized in 1925.

Among the three most important applications of zeolites, ion exchange, (shape-
selective) adsorption and catalysis, only the ability of zeolites to act as efficient
catalysts was studied first on synthetic materials (Mobil Oil started to use zeolite X as
a cracking catalyst in 1962 [11]).

Detailed information on natural zeolites can be obtained from the websites of
the Commission on Natural Zeolites of the International Zeolite Association (IZA) [6]
and the International Natural Zeolite Association (INZA) [12] or from books presenting
reviews on natural zeolites [7, 13].
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The world production of natural zeolites in 2015 was estimated to be about
3 million tons. In addition, many different synthetic zeolite materials are produced
industrially in a range of about 2 million tons per year [14]; together, these zeolites
serve as catalysts, ion exchangers or sorbents for a large variety of purposes in
industry, agriculture and household.

The extensive research on zeolite synthesis for at least 79 years (the first confirmed
synthesis of a zeolite, mordenite, was published in 1948 [15]) led to hundreds of
different synthetic products. Although natural zeolites contain predominantly Si and
Al (and to a much lesser extend B and Be) as framework cations, synthetic zeolite-
type materials possess a large variety of framework cations: Si, Al, P, Ge, B, Zn, Ga, Fe,
Li, Co, Mg, Mn and even Ti, Cu, Cd, V, Cr. Nearly all elements that can be tetrahedrally
coordinated by oxygen atoms have successfully been inserted into a zeolite framework.
With respect to the non-framework constituents, the main difference between zeolite
minerals and synthetic products is the fact that synthetic zeolites quite often contain
organic molecules (e.g. amines) or organic cations as non-framework constituents,
exclusively or in addition to inorganic cations.

A more general definition is therefore: “A zeolite is crystalline solid possessing a
tetrahedral framework with micropores (2-20 A in diameter) which may be occupied
by (partly) exchangeable inorganic or organic cations, water, organic molecules and
even anions.”

An example of a complex synthetic zeolite is the so-called CoAPO-50 [16, page
270], a microporous metal-aluminophosphate (MeAPO) containing cobalt, with the
formula (C,H,,N),[Co,ALP,0,,] * 6.7 H,O (Fig. 3.4).

15

Fig. 3.4: Structure of CoAPO-50. P: yellow, Al: dark purple, Co: blue, O: red, N: green, C: brown.
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Synthetic zeolites are typically named by an acronym consisting of three (seldom two)
capital letters designating the laboratory which has produced the zeolite, followed by
a number indicating a specific zeolite material. For example, “RUB-58” was made at
the Ruhr University Bochum and 58 indicated that it is the 58" distinct material pro-
duced in that laboratory. Three bold capital letters (e.g. MFI) designate a particular
zeolite framework type with a specific topology (see Ref. 17).

3.2 The zeolite structure

The framework of a zeolite may be described as a three-dimensional 4-connected
net consisting of corner sharing [TO,] tetrahedra (T = Si, Al, B, P,..) which are
linked via common oxygen bridges. Usually, two tetrahedral nodes always share
one oxygen atom, but some interrupted frameworks where some of the oxygen
atoms are bonded to only one T-atom are also known. There is an infinite number of
different possible tetrahedral framework topologies [18]. In April 2017, 232 different
framework structure types are acknowledged by the zeolite structure commission of
the IZA. As a reference for the zeolite framework types (designated by a three letter
code), see Baerlocher et al. [17].

If examining all the different framework types, it becomes obvious that certain
structural fragments are common to several distinct zeolite frameworks. These
structural fragments are either “secondary building units” (SBU) or “composite
building units” (CBU).

@ (b) (©

RN

(d)

Fig. 3.5: Selected examples of CBUs: double 6-ring, cancrinite cage, sodalite cage, double zigzag chain.

SBUs consisting of up to 16 interconnected TO, tetrahedra are chosen such that an
entire framework is made up of this particular type of SBU only. For example, the SBU
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Fig. 3.6: Zeolite pores of different geometry: (a) chabazite cage, (b) alpha cage of the LTA-type
zeolite, (c) cannel-like pore of zeolite ZSM-12, (d) cannel-like pore of zeolite RUB-41, (e) intersecting
channels of the MEL framework.

designated as “4-2” is a unit consisting of two 4-rings being interconnected along one
common edge. From this SBU, the framework types OFF (offretite), MAZ (mazzite),
GME (gmelinite), and others can be constructed.

CBUs, e.g. double 6-ring, cancrinite cage, sodalite cage, or double zigzag chain
(Fig. 3.5), also may appear in several different framework structures. These units are
very useful in identifying structural relationships between framework types.

For an overview, please refer to the Atlas of the Zeolite Framework Types [17];
detailed lists are published in the Compendium of Zeolite Framework Types. Building
Schemes and Type Characteristics by van Koningsveld [19].

The most interesting and characteristic feature of a zeolite is its (micro-)porosity.
The pores might be cage-like (with a finite extension of ca. 5 to 20 A) or channel-like
(of infinite length) (see Fig. 3.6).

With respect to possible applications, particular structural features are of
interest: the pore openings (i.e. the free diameter of a channel or of a cage-window),
the total pore volume, and the dimensionality of the pore system (zero- to three-
dimensional).

Zeolites possessing 8-rings as the largest pore openings are regarded to be small-
pore zeolites possessing free pore diameters of ca. 4.0 A, whereas a 10-ring pore zeolite
represents a medium-sized pore with free diameter of ca. 5.5 A. Zeolite frameworks
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having 12-ring pores (ca. 74 A) are designated as large-pore zeolites, and a few
synthetic zeolites are known to possess extra-large pores (mainly 14-, 16-, 18-rings).
Some zeolites like afghanite, Ca, Na,[Al, Si, 0,./CL/(SO,),./CO.] - 4 H,0, contain
cage-like voids with 6-rings as largest “windows”. They may be regarded as clathrate
compounds with a zero-dimensional pore system since occluded molecules cannot
pass through these windows without being broken down into fragments.
The pore volume can be occupied by various ions, atoms or molecules. Inorganic
cations like Na*, K*, Ca* etc. can be
(a) coordinated by framework oxygen only, as for example Na* in a double 6-ring,
(b) coordinated by two framework oxygen at approximately opposite sides with addi-
tional water molecules,
(c) bound to framework oxygen atoms on one side with water molecules completing
the coordination sphere at the other side,
(d) surrounded by water molecules only.

Occluded organic cations or molecules often fill the complete cage-like void or a
complete section of a channel-like pore and form van der Waals contacts or hydrogen
bonds with the oxygen of the framework (Fig. 3.7).

Fig. 3.7: Typical siting of inorganic and organic cations in zeolite structures: (a) hydrated Na* (yellow)
and K* (orange) attached to the oxygen of the framework of zeolite RUB-17 (Si: purple, O: red,
Zn: gray, water: light blue), (b) space filling molecule in the 10-ring channel of zeolite ZSM-48.
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Water molecules can be part of the coordination sphere of a cation, can be bound to
the walls of a hydrophilic framework, or can just fill free space in the pore system of
the zeolite with contacts to other water molecules only.

3.3 Natural occurrence of zeolites

Natural zeolites are widespread in a variety of geological environments. They
generally form under very mild conditions. Sedimentary rocks are the host systems
of most zeolite occurrences. The environments enclose saline, alkaline lakes, soils
and land surfaces, deep see sediments and low-temperature open and closed tephra
systems. Zeolites are typically formed under alkaline conditions (pH: 7-10), volcanic
glass being the major source of the zeolites.

The most abundant zeolites are analcime, clinoptilolite, heulandite, laumontite,
and phillipsite. Chabazite, erionite, mordenite, natrolite, and wairakite are somewhat
less frequently observed in nature [20].

Zeolites are also formed during burial diagenesis and low-grade metamor-
phosis. Again, zeolitization occurs predominantly in volcanoclastic material at
low temperature (ca. 50-200°C) and low pressure (depths of 1-5 km). Among
the mineral facies classification of metamorphic rocks, the zeolite facies covers
the metamorphism at the lowest temperatures and pressures and represents
the transition between diagenesis and the prehnite-pumpellyite facies. Often, a
sequence of typical zeolite minerals with increasing crystallization temperature is
observed: clinoptilolite and mordenite => analcime and heulandite => laumontite
and wairakite.

Interesting with respect to envisaged zeolite syntheses is the zeolite formation
by hydrothermal alterations. In this case, the crystallization of minerals or the
alteration of existing mineral precursors occurs in the presence of hot solutions
whose temperature originates from a close-by magmatic body. The composition
of the solution is mainly influenced by the host rocks in which the zeolites
form [21].

Hydrothermal zeolites appear predominantly in volcanic arcs, ocean ridges or
hot spots. With respect to the conditions under which these zeolites formed, it is
instructive to take a look on typical temperatures and pH values of the waters of active
geothermal areas. The temperatures vary in a range of ca. 50-275°C and the pH values
are about 8-9.5. These aqueous solutions are rich in SiO,, Na*, K*, Ca* CO,, SO,* but
vary considerably concerning the Cl- content.

Nature presents us a large variety of different zeolites. The web site of the
commission of IZA currently lists 67 different zeolite minerals [6]. The differences
include in particular the framework structure, the chemical composition of the
framework and the type of the extra-framework cations.
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3.3.1 Structural variability of the alumosilicate zeolites

Zeolites in nature possess quite different framework structures. The rare mineral
faujasite (first described in 1842 [22]) has a framework consisting of different types
of cage-like void (Fig. 3.8). Faujasite has a very high porosity, the volume accessible
by water molecules amounts to 27.4% [17b]. It is also a large pore zeolite with
12-ring pore openings which allow molecules with a kinetic diameter of up to 7.4 A
to pass through. In contrast, the structure of phillipsite is characterized by a three-
dimensional pore system of channel like pores. This narrow pore zeolite possesses
8-ring pore openings with a free diameter of only about 3.6 x 4.2 A and an accessible
volume of only 9.9% [17b].

@@ ¢
W |

(b)

Fig. 3.8: Framework structures of (a) faujasite (FAU) consisting of D6Rs, sodalite- and super-cages
and (b) phillipsite (PHI) possessing channel-like pores. Oxygen atoms are omitted for clarity.

3.3.2 Compositional variability of the framework

Although most natural zeolites possess alumosilicate frameworks, some zeolite
minerals have significantly deviating framework compositions: One example is
melanophlogite, a very rare mineral described from localities such as Racalmuto,
Italy. Melanophlogite has a microporous structure with cage-like voids which
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are occupied by small organic molecules and sometimes by sulfur compounds
[23, 24]. The framework consists of pure SiO, leading to a unit cell composition of
[Si,, O,,] - x (CH,, N,, CO,). Nature shows us that zeolites with a neutral, all-silica
framework are feasible if only neutral extra framework species are occluded in the
pore volume.

Another interesting mineral is gaultite, Na, [Zn Si.O,.] - 5 H,0, from the type locality
Poudrette Quarry, Mont Saint-Hilaire, Quebec, Canada [25]. In this case, trivalent Al**
is replaced by Zn* in the silicate framework proving that M* cations can be part of
stable zeolite frameworks.

Natural zeolite-like materials are not even limited to silicates: Weinebeneite is a
secondary mineral in a spodumene pegmatite in the Carinthian area of Koralpe, Austria
[26]. It is a microporous beryllophosphate with formula Ca, [Be ,P,0,,(OH) ] - 16 H,O. Here,
Al as well as Si are completely replaced by Be and P indicating that it might be possible to
produce zeolite-like materials with exotic types of T-atoms which, nevertheless, possess

similar structural features and a similar stability as alumosilicate zeolites.

3.3.3 Compositional variability of the cations occupying the pore volume

Moreover, nature provides us with a series of different minerals which have identical
alumosilicate frameworks with respect to structure and composition, but differ
concerning the charge compensating cations. Natrolite is the sodium end-member
Na,[Al,Si,0, ] - 6 H,0, mesolite Na,Ca [Al Si O, ] - 8 H,0 is an intermediate form, and
scolezite Ca,[Al Si,0,] - 9 H,0 represents the calcium end-member. In a similar way,
the zeolite heulandite has been found as sodium, potassium, calcium, strontium
or barium dominated mineral. In all cases a very complex mixture of cations is
present, e.g. the heulandite-Ca sample from Strathclyde, Scotland, has the empirical
formula: Ca,Sr, Ba, Mg, Na, K [Al_Si O, ]-26H0 (webmineral.com). These
observations prove that cations in zeolites can largely replace each other. It also
suggests that the composition of natural zeolites may change considerably after

crystallization if the zeolites later are exposed to a changing environment.

3.4 Applications

Zeolites are used in many areas: in industry, agriculture, transportation, or for
domestic use. Three important properties lead to the three main applications: ion
exchange properties, adsorption properties, and the ability to act as a catalyst or
catalyst support. Natural zeolites and synthetic zeolites have their distinct domains
of application; they hardly compete with each other. Low-cost natural zeolites
which always contain other minerals as impurities have found applications in
wastewater treatment to take up mine and industrial wastes, sewage treatment,
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as soil conditioner and animal feed supplement, or in the construction industry
to produce light-weight concrete or in the form of altered (zeolitized) tuff as low-
density construction stone. The most commonly mined natural zeolites are
clinoptilolite, chabazite, and mordenite. Natural zeolites have also been used for
decontamination in the case of nuclear power plant disasters: Tons of zeolites were
used in the clean-up after the Chernobyl and the Fukushima nuclear disaster to take
up radioactive material [27].

Synthetic zeolites are produced as well-defined pure materials. They find
application for purposes where very specific and uniform properties are required.

3.4.1 lon exchange

Cations of zeolites with open frameworks are often readily exchanged for other
cations in aqueous solution. The main application of zeolites as ion exchangers (in
particular, the synthetic low-silica zeolite A) is given for water softening (Na <> Ca,
Mg) in commercial detergents.

An advantage of zeolites over resins as ion exchangers is the selectivity with
respect to the type of cation exchanged. For example, in the case of zeolite A,
Nau[AIQSilZO 48] -27 H,0, D. W. Breck determined the selectivity for two series of cations,
M*and M?*, as follows: Ag>Tl>Na>K> NH, >Li>Cs andZn>Sr>Ba>Ca>Co>Ni>
Cd > Hg > Mg, respectively [28].

3.4.2 Adsorption

The shape-selective properties of zeolites lead to the ability to readily adsorb
certain molecules from a gas or a liquid while other molecules are rejected or
adsorbed reluctantly. The specific size and shape of the pores may hinder branched
hydrocarbons to enter the pores while linear hydrocarbons may easily pass. This
property can be adjusted by modifying the structure of the zeolite (the framework
as well as the size and number of cations). Also, the chemical nature of the zeolite
can be adapted to the separation process by choosing specific cations or adjusting
the polarity of the framework. This leads to adsorption sites of the desired strength
in the structure.

Among a wide range of molecular sieving processes two important applications
are mentioned here.

There is considerable interest in obtaining pure p-xylene due to its industrial
relevance. Xylenes are often produced in a first step as a mixture of isomers. p-xylene
(kinetic diameter: 5.8 A) can be separated from the m- and o-xylene isomers (kinetic
diameter: 6.8 A) by the use of shape-selective zeolite X, zeolite Y (both of framework
type FAU), or MFI-type zeolites [29].
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Oxygen needs to be produced in large quantities, e.g. for applications in
medicine. Oxygen concentrators use specific zeolite materials to adsorb nitrogen
while oxygen (and argon) can pass straight through. When nitrogen and oxygen
molecules come close to exposed cations of the zeolite, charge induced dipoles
form. Since nitrogen is more polarizable than oxygen, the zeolite preferentially
adsorbs nitrogen. To preserve exposed cations (having an unsaturated coordination
sphere), the zeolite and the air stream have to be free of water. Concentrators operate
on the principle of pressure swing adsorption (PSA) and produce an oxygen purity
of ca. 95%. Among zeolite materials, LiAgX shows a particularly good performance
in removing nitrogen [30].

3.4.3 Catalysis

Zeolites are very useful catalysts for a large number of chemical reactions, especially
in the petroleum and chemical industry. Zeolites have three properties which make
them particularly suitable as catalysts:

1. Zeolites possess very large internal surfaces which allow for a large number of
molecules to undergo catalytically activated reactions at the inner surface at
the same time. For example, the faujasite-type zeolites RE-Y (rare earth-Y) and
US-Y (ultra-stable-Y) having one of the lowest framework densities among all
silicate zeolites and possessing an internal surface of ca. 800 m?/g are used for
shape-selective catalytic cracking of high-mass hydrocarbon of crude oil in the
petroleum refining industry [31].

2. The composition of many zeolites can be varied in a wide range. This applies
both to the cations in the pore volume (adjustable in an ion exchange process)
and to the T-atoms of the framework which can be adjusted to a certain extend
during the crystallization of the zeolite. Cu-exchanged high-silica chabazite
zeolites are very efficient catalysts for NOx decomposition (in a reaction
with urea) and are employed on diesel vehicles as effective catalyst for NOx
removal from the exhaust gas [32]. Hydrogen-exchanged zeolites, e.g. H-ZSM-5
(zeolite framework type MFI), which possess a very high acidity are used in
crude oil cracking [33]. Ti-ZSM-5 with Ti replacing a small amount of Si atoms
at T-sites serve as oxidation catalysts in the production of propylene oxide
from propylene [34].

3. As zeolites are crystalline materials, the pore dimensions (which are in the same
order as the dimensions of simple molecules) are well defined and identical all
over the material. The particular pore system has a selectivity with respect to the
uptake of certain molecules which then may react inside the pore volume. The
shape selectivity of zeolite catalysts often leads to a lower amount of undesirable
byproducts compared to other catalysts.

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

52 —— 3 Natural and synthetic zeolites

Other applications include

1. Desiccants: Low-silica zeolites are extensively used in this field due to their
high affinity for water. For example, the “zeolite dishwasher” is equipped with
a certain amount of zeolite material. After washing, the remaining water is
adsorbed by the zeolite supporting the drying of the clean dishes. As a byproduct
a substantial heat of adsorption is generated, increasing the temperature inside
the dishwasher.

2. Energy storage and transformation: Heat storage systems exploiting the
adsorption heat of water on zeolites, microporous aluminophosphates (AIPOs),
or silica-aluminophosphates (SAPOs) have a large potential to utilize solar
and geothermal energy as well as industrial waste heat. Zeolites are used for
thermal energy storage, e.g. in the “Cool-keg” a self-cooling beer keg [35] or as
a heat pump for a home heating system in combination with a gas adsorption
heater [36].

3. The use as membranes for molecular sieving: A current industrial application of
a zeolite membrane is the production of dry ethanol using K*-exchanged zeolite A
[37, 38]. Overviews on recent developments were published by Rangnekar et al. [39]
and Feng et al. [40].

3.5 Synthesis of zeolites

By far, most zeolites (in quantity and also in variety) are produced utilizing the
hydrothermal synthesis. These syntheses are predominantly performed in the
temperature range of ca. 80 to 240°C. With respect to the temperature, the solvent,
the chemical composition of the educts (Na, K, Ca; Si, Al, O) and the pH value, the
hydrothermal synthesis has a close relationship to the growth of natural zeolites
during hydrothermal alterations of volcanic rocks.

For the synthesis, sealed vessels are necessary to avoid the loss of the volatile
compounds. In a temperature range below 100°C closed polypropylene bottles are
sufficient to prevent water from evaporation. At higher temperatures, sturdy vessels
are required to withstand the autogenous pressure generated mainly by the water
content of the reaction mixture. These vessels are usually stainless steel autoclaves
which often contain an inert Teflon liner to avoid the contact between reaction
mixture and the steel.

Most zeolites are formed as thermodynamically metastable phases and may
transform during prolonged synthesis time into more stable phases in accordance
with Ostwald’s rule of successive phase transformations. One example is the
crystallization sequence: amorphous gel => zeolite Na-Y (zeolite framework type FAU)
=> zeolite Na-P (GIS) [41].

Not only the synthesis time is important but also many other synthesis parameters
have an impact on the formation of a specific zeolite phase. These parameters include
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the alkalinity of the reaction mixture, the Si/Al ratio, temperature, water content,
the presence and type of organic compounds, the duration of heating, aging of the
reaction mixture, and the agitation of the mixture during crystallization.

With respect to the synthesis conditions the products might be distinguished into
(@) “Low-silica zeolites” like zeolite A, Na [Al Si O] - 27 H0,

127712 748
(b) “High-silica zeolites” like ZSM-8 (C12H39N) 4Nao_9[A12_9Si93'10192] -4H0
(c) “Zeolite analogues” like AIPOs, MeAPOs, germanates, nitridophosphates, and

others.

Low-silica zeolites are synthesized from reaction mixtures containing high contents of
Al and, additionally, an inorganic base like NaOH or KOH. Crystallization takes place
at relatively low temperatures (80-150°C). Typical reaction mixtures contain a silica
source (e.g. silica gel), a base to mobilize the silica source (NaOH, KOH, LiOH,...), a
cation source (e.g. NaCl, SrCl, CaCl,..., which is sometimes identical with the base),
an aluminum source (NaAlO,, AIOOH, Al(OH),,...), and water.

High-silica zeolites are synthesized with a low content of Al (or sometimes
B, Be, Ga,...), a base to mobilize the silica source, and usually with a specific
organic compound, the so-called organic structure directing agent (OSDA). OSDAs
are predominantly quaternary ammonium cations or amines. Typical synthesis
temperatures are ca. 140 to 220°C.

Zeolite analogues are also predominantly obtained by the hydrothermal synthesis
route. However, some zeolite analogous are made by other, very specific synthesis
routes. For example, microporous AlPOs can be synthesized using ionic liquids as
solvents [42, 43].

Recipes to synthesize specific zeolites can be found in the atlas on Verified
Syntheses of Zeolitic Materials, published on behalf of the Synthesis Commission of
the IZA [44].

There are other, less frequently used routes for zeolite synthesis which will not
be presented in this review. An overview on many recent developments is given by
Wilson [45].

3.6 Recent developments
3.6.1 Synthesis of zeolite materials

Due to its unique topology, each zeolite framework type has its distinct properties
which might lead to novel or improved applications. Therefore, we experience a
continuing search for new zeolites with so far unknown compositions, framework
topologies and pore geometries. Below, some selected examples of zeolite synthesis
procedures will be highlighted.
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3.6.1.1 Hydrothermal synthesis using OSDAs

The use of OSDAs has demonstrated to be a very successful synthesis route which
led to a large number of new zeolite framework types [46—50]. The structure
directing effect can be demonstrated on the basis of the most simple organic cation,
the tetramethylammonium cation (TMA*), which was the very first organic cation
introduced to zeolite synthesis by Barrer and Denny in 1961 [51] (Tab. 3.1).

Despite the large variety of different structures being formed in the presence of
TMA®, it is remarkable that most structures show a close geometric correspondence
between the TMA cation (approximately sphere-like) and the various cavities occlud-
ing this cation in the structure of the silicate. TMA* has a high preference to stabilize
structures with small cavities during crystallization, either as a complete cage in a
zeolite framework or as a cup-like fragment of a cage in layer silicates.

In the system TMAOH/SiO,/water (without further additives), silicates of different
dimensionality have been synthesized depending on the temperature of synthesis:
group silicates with isolated Si 0, anions (dimensionality: 0), layered silicates
(dimensionality: 2) or framework silicates like RUB-22 (dimensionality: 3).

As said above, the zeolite synthesis is a complex process affected by various
parameters. The particular structure type crystallizing with TMA* as the OSDA depends

Tab. 3.1: Collection of relevant crystalline products obtained by hydrothermal syntheses in the
system TMAOH/SiO,/water (+ additional compound) at different temperatures.

Synthesis Additional  Additional Additional Silicate anion Product

temperature T-atom cation anion
20°C - - - Group [52, 53]
Ca. 120°C - - - Layer HUS-1 [54]
Ca. 140°C - - - Layer RUB-15 [55]
160°C - - - Layer RUB-55 [56]
160°C - - - Interrupted layer RUB-20 [57]
160°C - - - Interrupted RUB-22 [57]
framework
160-200°C - - - Framework with  Defective D3C
random defects [un-published results]
150°C - Na - Layer Helix layered silicate [58]
180°C - K - Layer ERS-12 [59]
100-150°C Al - - Framework FAU [51]
100-150°C Al - - Framework LTA[51]
130°C Al - - Framework GIS [60]
170°C Al (B, Fe, Ga) - - Framework RUT [61]
180°C, 200°C Al - - Framework SOD [51, 62]
250°C Al - - Framework PHI [51]
160-220°C B - - Framework RUT[61, 63]
180°C - - F Framework AST [64]
190°C - - F Framework GIS [65]
190°C - - F Framework MTN [65]
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RUB-15 HUS-1 RUB-55
TMA[Si,,0,5(0H)g] - 20 H,0 TMA,[Si;j0,5(OH)]  TMA,[Si, 0,4(OH),] - 16 H,0

Fig. 3.9: Cup-like voids of different silicate layers occupied by tetramethylammonium ions. Sections
of the structures of RUB-15, HUS-1, and RUB-55. Hydrogen bonds and water molecules: light blue,
OH-groups: blue.

on the temperature, the Si/TMA*-ratio and on the type of additives (Na*, AI**, F-) being
part of the reaction mixture.

In the case of the layered silicates HUS-1, RUB-15, and RUB-55, TMA* occupies
cup-like voids of the silicate framework which represent half-cages of the sodalite
structure and which include silanol (Si-OH) and siloxy (Si-O-) groups (Fig. 3.9). These
silicate half-cages are completed by hydrogen-bonded water molecules.

In the case of framework structures, charge compensation for TMA* is usually
achieved by Me* ions (Al, Fe, B, Ga) replacing Si** at T sites. This allows to form
complete silicate cages around the TMA* (Fig. 3.10).

TMA-gismondine
TMA [AI,Si,,0. ]

47712732

TMA-sodalite TMA-octadecasil
TMA,[ALSi,0,,] TMA,[Si, 0, /F,]

27710 T 24 20 T 40

Fig. 3.10: Sections of zeolite structures synthesized with TMA* as the OSDA: (a) sodalite (SOD),
(b) gismondine (GIS), (c) octadecasil (AST). The TMA* cation is in all cases rotationally disordered.
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RUB-22, in contrast, has a microporous framework with ordered defects (i.e.
“hydroxyl nests” surrounding a vacancy CJ(OH-Si),("0-Si)) to achieve charge com-
pensation since no Me** was available in the synthesis system TMAOH/SiO,/ water
(Fig. 3.11).

If the cation Na* plus AI** as a potential T-atom are added to the system TMAOH/
SiOZ/water, zeolites of many different framework types are obtained such as FAU,
LTA, MAZ, ERI, SOD, and GIS [28]; the geometric correspondence between TMA ion
and the framework is less obvious.

It is surprising that the use of tetramethylammonium, which has extensively been
used in hydrothermal synthesis for more than 55 years, led recently in the very simple
system TMAOH/SiO,/ water to new zeolite related layered silicates, RUB-20 [57] and
RUB-55 [56] and to a new zeolite, RUB-22 [57].

This indicates that it will still be possible to obtain new zeolites with novel
framework types by a suitable combination of synthesis parameters even if common
OSDAs are used.

While predominantly commercially available organic compounds have been used
as OSDAs for zeolite synthesis, in more recent times, specifically designed OSDAs

Fig. 3.11: Peanut-shaped double-cage of RUB-22. Hydrogen bonds between OH-groups (blue
spheres) of the hydroxyl nests are indicated in light blue.
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have been used as well [66, 67]. One example is the recent synthesis of the new sili-
cogermanate PKU-20 [68]. The use of custom-built OSDA triethylisopropylammonium
hydroxide (synthesized from isopropylamine and iodoethane) in combination with
fluoride anions allowed to obtain PKU-20 from a SiO, and GeO, containing hydro-
gel. In this way, it was possible to obtain a new zeolite that has a novel and unique
framework constructed from an alternative stacking of sti (stilbite-type) and asv
(ASU-7-type) layers.

3.6.1.2 Zeolite synthesis using monoatomic inorganic structure
directing agents

Low-silica zeolites are usually synthesized without OSDAs but in the presence of
alkali-metal hydroxides meant to help mobilizing the silica source. It was observed
that reaction mixtures containing for example K* favors the formation of specific
zeolite structure types (e.g. EDI, KFI, LTL, MER) which is in contrast to Na* con-
taining mixtures which led to the crystallization of a large variety of framework
types: NAT, CAN, CHA, EMT, FAU, FER, GIS, LTA, MAZ, MOR, SOD and others [69].
Alkali-metal cations Li, Na, K, Rb, and Cs are attributed a limited structure directing
role as an inorganic structure-directing agent (ISDA) which is believed to be related
either to the “naked” Me* ion stabilizing, for example, the cancrinite cage, or to an
ordering of the water structure around the cation which in turn acts as a “template”
during the formation of the alumosilicate framework.

Li cations are notably interesting constituents for the synthesis of new zeolite
framework types, although they have less frequently been used compared to other
cations like Na* and K*. Li* can be incorporated in the zeolite structure as a charge
balancing cation in the pore volume and by that may act as a ISDA, but Li* can as well
be part of the silicate framework as a [LiO,]-tetrahedron [70, 71]. In the past, Li has
been used in the system Li,0-A1,0,-5i0,-H,0 leading to zeolites which contain Li only
in the pore system, as for examples in synthetic Li-A(BW) Li,[Al Si,0, ] - 4 H,0 [72].
Also, a zeolite mineral, bikitaite, Li,[ALSi,0,] - 2 H,0, exists which contains Li in the
channel-like voids [73].

If, however, Al** or other cations which might occupy T-sites in a silicate frame-
work, are excluded from the reaction mixture during synthesis, Li is in some cases
incorporated in the zeolite framework as a T-atom. Moreover, [LiO4]-tetrahedra can
form strain-free 3-rings with [SiO,|-tetrahedra expanding the possibilities to form
novel framework types. A recent example is RUB-12, Li H,[(Li,5i,0, ] - 8 H,0, which
was synthesized under hydrothermal conditions in the system LiOH/SiO,/H,0/
OA at 140-160°C [74]. As organic additives (OA) different amines were used as weak
organic bases. RUB-12 has a unique structure with a one-dimensional pore system
of non-intersecting 10-ring channels running parallel to the c-axis. The pore system
is occupied by water molecules, protons and Li cations. The silicate framework can
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(b)

Fig. 3.12: (a) Structure of RUB-12. (b) Spiro-5-unit.

be described as being constructed exclusively from interconnected spiro-5-units with
tetrahedral Li* in the center of the units (Fig. 3.12).
RUB-12isrelated to two otherlithosilicate zeolites: RUB-23, Cs, (Li,H) ,[Li Si, O, ] -

12 H,0 [75] and RUB-29, Cs Li,[Li,Si O] - 14 H,0 [76]. All three zeolites contain
spiro-5 units with Li at the central spiro position.

The replacement of one Si** by a Li* cation at a T-site of a silicate framework intro-
duces three negative charges which are difficult to compensate by extra-framework
cations. For comparison, if Si* is partly replaced by AI** (which is standard practice)
only one negative charge per Al is introduced to the framework. This is probably one
reason why only few zeolites containing Li at T-sites are known. RUB-12 has an extremely
high framework charge of —-0.6/T-atom, even if compared to typical zeolitic ion exchang-

ers like zeolite A, Nau[Al Si 0, ]-27 H,0, with a framework charge of only —0.5/T-atom.

127712748

3.6.1.3 Zeolite synthesis using highly condensed ISDAs: the seed-assisted
OSDA-free synthesis

Adding seed crystals to reaction mixtures has been common practice in zeolite synthe-

sis since more than 50 years. The seeds (approximately 1% of the total silica content)

were used to accelerate the crystallization — e.g. to avoid the induction period prior

to crystal growth which is typical for zeolite crystallization. The seeds, however, led

to zeolites of the same framework types as being obtained if no seeds were added.
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More recently, seeds (ca. 10% of the silica source) have been used to direct the
synthesis towards the crystallization of specific zeolites which had not been obtained
without OSDAs before. Pioneering work has been published in a series of papers on
this subject by Xiao and coworkers [77, 78]. A comprehensive overview on this synthe-
sis route is presented by Iyoki et al. [79]. The seed-assisted OSDA-free synthesis has
some advantages: there is no expensive OSDA required, seeds enhance the crystalli-
zation rate, the zeolites do not require calcination to remove the organic compounds,
and there is less problematic waste after synthesis.

Beta zeolite has, so far, been investigated most extensively in connection with
seed-assisted OSDA-free synthesis. Recently, Zhang et al. described the seed-directed
synthesis of Beta at particular low temperature (120°C). The obtained Beta-SDS120
has an improved quality and is free of impurities. It has a higher thermal stability
than the Beta zeolite synthesized at 140°C and also has a higher surface area and
micropore volume than Beta-SDS140. It is assumed that Beta-SDS120 has much less
framework defects than Beta-SDS140 [80]. The authors of this study were, moreover,
able to decrease the amount of Beta seeds down to 1.4%.

The seed-assisted OSDA-free synthesis of zeolite Beta results in products with
a very good catalytic performance. The as-made materials possess a high density of
active sites suitable for ethylation of benzene as an example. After various post-syn-
thesis treatments (e.g. modifying the Si/Al ratios), beta zeolite is also useful in acyl-
ation reactions [81]. The authors state that “the ability to manipulate the framework
aluminum content in a very broad range, while maintaining structural integrity, proves
that template-free-beta zeolites constitute a powerful toolbox for designing new acid
catalysts” [81].

3.6.1.4 Zeolite synthesis by topotactic condensation of hydrous layer
silicates

A completely different synthesis route to obtain new zeolite framework types is
based on a solid-state reaction using hydrous layer silicates (HLSs) as precursors.
In comparison to the hydrothermal synthesis, the topotactic conversion of layer sili-
cates into microporous framework materials has been used rarely (Fig. 3.13). Zeolite
materials of the MWW framework type were the first successful examples which
were described 20-30 years ago [82-86]. Now, there are several high-silica zeolites
with different framework topologies which were obtained by a successful topotactic
condensation of silicate layers (in the following, the type materials are named): EU-20/
EU-20b (framework type CAS) [87, 88], CDS-1 (CDO) [89], siliceous ferrierite (FER)
[90], MCM-22 (MWW) [84], NU-6(2) (NSI) [91], RUB-41 (RRO) [92], RUB-24 (RWR) [93],
guest-free silica sodalite (SOD) [94].

A review on the synthesis of zeolites by the topotactic condensation using
hydrous layer silicates as precursors was recently published by Marler and Gies [95].
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HLS with fer layers Zeolite ferrierite
(layered silicate) (framework silicate)

Fig. 3.13: Schematic representation of the topotactic condensation of silicate layers, transforming
a HLS into a zeolite.

With respect to zeolite syntheses based on silicate layers as building blocks the ADOR
(Assembly-Disassembly-Organization-Reassembly) and the “Inverse Sigma Trans-
formation” routes are particularly interesting [96, 97]. Here, the starting material is
a zeolite which can selectively be disassembled into a layered material. The parent
zeolite is a germanosilicate containing germanium at specific sites of the structure.
The germanium can be leached out without destroying the silicate layers. The result-
ing layered silicate can subsequently be organized in different ways (e.g. by intercala-
tion of silicon-containing species between the layers), and finally can be reassembled
into zeolites with new topologies by calcination.

In a similar way, Zhao et al. performed a rearrangement of layered building
blocks starting with the layered silicate RUB-36 as a precursor containing ferrierite-
type silicate layers (fer layers) [98]. While a direct condensation of layers by a mere
heating led to a zeolite of the CDO-type, the temporary swelling of the structure
with cetyltrimethylammonium cations destroyed the strong interlayer hydrogen
bonds between neighboring layers and led to a rearrangement of the layer stacking.
After deswelling, the fer layers were condensed by heating (550°C) to form pure silica
FER-type zeolite. This concept can probably be applied to other layered silicates and
may result in the formation of new zeolite framework types.

The fer layer is in particular interesting since this layer seems to form easily under
hydrothermal conditions. Marler et al. described the synthesis of five different hydrous
layer silicates (HLSs) containing fer layers (obtained from mixtures of silicic acid,
water, and different tetraalkylammonium or tetraalkylphosphonium hydroxides)
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and their condensation products [99]. The fer layers are well suited for condensation
reactions forming zeolite frameworks since the terminal silanol groups of the layers
have a distance of at least 74 A. This precludes the formation of intra-layer hydro-
gen bonds but allow for inter-layer bonds between silanol groups of neighboring fer
layers. The hydrogen bonds predefine the positions where the condensation forming
Si-O-Si bridges takes place. Intra-layer hydrogen bonds would lead to highly distorted
structures in the calcined products.

The conversion of layer silicates — either by the ADOR method or by a direct topo-
tactic condensation — opens up the possibility to obtain zeolite materials which are
not accessible by hydrothermal synthesis: So far, topotactic condensation produced
four new zeolite framework types (CDO, NSI, RRO, RWR) and the ADOR method two
(OKO, PCR).

The condensation of HLSs forms pure silica framework structures. In order to
introduce catalytically active centers, some Si atoms of the layered precursor can be
replaced by Al or B atoms. The synthesis of zeolites Al-RUB-41 [100] and B-RUB-41
[101] from layered precursors (Al- and B-RUB-39) prove that the topotactic condensa-
tion of HLSs can produce microporous materials with some potential to act as cata-
lysts with shape-selective character [100].

3.6.2 Applications

3.6.2.1 Catalysis

Cu-exchanged Beta zeolite is a very good catalyst for selective catalytic reduction
(SCR) of NOx with NH.. SCR is one of the most efficient methods to reduce NOx from
exhaust gas streams of diesel engines.

Recently, Cu (or Fe)-exchanged Beta obtained from syntheses without the use of
OSDAs (TF-Beta, TF = template-free) has also been tested as SCR catalyst. Compared
to conventional Cu-Beta with a typical Si/Al ratio of ca. 19, the Cu-TF-Beta (Si/Al
ratio = 4) shows a superior performance at low temperatures (around 150°C). This is
beneficial to decrease the total amount of NOx during a conventional driving cycle.
The superior low-temperature performance is explained on the basis that isolated
Cu cations in TF-Beta can more easily be reduced [102].

Comparedtothe (monocationic) Cu- or Fe-exchanged TF-Beta catalysts, the Cu(3.0)-
Fe(1.3)-TF-Beta catalyst shows even better SCR performance at low-temperatures. Iso-
lated Cu?* and Fe** ions which are located at the exchange sites are assumed to be the
active species for the efficient catalytic reaction at low-temperature. The coexistence
of Fe** and Cu?" improves the dispersion state of the Cu ions compared to pure Cu-TF-
Beta. In addition, the Cu(3.0)-Fe(1.3)-TF-Beta exhibits a significant improvement of
sulfur resistance. SO, being a common component in exhaust gas streams of diesel
engines if low-quality fuel is used easily deactivates the catalyst [103].
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In summary, it can be concluded that Cu/Fe-exchanged TF-Beta is a very promis-
ing catalyst for NH,-SCR of NO,.

3.6.2.2 Energy storage

3.6.2.2.1 Heat storage

For the use of renewable energies like storage of solar heat, the development of
new and improved materials is necessary. Zeolites are very promising materials
for these purposes since they can reversibly be hydrated and dehydrated and
possess adsorption heats suitable for such applications (charging temperatures:
>180°C) [104].

Among zeolites, Li containing low-silica X zeolite (Li-LSX) with unit cell com-
position Li, [Si; Al O,,] - x HO is a promising candidate because of its high water
adsorption capacity [105]. To localize the preferred water sorption sites and to opti-
mize the sorption properties, the structure of partially and fully hydrated Li-LSX
with water loadings of x = 8, 16, 32, 48, 96, and 270 HZO/ D,0 were analyzed based on
neutron and synchrotron powder data [106].

In the water-free state, the Li-cations occupy three different sites in the structure
of Li-LSX: two sites in the centers of the 6-ring windows of the small sodalite cage
(SI and SII) and one in the large supercage in front of the 4-ring of the sodalite cage
(SII). This Li cation site SIII has a very asymmetric and unfavorable coordination
sphere (Fig. 3.14).

2.01A

Fig. 3.14: Section of the structure of Li-LSX - 16 H,0. Si: light purple, Al: dark purple, O: red, Li at site
Slll: yellow, Li at site Sll: orange, water at site W3: light blue, W4: blue.

The first water molecules added to the pore volume of the zeolite are adsorbed close
to site SIII. At slightly higher loadings, the occupancy of Li* at SIII decreases with
increasing water content. For the completely hydrated material, six different water
sites were identified. It is interesting to note that the water adsorption sites are
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Fig. 3.15: Differential molecular heat of adsorption of Li-LSX/water (Rathmatkariev, unpublished
results) with a tentative assignment of water adsorption sites in the structure of Li-LSX.

dominated by the silicate framework and not by the cations. Nearly all water mole-
cules occupy the supercage; only in the fully hydrated stage 2.3 water molecules per
unit cell were also located inside the sodalite cage.

Additionally, the differential molar adsorption heat of water/Li-LSX was deter-
mined. The energy values vary in several steps between 84 and 54 kJ/mol for the
first and last water molecules adsorbed [107]. The comparison of the differential
molar adsorption heat with the results of the structure analysis (Fig. 3.15) discloses
how to improve the zeolite material to obtain a higher quantity of optimal adsorp-
tion sites for the envisaged applications (here, an adsorption heat of ca. 60 kJ/mol).
The features to be modified comprise (a) the charge of the silicate framework (i.e. Al/
Si ratio), (b) the type of the cation, and (c) impregnations with additional ions (see
Fig. 3.16a-c).

The impregnation of a zeolite with additional ions is an interesting approach
to modify the hydrophilicity of the material: A commercial zeolite Na-Y (Si/Al = 2.6)
was impregnated with NaBr at 700°C under high vacuum according to a procedure
of Seidel et al. [108]. Seidel proposed a structure model for NaBr-impregnated Na-Y
(Si:Al = 2.4) based on ?Na MAS NMR spectroscopic data that the Br- ions occupy
the sodalite cages and forms [Na,Br] clusters. Now, a structure analysis on Br@Na-Y
(Si:Al = 2.6) confirmed this model (Fig. 3.17) [109]. The [Na Bt] clusters which are
present in about 90% of the sodalite cages have a positive influence on the desorp-
tion temperature of the water (Fig. 3.16c) [109, 110].
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Fig. 3.16: (a) TG curves of Na-LSX (Si/Al = 1), Na-X (1.2) Na-Y (2.6), and Na-Y (3.8). (b) TG curves of
low-silica LSX samples Li-LSX, Na-LSX, Mg(Na)-LSY, and Sr(Na)-LSX. (c) TG curves of conventional
Na-Y (Si/Al = 2.6) and Br@Na-Y (Si/Al = 2.6).
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Fig. 3.17: The [Na,Br]** cluster in the sodalite cages of Br@Na-Y. Na: yellow, Br: olive-green.

3.6.2.2.2 Storage of mechanical energy

A system consisting of a porous solid and a non-wetting liquid has the ability to
accumulate, transform, restore, and dissipate energy [111]. Water is a very suitable
liquid in such a system: It is inexpensive, non-toxic, has a low viscosity, is easy to
obtain, and possesses a high surface tension. The small water molecules are able to
access even small micropores. To use water as a non-wetting liquid, a hydrophobic
microporous solid is required — all-silica zeolites (zeosils) match this requirement
perfectly. During the forced intrusion of water into the pore system, the mechanical
energy is converted into an interfacial energy. The bulk water is split into a multitude
of molecular clusters, creating new bonds with the (hydrophobic) silica framework
and breaking the intermolecular H-bonds in liquid water. When the pressure is
released, the system can spontaneously expel the water from the pore of the zeosil.
Several water-zeosil systems have been investigated. They show quite diverse
behaviors at intrusion-extrusion experiments depending on physicochemical and
geometric parameters such as the “degree” of hydrophobic character, pore diameter,
pore geometry (cages or channels), and dimensionality of the pore system.

While several channel- and cage-type zeosils show a behavior as molecular
springs [112], RUB-41 which has a two-dimensional pore system of 8- and 10-ring
channels behaves like a shock absorber of the reversible type [113]. During the
intrusion-extrusion experiment, some defect sites of the silanol type are generated,
decreasing the hydrophobicity and provoking that not all the water is expelled when
releasing the pressure. Silica-ITQ-7 acts as a shock absorber as well, but the phenom-
enon is non-reversible. A considerable amount of defects is generated. Si MAS NMR
spectra revealed the breaking of Si-O-Si bridges after the intrusion [114]. In this case,
PXRD patterns even showed a modification of the structure at the long-range order.
The defective material, however, can be regenerated by calcination at 600°C.

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

66 —— 3 Naturaland synthetic zeolites

In contrast, calcined silica-sodalite shows hardly any uptake of water, probably
due to a very hydrophobic character and very small pore openings (6-rings only) [113].

3.7 Outlook

To our judgment, the use of zeolites will expand in two areas of application in par-
ticular: in heat storage and conversion and in environmental catalysis. The driving
force to implement new processes in these two areas is the intent to save energy and
to reduce the amount of waste products (green chemistry).

Zeolites can be modified in many ways: at first, a particular framework type
possessing a distinct pore structure can be chosen from the 232 different framework
types that are known [17], the framework composition and polarity can be adjusted
to a certain extend during synthesis or post-synthesis treatment, the as-made zeolite
can then be loaded with the desired catalytically active cations or nanoparticles, and
additionally, it is possible to produce zeolites with a hierarchical pore system com-
prising, e.g. mesopores for fast diffusion of molecules and micropores to exploit the
shape selectivity of the zeolite pores. This flexibility opens up a huge field of research
to design zeolites according to the needs.

Heat storage systems based on zeolites and water have a large potential to make use
of industrial waste heat of low temperature (ca. >200°C). Presently, hardly any of this
waste heat energy generated as a by-product in industry or power-plants is used. Also,
the thermochemical storage of solar heat is still in a state of testing. The energy which
is made available by solar collectors is typically at an even lower temperature level (ca.
100°C). So far, the use of zeolites which have promising theoretical energy densities
of ca. 180 kWh/m? suffer from a high charging temperature of zeolite/water systems
(>180°C) and a relatively high price. Recent developments concerning a rapid zeolite
synthesis by a continuous process using tubes instead of autoclaves and by avoiding
costly OSDAs as reaction component will probably reduce the production costs.

Environmental catalysis refers to catalytic processes implemented to reduce the
emissions of pollutants (e.g. NOx, SO,, CO). Due to increasingly strict laws concerning
the gas emission of diesel vehicles, improved catalysts are required to remove NOx
from the exhaust gas stream. Zeolite materials are likely to meet this requirement,
and there is presently an intensive research on zeolites for the use in NH.-SCR of NOx.

Even if a catalyst is not directly involved in environmentally friendly processes,
the use of zeolite catalysts in industrial processes often decreases the required energy,
and the shape-selective properties usually lead to less byproducts. This allows to
reduce the consumption of energy and to diminish the costs for cleaning up the
product.

Renewable resources (plants) and biodegradable waste can be converted to
ethanol, for example, as a base chemical for industry using zeolite-catalyzed pro-
cesses. Ethanol can subsequently be converted into several other essential chemicals
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again employing zeolite catalysts. It is to be expected that these resources will have a
growing impact on the production of base chemicals in the future.
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4 Microstructure analysis of chalcopyrite-type
CulnSe, and kesterite-type Cu,ZnSnSe, absorber
layers in thin film solar cells

4.1 Introduction

Thin film solar cells equipped with polycrystalline compound semiconductors as
functional layer for light absorption have continuously been improved in terms of
solar energy conversion efficiency, such that they became a competitive alternative to
well-established silicon-based solar cells. In 1905, Einstein published a comprehen-
sive, physical description of the photoelectric effect [1] and thus provided the theoret-
ical framework for upcoming research of photovoltaic technologies. The emergence
of photovoltaic devices, however, only started about 50 years later, and for several
decades, it persisted a niche technology mainly for aerospace applications. Among
others, silicon (Si) was known to belong to the group of (extrinsic) elemental semi-
conductors, and due to its abundance, it was the very first absorber material to be
used in solar cells. Triggered by the oil crisis in the 1970s, the research of solar energy
conversion technologies finally got a tremendous stimulus. As a result, research not
only of silicon-based solar cells but also of other absorber layer materials based on
compound semiconductors have been much more extensively endeavored. The latter
were also brought into focus in order to address some severe drawbacks of silicon-
based solar cells. First of all, the high energy consumption in fabricating single crystal
silicon results in a quite long energy amortization time. In addition, the requirements
on crystallinity and purity are extremely high while a considerable amount of mate-
rial is wasted upon slicing silicon wafers. Also, during the growth of silicon single
crystals a certain concentration of dopants has to be incorporated in order to induce
either extrinsic p-type or n-type conductivity. Despite the energy of the band gap of
silicon fitting quite well with the optimal energy determined by the solar spectrum,
silicon is an indirect semiconductor whose photonic electron transition from the
valence band to the conduction band needs to be assisted by a phononic momentum
transfer. This requirement of coincidence between a photon of appropriate energy
being absorbed and a phonon transferring impulse to the electron leads to a reduced
probability of events of photoelectric charge carrier generation. Correspondingly, the
absorber thickness must be augmented in order to compensate the low absorption
coefficient. These aforementioned issues, eventually, gave rise to reconsider photo-
voltaic technologies, being both economical and ecological reasonably applicable in
a more widely spread manner. These demands have paved the way for thin film solar

https://doi.org/10.1515/9783110497342-004
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cell technologies using compound semiconductors. Those compound semiconductors
are intrinsically conductive, and they possess a higher absorption coefficient due to
direct electron band transitions (Fig. 4.1).

£ E
\/\ﬁ/ K‘/
& 4 Ee 4
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Fig. 4.1: Schematic of the density of states of the valence band and conduction band in (left) indirect
and (right) direct semiconductors. The transition of an electron e from the maximum of the valence
band E, to the minimum of the conduction band E_in direct semiconductors only depends on the
energy of the incident photon h-v. In indirect semiconductors, the transition additionally requires

a phononic impulse p. Modified after [2].

Two very prominent representatives from such compound semiconductors are the
solid solutions Cu(In,Ga)(S,Se), and Cu,ZnSn(S,Se),, which are referred to as chal-
copyrite- and kesterite-type compound semiconductors, respectively. Chalcopy-
rite-type semiconductors are isotypic, with and named after the naturally occurring
mineral chalcopyrite (CuFeS,) and are the light-absorbing layers in solar cells since
about the 1970s [3]. Even though solar cells based on chalcopyrite-type absorbers have
achieved remarkable solar energy conversion efficiencies up to 22.6% [4], the deploy-
ment of rare elements in conjunction with the increasing demand for indium not only
in photovoltaics has mediated newly emerging photovoltaic technologies based, for
instance, on Kesterite-type compound semiconductors with efficiencies up to 12.6%
[5]. Similar to “chalcopyrites”, kesterite-type compound semiconductors are named
after the natural mineral kesterite (Cu,ZnSnS,). Incipient research on kesterite-type
solar cells was conducted around the mid-1990s [6, 7], which led to fast developments
in photovoltaic performance until the present day.

Both chalcopyrites and kesterites crystallize in the tetragonal crystal system
with a body-centered unit cell and a four-fold rotational inversion along the
c-axis. However, chalcopyrites do have a higher symmetry as they also comprise a
two-fold rotational axis along the a-direction as well as a glide plane. Hence, the
space group of chalcopyrites is I42d [8] and those of kesterites I4 [9]. According to
the difference in symmetry between chalcopyrites and kesterites, the number of
Wyckoff position differs too. In chalcopyrites, three Wyckoff positions (4a, 4b, 8d)
are occupied, whereas five Wyckoff positions (2a, 2b, 2c, 2d, 8g) follow from the
symmetry of kesterites. The 4a as well as 2a and 2c positions in chalcopyrite and
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kesterite, respectively, are occupied by a univalent cation (e.g. Cu*), where the 4a
position in chalcopyrite degenerates to 2a and 2c position in kesterite. In contrast,
the 4b position in chalcopyrite is occupied by a trivalent cation (e.g. Fe*), and as
symmetry decreases to the kesterite structure, this position is split into two posi-
tions, 2b and 2d, being occupied by tetravalent (e.g. Sn**) and divalent cations (e.g.
Zn*), respectively. This difference in cationic arrangement influences both the anion
position, either 8d or 8g, and the tetragonal deformation # = i # 1. The anion position
is shifted from the center of the cation tetrahedron. In the chalcopyrite-type struc-
ture, the deviation from this ideal position is described by the anion displace-
ment parameter 0.25 — x, where x is the anion atomic position parameter of the
8d site.

Despite this distinctive structural character, both structures are derived from the
diamond-type structure (s.g. Fd3m) which can be described as two interpenetrating
face-centered cubic (fcc) sub-lattices, offset by (}‘, %, %), and thereby building a
framework of regular, corner-shared tetrahedra [10]. However, with a change in the
composition toward multinary compounds, the symmetry decreases progressively
both with increasing number of different groups of elements involved and their
ordering within the structure. So, in case of binary compounds, either sub-lattices
are occupied complementary by the same cationic and anionic species, respectively.
By doing so, the symmetry lowers to F43m, which is referred to as sphalerite-type
structure. The incorporation of a second cation belonging to another element group
leads to ordered substitution on the cation site. Thereby, the originally cubic unit cell
is expanded to a tetragonal one and anion coordinates then include one independent
parameter (x, - 1). This is referred to as chalcopyrite structure (s.g. [42d) [11]. The
number of atomic coordinates further increases in the quaternary stannite structure
when three different cations are assembled. The anion position is then character-
ized by an additional degree of freedom (x, X, é) However, even though containing
three different cations as well, it was found that the stannite structure (s.g. 142m)
further degrades to the kesterite structure (s.g. I4) due to different structural distribu-
tion and partial ordering of Cu*, Zn*, and Fe? in the solid solution stannite-kesterite
Cu,Fe, Zn SnS, [9]. Another peculiar feature shown by kesterites is the Cu/Zn disor-
der among structural sites 2c and 2d [12], and the degree of disorder heavily depends
on temperature and equilibration time [13]. In the kesterite structure, eventually, the
anion positions are completely independent (x, y, z). The entire structural evolution
is emphasized in Fig. 4.2.

A huge advantage both of chalcopyrite- (ternary) and kesterite-type (quater-
nary) compound semiconductor materials is the ability of their structures to readily
facilitate chemical substitution processes, basically involving all cations and anions
belonging to the appropriate group of elements. Due to this high chemical variability,
the energy of the band gap basically can be adjusted over a quite wide range. Consid-
ering the high chemical variability of compound semiconductors, a general notation
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Diamond type Sphalerite type Chalcopyrite type Stannite type Kesterite type
s.g. Fd3m > s.g. F43m > s.g. 142d > s.g.142m > s.g. 14 oC
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Fig. 4.2: Scheme of the adamantine compound family. The symmetry lowers as the number of
different element types increases and ordering of metals occurs. For better visualization, two unit
cells are shown, respectively, for cubic diamond and sphalerite-type. Modified after [14].

using capital letters in conjunction with Roman numerals has been established. Each
capital letter refers to an isovalent ionic species occupying a specific atomic position
in the structure. The Roman numerals denote the number of valence electrons (i.e.
element group) of the elements being accommodated by the structure. Subscripted
numbers do provide the stoichiometric coefficient. So, in case of ternary chalcopy-
rite-type compounds, two aliovalent cation positions (A, B) and one anion position (X)
is present, which can be written as A’B"X "' [8]. Accordingly, the notation for quaternary
Kkesterite-type compounds is extended by another cationic species (C), yielding
A!B"C"X . In order to illustrate all possible end-members and their corresponding
solid solutions, structurally tolerated elements are compiled in matrices:

(1) ternary chalcopyrites  (2) quaternary kesterites

Al Bl X;” Aé Bl clv XXI
Cu Al S Cu Zn Sn S
Ag Ga Se Ag Fe Ge Se
Au In Te /, Au /, cd Si Te A

Being able to design the band gap energy of the absorber layer is of particular impor-
tance as the band gap not only has to be optimized with respect to the solar radiation
maximum but potentially needs to be adapted to the band gap energies of the other
functional layers employed in solar cell devices. Such adjustments of the band gap,
aiming to enhance electronic properties in solar cell devices, are referred to as band
gap engineering. This is of particular concern when heterojunctions arising from p-n
junction interfaces between dissimilar semiconductors are involved. Owing to the
unequal band gaps, it is crucial to control the energy bands in semiconductors in
order to reasonably tune, for instance, the band gap offset since inappropriate band
gap alignments might be detrimental in terms of the charge carrier yield (e.g. through
increased number of recombination events), thus deteriorating the performance.

A method to shed some light both on interface and bulk properties is given by the
microstructure analysis which is going to be presented herein. Lattice defects evoke
(semi-)quantifiable microstrain and usually control the domain size and vice versa [15].
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As microstrain and domain size do reflect any kind of lattice defect as well as the
degree of crystallinity conclusions can be drawn with respect to the photovoltaic per-
formance since crystal imperfections and even crystallographic orientations influ-
ence the mobility and density of charge carriers. This ultimately co-determines the
conversion efficiency of solar cells as too many domain boundaries and high micro-
strain as a result of, for instance, point defects might act as detrimental recombi-
nation sites leading to loss in photocurrent. By conducting grazing incidence X-ray
diffraction (GIXRD) measurements using different incidence angles, in concert with
Beer-Lambert law, it is even possible to spatially assign the observed microstructure
within the absorber layer.

A detailed description of the analysis of thin films and on how the presented
studies were conducted is provided in the subsequent experimental section. The
experimental section is followed by three self-standing reports on recent results from
microstructure analysis of chalcogenide absorber layers in thin film solar cells. The
first study was titled “Influence of sodium and process temperature on microstruc-
ture of CISe thin film absorber layers”, which dealt with the impact of sodium on
the microstructure of CulnSe, absorber layers in general. The second report, “Micro-
structural response to different NaF precursor thicknesses and Cu/In ratios in CISe
thin film absorber layers”, evaluated the implications for microstructure of CulnSe,
absorber layers when three-stage co-evaporation process is interrupted and sodium
content is varied. Eventually, the third study, “Impact of absorber process conditions
and substrate material on microstructure of CZTSe thin film absorber layers”, gave
an impression of some issues the emerging Kesterite-type absorbers are struggling
with. The focus, however, again is put on the constitution of microstructure both at
different process temperatures as well as different substrate materials.

4.2 Experimental
4.2.1 Depth-resolved grazing incidence X-ray diffraction

The grazing incidence setup is the X-ray diffraction technique best suited for depth-
resolved thin film characterization. During the measurement, the primary beam is kept at a
constant incidence angle w while the detector moves along the goniometer circle (Fig. 4.3).
Hence, this asymmetric geometry enables the depth-resolved investigation of, for instance,
composition (indirectly), unit cell metrics, phase content, and microstructure.

The probed sample depth d can be approached using the X-ray linear mass atten-
uation coefficient y and the Beer-Lambert law

1(d) = I,e ™. (4.1)

In a given material, the attenuation length [ of monochromatic X-rays defines the path
length at which the primary intensity I, drops to 1/e. Due to the fact that the X-rays

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

78 = 4 Microstructure analysis of absorber layers in thin film solar cells

Point
detector

X-ray . 5 -
source : .
~ : =
I ) bea’h . s 20,
e} R S ol

Goniometer circ®

Fig. 4.3: Schematic of the grazing incidence X-ray diffraction geometry (GIXRD) showing two
measurements at different incidence angles w. Depending on the incidence angle, different sample
depths can be explored, but the orientation of lattice planes (i.e. scattering vector) being recorded by
the detector rotates both as the detector moves and the incidence angle changes. Drawing not to scale.

do not impinge the sample surface perpendicularly, the attenuation length has to be
converted in terms of sample depth by simple trigonometry:

d(w) = Isin w. (4.2)

However, because the density and the composition in turn determine the attenua-
tion length, at least the main phase as well as its (approximate) composition must be
known beforehand.

4.2.2 Microstructure analysis

The microstructural analysis refers to the quantification of the volume averaged
coherently scattering domain size and non-uniform microstrain in crystalline mate-
rials. Small domain sizes and microstrain are caused by any kind of local crystallo-
graphic defects; thus, they are distinctive from the macrostrain arising from uniformly
deformed lattice planes. Point defects like interstitials instead locally distort the
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three-dimensional periodic arrangement of atoms in a crystal, thus introducing
microstrain and in turn may affecting the coherent size of the domains too (e.g. [15]).
On the contrary, a poorly crystallized material or an assemblage of sufficiently small
grains (e.g. nanocrystals) inherently exhibit small coherence volumes. Whether or not
such nanomaterials feature microstrain as well again depends on the presence of crys-
tallographic volume defects within the crystal, but the configuration of either grain
boundaries in mutual contact or the epitaxial interfaces and intergrown phases (e.g.
through lattice mismatch) also normally influences the microstrain. Lattice mismatch
at an epitaxial two-phase junction might be a combined source both for microstrain and
macrostrain, which can be readily discriminated in a XRD diffraction pattern. Since mac-
rostrain is caused either by compressive or tensile stress, the lattice plane distances are
altered such that peak positions are shifted, while maintaining their shape. Microstruc-
tural effects, however, are reflected by a broadening of the diffraction peaks (Fig. 4.4).

(a) ()

Intensity
Intensity

(b) (d)

Intensity
Intensity

A
20 20

Fig. 4.4: Response of the peak profile in case of no (a) macrostrain and microstrain, (b) compressive
macrostrain, (c) microstrain, and (d) combined macrostrain and microstrain.

The microstructure of the CulnSe, (CISe) and Cu,ZnSnSe, (CZTSe) thin film samples
have been examined by performing a whole-pattern decomposition of X-ray diffraction
data using programs from the Fullprof Suite software package [16]. In order to ensure
an optimal fit of the peak profile, the diffraction patterns were analyzed by the Le
Bail method [17] using the Thompson-Cox-Hastings pseudo-Voigt profile function [18]
with the Finger’s treatment of the axial divergence [19].

The microstructural information can be extracted from the (isotropic) peak
broadening B, . caused by microstrains and/or small average domain sizes. In
contrast to full width at half-maximum parameter I, the integral breadth  does
include information on the integral intensity I , that is, the area enveloped by the
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Fig. 4.5: Shape-related characteristics of a diffraction peak. The integral intensity is directly related
to phase content by volume, site occupation and preferred orientation. The integral breadth is
related to the instrumental resolution and the microstructure of a crystalline material.

peak (E Z h- Vx_my)- The integral breadth is calculated by the ratio between the
integral intensity and I"and can be represented as the width of a rectangle being as
high asI  and including the area of the peak (Fig. 4.5).

In order to describe the shape of a peak properly both Gaussian as well as Lorent-
zian profile usually must be considered in union. According to the Caglioti (Gaussian)
function [20],

I;=Utan’ @ + Vtan© + W (4.3)

and the Cauchy (Lorentzian) function (e.g. [21]),
I = Xtan ®; + Y/ cos O, (4.4)

the width of each peak is calculated at half the maximum intensity for the respective
function, given in units of [°].

The calculation of the integral breadth g, by combining I', and I',, is mandatory in
order to perform a proper microstructural analysis. However, since the convolution of
Gaussian and Lorentzian by applying the Voigt function is mathematically complex,
they are treated by the approximating pseudo-Voigt function (e.g. [21])

nl[2

Fov = n+ (1 -n)Valn2

with0 <# <1 (4.5)

where I' is computed as

T = (I3 +2.69269T o T}, + 2.42843I 21} + 4.47163[ 4T} + 0.07842I4I} + I})"°  (4.6)
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and the mixing parameter 1 is computed as
1 = 1.36603(I},/T) — 0.47719(I,/T)* + 0.11116(I; /T)’. (4.7)

This empirical expression for the pseudo-Voigt approximation is referred to as the
Thompson-Cox-Hastings pseudo-Voigt profile function [18]. The Caglioti function
(Equation 4.3) was not considered for the microstructure analysis since only the profile
parameter U may be influenced by microstrain while ¥V and W exclusively reflect the
profile emanating from the instrument. Consequently, only the profile parameters for
the Lorentzian profile (i.e. X and Y in Equation 4.4) were used to deduce microstrain
and domain size, respectively. The influence of the finite instrumental resolution was
previously determined using standard reference material lanthanum hexaboride
(NIST SRM-660b for line profile analysis — LaB,), from which, ultimately, an instru-
mental resolution function providing Gaussian and Lorentzian could be created.

Once the integral breadth is known and corrected for the instrumental resolution,
both microstrain as well as domain size of a sample can be obtained. The isotropic
broadening due to small domain size 8 is separated from the total sample broadening
ﬁsample by the Scherrer equation [22]:

ﬁsize = /\X—ray/(D<V> cos ©), (4.8)

where D, refers to the volume averaged coherently scattering domain size. This
means that a particular grain or even a particular crystallite can contain several
domains if the periodicity of the three-dimensional arrangement of atoms is inter-
rupted by, for instance, stacking faults and dislocations. So, size broadening is caused
by imperfections and, in principle, ranges between the limit cases “fully crystalline”
(i.e. completely coherent) and “amorphous” (completely incoherent). That is why the
domain size cannot be directly related to the grain or crystallite size, respectively. The
domain size obtained from Equation 4.8 does deliver a volume-weighted mean value
because the columnar lengths being probed in a crystallite depends on both its shape
and orientation. In addition, the resolution limit of a laboratory XRD device normally
restricts the detectable broadening 8 _to D_ < 100 nm because larger domain sizes
do not contribute significantly to incoherent scattering. The broadening 8, . induced
by microstrain is extracted by the Wilson equation [23]:

ﬁstrain =4etan @, (4.9)

where € is treated as the volume averaged microstrain derived from the basic defini-
tion of the strain

e=Ad/d. (4.10)

In contrast to the macrostrain, the microstrain emerges from a non-uniform stress
field caused by lattice defects, chemical heterogeneities, or lattice mismatch at phase
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boundaries. Although the sources for microstrain may also affect the domain size, as
they control the periodicity, the different broadening effects can be separated in terms
of the different angular dependency (cf. Equations 4.8 and 4.9) as well as by the fact
that, in contrast to strain broadening, size effects are independent of the order of a
reflection.

A graphical separation of size and strain effects is given by the Williamson-Hall
analysis (WHA) [24], involving the equations from Scherrer and Wilson (Equations
4.8 and 4.9). The WHA relies on the broadening of each individual I''¥ (Equation 4.3)
and its conversion to integral breadths using the pseudo-Voigt function (Equation
4.5) with mixing parameter 7 obtained from the profile fit. The sample broadening is
corrected for the instrumental broadening using the approximation [25].

Bsampte = (ﬁzzozal - ﬁiRD)/ Brotal- (4.11)

The instrumental resolution determined by measuring standard reference material
(SRM) LaB, at exact same conditions as the sample to be investigated is obtained
for 20 positions at which the SRM does show reflections and can be interpolated for
(sample) specific diffraction angles located within the recorded 20 range of the SRM
(Fig. 4.6).

Each individual integral peak breadth of the sample being analyzed is corrected
for finite instrumental resolution at the respective 20 position by the approximation
given in Equation 4.11, and assuming that the corrected sample broadening repre-
sents the sum of size and strain effects of the sample, it can be written as

ﬁsample = /jsize + ﬁstrain = AX—ray/(D<V> Cos ©) + 4etan ©. (4.12)
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Fig. 4.6: Instrumental broadening B in dependence of diffraction angle 26 as obtained from whole
pattern decomposition of SRM LaB, diffraction data using pseudo-Voigt profile function (Equation 4.5).
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Fig. 4.7: Williamson-Hall plot of a thin polycrystalline molybdenum layer as used as back contact
in solar cells. The slope of the plot (black and red line) directly delivers the microstrain while the
domain size can be deduced from the y-intercept (black and blue line).

Rearranging Equation 4.12 to the linear equation

ﬁsample Cos® =¢-4sin® + /\X—ray/D< V> (4.13)

leads to a separation between strain and size, where the mean strain € is equal to the
slope and the volume-averaged domain size is obtained from the ordinate intercept y,.
In Fig. 4.7, the result of such a WHA is exemplarily shown for a molybdenum back elec-
trode (black symbols/line). Basically, it is sufficient to only plot Bampre Since it already
provides the microstructure information, that is, microstrain = m (slope) ~ 0.008%,
and D, = Ay, = 1.54056 A/0.01255 =~ 123 A, but the beauty of a WHP is related to the
graphical separation of strain (red symbols/line in Fig. 4.7) and size (blue symbols/line
in Fig. 4.7) contribution, respectively.

However, the aforementioned routines of analyzing microstructural effects aim
to provide an example of how XRD data can be treated such that additional informa-
tion from a crystalline sample is extracted, and it is not meant to be detailed in any
aspect. The approximation chosen to analyze size and strain effects has to be appro-
priate for the given conditions and, in accord with a careful interpretation, might be
adapted to further enhance the reliability. So, it has to be kept in mind that micro-
structural analysis can be tricky, in particular in terms of meaningfully interpreting
size and strain effects, as it can be difficult to separate them unambiguously from
each other. Also, even for an exact same sample, the comparability of microstructure
information obtained by different setups or other approaches is likely restricted to
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qualitative evaluations, although it should result in similar trends. Depth-resolved
information extracted by microstructure analysis are best interpreted in conjunction
with SEM imaging, either including EDX or compositional depth profiles from glow
discharge optical emission spectroscopy (GDOES). For more comprehensive insights
into the microstructure analysis, the reader is referred to literature both presenting
the various approaches as well as going further into a detailed mathematical and
physical discussion about the effects having impact on the peak profile (e.g. [26, 27]).

4.2.2.1 Influence of sodium and process temperature on microstructure
of ClSe thin film absorber layers

Absorber layers in thin film solar cells are the centerpiece among all the other func-
tional layers building up solar cell devices. While metallic molybdenum is already
well established as back electrode, much effort is still put into the search of alter-
native buffer layer materials in order to substitute highly toxic CdS. Also, the band
alignment at the CdS-absorber heterointerface fits better only to a certain solid
solution between CulnSe, and CuGaSe, (CIGSe) but is rather unfavorable for other
compositions or different absorber materials like kesterites, where the p-n interface
commonly shows “cliff”-type behavior [28-30]. This kind of interface enhances the
recombination of charge carriers and therefore may drastically deteriorates the per-
formance of the solar cell. Despite those efforts aiming to optimize the properties of
the heterojunction interface, the key for improving the performance of solar cells is
closely connected to a comprehensive understanding of the functionality of the light
absorbing layer. However, there is still a considerable lack of understanding which
occasionally results in breakthroughs being rather based on fortunate coincidence.
By chance, it was found that sodium diffusing from the soda lime glass substrate into
the CIGSe absorber layer during thermal treatment significantly improved solar cell
performance [31]. Since then, the CIGSe absorber is intentionally doped with sodium,
and recently, the possible benefit of other alkali metals (e.g. K, Rb) are intensively
studied as well (e.g. [4, 32]). Intentional doping of the absorber layer implies control
of the amount of dopants being incorporated. Therefore, the thermally triggered dif-
fusion of sodium from the glass substrate is inhibited by a chromium barrier layer;
instead, sodium is supplied either prior to the absorber process using a thin precur-
sor layer of NaF or after the absorber layer deposition by evaporation of NaF onto
the absorber (post-deposition treatment). The impact of sodium as well as different
process temperatures on microstructure was investigated on two Cu-poor (0.83 < Cu/
In < 0.97) CulnSe, (CISe) thin film sample series produced by a three-stage co-evapora-
tion process. During the first stage, In and Se are evaporated on a molybdenum-coated
soda lime glass (SLG) at a substrate temperature of T, = 330°C. In the second stage, Cu
and Se are evaporated onto the In-Se layer at various temperatures T, > T, to react with
the In-Se layer and form CISe. At the end of the second stage, the composition passes
the stoichiometric point (SP) toward Cu-rich conditions (i.e. Cu/In > 1). This Cu-rich
phase plays an important role in the formation of larger crystals and the annihilation
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of structural defects [33]. In the third stage, In and Se are again evaporated at T, to
retrogradely cross the stoichiometric point to Cu-poor composition (Fig. 4.8). In this
stage, a recrystallization of the CISe layer takes place.
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Fig. 4.8: Schematic of the three-stage co-evaporation process.

The two sample series studied are divided into five CISe thin films each, either
equipped with a 12 nm NaF precursor layer or without NaF at all. The NaF precursor is
deposited on the Mo back contact, prior to absorber deposition. After the three-stage
co-evaporation process, the thickness of the absorber layer typically ranges between
1.5 and 2 um, meaning that grazing incidence angles up to 5° are normally sufficient
to probe the absorber layer across its entire thickness.

As microstrains emanate from lattice imperfections, which in turn also limit the
coherent domain size, the depth-resolved quantification of the microstrain can be
a complementary tool to spatially infer the behavior of charge carriers. In case the
concentration of lattice defects exceeds a certain value or the domain sizes are too
small, the amount of recombination centers leading to a reduction in photocurrent
may increases to an unacceptably high level. This is of particular interest for the vicin-
ity of the heterojunctions where recombination is probably the most critical param-
eter. In addition, an assessment of the overall absorber quality can be carried out. In
general, higher substrate temperatures promote lower microstrains during the growth
process of the absorber layer since the recrystallization becomes more enhanced. The
substrate temperature, however, cannot be increased arbitrarily for the purpose of
good crystallinity. Rather, it has to be a compromise between high crystal quality and
substrate temperatures being as low as possible, such that the energy consumption
in the course of the absorber growth process is minimized and phase transitions of
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the substrate material is avoided. The compositional depth profile of the CISe thin
film absorber layer after the three-stage co-evaporation process has been obtained by
glow discharge optical emission spectroscopy (GDOES) and is shown in Fig. 4.9.

concentration

depth

Fig. 4.9: GDOES graph of a CISe thin film without NaF precursor. Apart from the depletion in Cu and
enrichment in In at the surface, the composition throughout the absorber is highly homogeneous.

The incorporation of dopants like sodium does have a huge influence on the micro-
structure (e.g. [34]). Figure 4.10 shows the compiled results obtained for microstrain
and lattice parameters of CISe thin films in dependence of the process tempera-
ture (T,) and whether or not a NaF precursor layer was employed. The impact of the
process temperature on microstrain can be clearly seen for either series. However, the
microstrain values of the samples being not equipped with a NaF precursor layer do
not show strong variations with temperature and the progression of the microstrain
across the absorber is comparable as the bulk is characterized by lower microstrains
than the interfacial regions. Higher microstrains at the surface coincide with a zone
being depleted in Cu, which is commonly observed in the uppermost part because Cu
is consumed during the superficial formation of secondary Cu phases. The secondary
phases, having formed on top the absorber, are removed by etching, leaving behind an
absorber surface showing a declining Cu content (cf. Fig. 4.9). Toward the remarkably
homogeneous bulk composition, the microstrain decreases and then increases again
once the back interface region is reached. The reason for the re-increase is usually
connected with the change in the structural environment when the CISe absorber gets
in mutual contact with the Mo layer where the resulting lattice mismatch between
CISe and Mo introduces microstrains too. This lattice mismatch is also reflected by
distinct changes in lattice parameters between the incidence angles 4° and 5° in
Fig. 4.9. While in samples without NaF precursor this change is mainly restricted to
lattice parameter c (here c/2 is used for better comparability with a), the incorporation
of Na strongly alters both lattice parameter a and ¢ not only at the back interface but
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also at the surface. Sodium does have a strong affinity to occupy the vacant Cu (V)
positions [35] in the crystal structure, and therefore, the Cu-depleted surface also
shows major lattice parameter changes and a different microstrain behavior. The
diffusion of sodium from the back interface through the absorber strongly depends
on the process temperature (Tz). At lower temperatures, the diffusion of sodium is
more sluggish and the spread is more pronounced within the bulk, causing higher
overall microstrains. As T, increases to 525°C, sodium is more diffusively driven to
sites being more favorable for accommodating sodium. Thus, the trend and amount of
microstrain are comparable with its analogue without NaF precursor, by, microstrain
drops again toward the surface (Fig. 4.10).
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Fig. 4.10: Comparison of the results extracted by the microstructure analysis of CISe thin film
absorber layers grown at different temperatures without (left) and with (right) NaF precursor.

The impact on the domain size cannot be fathomed by this method, no matter which
configuration (with or without NaF precursor) was investigated. The reason for the
incapability in determining the domain size relies on the resolution of conventional
X-ray diffractometers, setting the limit of detectable domain sizes around 100 nm
and below. However, in SEM, for instance, the effect of sodium on grain growth can
be readily observed, as it hinders the growth of larger grains (e.g. [36]). The benefi-
cial influence of sodium is the passivation of grain boundary defects, thus reducing
recombination events [37].
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4.2.2.2 Microstructural response to different NaF precursor thicknesses
and Cu/In ratios in CISe thin film absorber layers

This study was conducted to evaluate the influence of dissimilar NaF precursor thick-
nesses as well as different compositions on microstructural features of CISe thin film
absorber layers. The investigated samples were produced by the three-stage co-evap-
oration process described above. Although two important differences to the standard
process were made: First, the substrate temperature during second stage was signifi-
cantly lower (T = 370+20°C). Furthermore, the process was interrupted at three different
points in time. Thereby, three series were prepared having a Cu-rich (1.22 < Cu/In < 1.26),
slightly Cu-rich (1.06 < Cu/In < 1.09), and Cu-poor (0.88 < Cu/In < 0.93) integral composi-
tion, respectively. The preparation process of the Cu-rich samples was stopped beyond
the first stoichiometric point at the end of second stage and the process of the Cu-poor
samples prior to the first stoichiometric point during second stage. Solely, the slightly
Cu-rich samples partly underwent the third stage, but the process was interrupted
before the samples passed the second stoichiometric point (cf. Fig. 4.8), hence, still
retaining their Cu-surplus. Each series consists of seven samples with a distinct sodium
content, which was controlled by varying the thickness of a NaF precursor layer (0, 1,
2, 3, 4, 6 and 12 nm) between the Mo back contact and the absorber. The NaF layer was
thermally evaporated onto the Mo back contact prior to the CISe evaporation process.
To inhibit the diffusion of Na from the soda lime glass substrate into the absorber, a SiN
layer between the soda lime glass substrate and the Mo back contact was used.

The absorber layers were pre-characterization by GDOES in order to establish the
cross-sectional element distribution. Fig. 4.11 shows the GDOES depth profile of each
of the CISe sample equipped with 6-nm NaF precursor. The low process temperature,
in particular T,, is responsible for the poorer homogenization (cf. Fig. 4.8) and likely
limits recrystallization significantly. The spike of the Cu concentration (red) at the
surface and the simultaneous dent in the In content (blue) indicate the existence of
Cu-Se phases at the absorber surface of the two-stage samples. On the contrary, Cu
content decreases toward the back interface, whereas In and Se content increases
concurrently. The low process temperature also causes Na to be remain more con-
centrated in the region of the NaF precursor layer between the absorber and the back
contact. Information on the thickness of the CISe layer can be deduced from the onset
of the Mo signal at about 1.5 um (Fig. 4.11).

The phase content in dependence of the absorber depth has been investigated
by GIXRD. In agreement with the results obtained from GDOES measurements, inten-
sities of diffraction peaks emanating from Cu-Se phases (Cu,Se, Cu,Se,) are highest
at low incidence angles (i.e. w = 0.5°), and diminish or even vanish at higher inci-
dence angles (i.e. w = 5°). In Fig. 4.12, the most striking differences regarding spatially
varying content of Cu-Se phases are indicated by red arrows. Peaks being framed in
blue are from the Mo back contact, which start to appear only at higher incidence
angles. The feature framed in cyan (20 ~ 26°, w = 5°) arises from planar defects in CISe,
which are commonly observed in break-off CISe absorbers. For more details on planar
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Fig. 4.11: GDOES results of CISe absorbers with 6 nm NaF precursor (left: two-stage Cu-poor, middle:
three-stage slightly Cu-rich, right: two-stage Cu-rich). The Na concentration (yellow line) is not to
scale. Data and graphs are attributed to Helena Stange, Helmholtz-Zentrum Berlin (HZB).

defects and their analysis in this kind of CISe absorber layers, the reader is referred
to Stange et al. [38]. The segregation of secondary phases at the surface of the Cu-rich
absorbers can be attributed to the break-off of the three-stage co-evaporation process
after the second stage. In the standard process, the evaporation of In and Se during
the third stage has this very purpose: to dissolve Cu-Se phases and to form CulnSe,
[39]. The amount of secondary Cu-Se phases in the Cu-rich samples was significantly
higher compared to the Cu-poor samples, but Cu-Se phases were still present in the
Cu-poor samples. This is due to the low temperatures in the second stage decelerating
the formation of the CISe phase and also due to effects caused by the presence of Na
as it has been found experimentally by Rudmann et al. [40] and theoretically modeled
by Oikkonen et al. [41] that Na impedes the diffusion of Cu and In during the for-
mation of Cu poor CISe absorbers at low temperatures. Oikkonen et al. ascribed this
effect mainly to Na occupying Cu vacancies in the CISe lattice. The results obtained
for the samples presented here, in fact, support the finding that sodium hinders the
formation of CISe, since the amount of secondary phases increases with increasing
sodium content. It is remarkable that the Cu-poor 0-nm NaF precursor sample is the
only sample showing virtually no secondary phases in neither GDOES nor GIXRD
data, thus indicating the important influence of Na on hindering the Cu diffusion in
Cu-poor CISe samples at low temperatures. However, the question remains why no
indium-rich phases (e.g. In,Se,, CuInSSeB) were detected by the GIXRD measurements,
as could be expected for stoichiometric reasons for overall Cu-poor absorbers with
superficially segregated Cu-Se phases and decreasing Cu/In toward the back contact.
Possible explanations are that the indium-rich phase is either too thin to produce
visible diffraction intensities or that no secondary phase is present but solely very
Cu-poor CISe, with a high density of copper vacancies.

The microstructure and unit cell metrics of the CISe absorbers are heavily affected
by the Cu/In ratio as the cation ratio determines both the amount of available struc-
tural sites tolerating sodium as well as the mode of element distribution and ordering.
In the chalcopyrite-type structure, sodium more likely occupies the vacant Cu position
(Na,, antisite) and, less probable, interstitial positions (Na,) [41]. Sodium also strongly
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Fig. 4.12: GIXRD patterns of a Cu-poor CISe thin film with 6-nm NaF precursor recorded at different
incidence angles to extract information from different depth levels of the absorber layer. The red
arrows mark the peaks of the secondary phases. Peaks of secondary phases have higher intensities
at w = 0.5° (lower pattern). Note the increasing shoulder left of the main peak (8 = 26°) marked by a
cyan rectangle. This is due to stacking faults as explained in a recent paper by Stange et al. [38]. The
peaks framed by blue rectangles are caused by the Mo backcontact. The 5°-pattern is plotted with an
y-offset of 1500 counts/s.

modifies the grain growth and interdiffusion of metal ions (i.e. Cu*, In**) [42]. Further-
more, it was found that Na preferentially segregates in the vicinity of grain bounda-
ries with rather little amounts being in the interior of the grains [43, 44]. Of course,
this difference in Na concentration cannot be resolved by XRD, as it provides vol-
ume-averaged information while other techniques do provide higher resolution and
visualization (e.g. [45, 46]). However, the behavior of lattice parameters can give val-
uable insights into the structural responses mediated by the incorporation of sodium.
Fig. 4.13 depicts the results with respect to microstrain and lattice parameters for the
three CISe sample series. Irrespective of the Cu/In ratio, the break-off samples are more
susceptible to changes in unit cell metrics when different NaF precursor thicknesses are
used and process temperature is low. Omission of the third stage of the co-evaporation
process causes a larger number of remaining structural defects, as two stages are not
sufficient to adequately recrystallize the CISe absorber. As a result, the amount of sec-
ondary phases is higher and the overall bulk quality and the chemical homogeneity
are reduced while the impact of Na is enhanced. This is reflected by stronger varia-
tions in microstrains and lattice parameters in dependence of the NaF precursor supply,
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likewise for Cu-poor and Cu-rich samples being interrupted during second stage. On the
other hand, lattice parameters of the three-stage slightly Cu-rich sample series does not
vary much with changing NaF precursor thickness, indicating that structural modifica-
tions triggered by Na during the growth of CISe are, at least to some extent, revoked by
enhanced recrystallization. Larger grains result in reduction of grain boundaries per
volume. Taking into account the preference of Na to be concentrated in grain boundary
regions the volume-averaged lattice parameters will be less altered by Na and overall
microstrains will be lower (Fig. 4.13, middle). However, in consideration of the larger
ionic radius of Na* compared to Cu* and In*, it remains enigmatic why unit cell volumes
progressively shrink when NaF precursor thickness increases. In the study presented
above (cf. e.g. Fig. 4.10), in fact, the employment of a NaF precursor layer generally led
to an increase in lattice parameter a and to a decrease in lattice parameter c, causing the
tetragonal deformation (not shown) to be closer to one. This possibly means that inter-
diffusion and disordering in the CISe lattice is much more enhanced when a complete
three-stage co-evaporation process is performed.
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Fig. 4.13: Overview of the results for microstrains and lattice parameters of the three CISe sample
series. Both the two-stage Cu-poor samples (left) and the two-stage Cu-rich samples (right) are
more off-stoichiometric and inherently contain higher defect concentrations, making the enhanced
accommodation of Na in the ClSe lattice possible. The three-stage slightly Cu-rich samples (middle)
are less vulnerable to changes in lattice parameters because of the progressive annihilation of
lattice defects during the third stage.

4.2.2.3 Impact of absorber process conditions and substrate material

on microstructure of CZTSe thin film absorber layers
Like in CIGSe solar cell absorber layers, the influence of alkali metals on grain growth
and, finally, photovoltaic performance is currently also investigated for kesterite
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(CZTSe)-based solar cells [47-51]. However, CZTSe is an emerging technology that is
still struggling with various issues of more basic nature. First of all, the quaternary
system is more complex and thus way more challenging in terms of phase purity,
phase stability as well as structural features. Therefore, the fabrication of kester-
ite-type absorbers is commonly accompanied by the formation of secondary phases.
This is normally also the case for chalcopyrite-type absorber since the composition is
always off-stoichiometric. However, chalcopyrites tend to form superficial segrega-
tions of Cu-Se which can be readily removed by etchants while kesterites are prone to
form not only several secondary phases basically comprising its binary components,
but a larger amount is located throughout the entire absorber layer. Segregations of
secondary phases on top of the CZTSe absorber layer can be likewise removed, but
often, there are agglomerations of secondary phases within the bulk as well as seg-
regations at the back interface which remain inaccessible. In general, this leads to a
more heterogeneous and poorer bulk quality and considerably contributes to losses
in photocurrent. Another issue arises from the decomposition of CZTSe into its binary
components during the thermal treatment when being in contact with the metallic
molybdenum back electrode. This decomposition reaction next to the molybdenum
back contact releases selenium which commonly results in the pervasive formation of
a thick MoSe, layer between CZTSe absorber and Mo back contact [52]:

2Cu,ZnSnSe, — 2Cu,Se + 2ZnSe + 2SnSe + Se, (4.13)
Mo + Se, — MoSe, (4.14)

Another issue arises from the disorder of Cu* and Zn? among the 2c and 2d struc-
tural sites, leading to spatial band gap fluctuations which presumably contribute
critically to the V__deficit [53]. The amount of Cu-Zn disorder depends on the extent
of off-stoichiometry and yet more on the cooling history of the kesterite-type com-
pound (e.g. [13]).

The study presented here is dealing with four CZTSe thin film absorber samples
prepared by a direct current magnetron sputtering process (DC-Sp) of metallic pre-
cursors and a subsequent annealing in selenium atmosphere. The DC-Sp process
is physical vapor deposition (PVD), where atoms are ejected (i.e. sputtered) from a
target by ion bombardment and eventually condense onto a substrate. The ions are
generated by glow discharge when the electrical potential AU applied between two
electrodes is sufficient to establish an electric current. By collisions of the charge
carriers (electrons) with the sputtering gas, the gas atoms are ionized. The resulting
cascade of secondary electrons then maintains and amplifies the plasma. However,
if the trajectory of the electrons is only determined by collisional deflections and the
electric field, such a configuration simply results in a closed circuit (i.e. diode), finally
counteracting the potential. That is why the plasma has to be confined by a mag-
netic field which additionally increases the probability of ionization events resulting
in denser plasma in the vicinity of the target [54]. In order to avoid contamination
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issues of the deposited film, inert gases are used [54, 55]. The CZTSe absorbers were
sputtered on different substrate materials already coated with a molybdenum back
contact by using argon plasma. As substrate materials, stainless steel (austenitic, fer-
ritic) and soda lime glass were used. In case of austenitic and ferritic steel substrates,
a chromium barrier layer was deployed between the substrate and the back contact
to preclude the diffusion of iron and other contaminants into the back contact. For
any substrate material, a thin (~10-nm) ZnO layer deposited onto the back contact has
also been employed in order to prevent the decomposition of CZTSe in mutual contact
with metallic Mo and to reduce the lattice mismatch between the CZTSe absorber and
the Mo back contact [55]. The metals contained in kesterite were supplied by corre-
sponding targets and were deposited sequentially at ambient temperature. In this
first stage, the sputtering sequence of the metals is Cu/Sn/Cu/Zn. In the second stage,
the metallic stack is treated by a reactive annealing process under selenium atmos-
phere, thereby CZTSe absorber layer starts to form [55]. The final integral composi-
tion of the grown thin film (CZTSe and secondary phases) is located in the Cu-poor
(0.75 < Cu/(Zn+Sn) < 0.81) and Zn-rich (1.14 < Zn/Sn < 1.25) regime, as it delivers the
best performing solar cells. The superficial formation of ZnSe and CuSe secondary
phases was removed by etching using KMnO,+Na_S [55]. So, the kesterite absorber is
supposed to represent the uppermost layer of the thin film samples, which ensures an
analysis being not interfered by overlying phases.

GIXRD patterns were recorded for each of the four CZTSe thin film samples using
various incidence angles of the primary beam for depth-resolved characterization
(Fig. 4.14, left). Every diffraction pattern show distinct features typical for different
absorber depths. At low incidence angles, the irradiated sample volume is smallest;
thus, intensities are lower. Toward higher incidence angles, the 110 and 211 reflections
of the Mo back contact appears at about 40.5° and 73.7° diffraction angles, respec-
tively. Another feature also visible at higher incidence angles is a broad peak at about
32° 26, which is attributable to 100/101 Bragg peaks of MoSe,, meaning the formation
of this phase has occurred despite using ZnO intermediate layer. Although there is no
hint on CZTSe having decomposed, the formation of MoSe, is likely promoted during
reactive annealing treatment under Se atmosphere. Fig. 4.14 (right) shows the results
obtained for microstructure and lattice parameters. In general, the progression of
microstrain through the absorber is comparable with those observed for CISe thin
films, yet more distinctive. Both interface regions are characterized by higher micro-
strains while microstrain drops toward the mid-region. GDOES measurements dem-
onstrated that the surface region is considerably depleted in Cu and slightly depleted
in Zn, which were partly consumed upon the formation of CuSe and ZnSe secondary
phases at the surface. The increase in microstrain is due to lattice mismatch between
CZTSe absorber and ZnO intermediate layer, which is in part altered by the Mo lattice
underneath. This distortional lattice mismatch is also evident from the behavior of
lattice parameters between 4° and 5° incidence angles, that is, near the back interface
(Fig. 4.14, bottom right). The important role of process temperature with respect to
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microstrain can be seen when comparing the microstrains between those samples
being likewise deposited onto austenitic steel substrates (denoted as a-steel in
Fig. 4.14) since microstrains are significantly higher if the CZTSe sample has been
annealed at only 450°C in a one-step process. The ferritic steel substrate (denoted
as f-steel in Fig. 4.14) promotes somewhat lower microstrains compared to austenitic
steel under very same conditions (i.e. 550°C, two annealing steps). The overall lowest
microstrains are observed when using the soda lime glass substrate. Apart from the
expected increase in microstrain at each interface region, the bulk absorber exhibits
constantly low microstrains and lattice parameters change monotonously until the
back interface is approached.
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Fig. 4.14: Three-dimensional plot of GIXRD patterns recorded for the CZTSe sample on glass sub-
strate (left). The amount of microstrain (upper right) and lattice parameters (lower right) is influ-
enced by the substrate material being used (i.e. differential thermal expansion coefficients) as well
as the process parameters.

Microstrains of the CZTSe absorber deposited on soda lime glass substrate have also
been depicted by an “idealized” Williamson-Hall plot (Fig. 4.15, left). Domain sizes
could not be detected; hence, all graphs meet at the origin of coordinates while the
microstrain related to the different incidence angles measured is given by the slope
of each graph (cf. Fig. 4.7 and Equation 4.13). Fig. 4.15 (right) compiles the results
for microstrains and lattice parameters of the CZTSe absorber sample on soda lime
glass. As aforementioned, the increased microstrain at the surface is a consequence
of the larger amount of lattice defects introduced by declining Cu and Zn concentra-
tion. On the other hand, microstrain in the vicinity of the back interface is basically
controlled by yet another mechanism. Distortional lattice mismatch and general
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interface properties do play a key role in affecting microstructure at the bottom part
of the absorber, but element concentrations normally also changes toward the back
interface.
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Fig. 4.15: (Left) Microstrains obtained using TCH-pV profile function as they would look in a William-
son-Hall plot. The microstrain can be directly inferred by calculating the slope. Domain sizes are
given by the y-intersect (here equal to zero because domain sizes are too large and therefore inac-
cessible). (Right) The same microstrain values plotted together with lattice parameters vs. incidence
angle (sample depth).

4.3 Summary

The three studies exemplarily presented in this chapter demonstrate the potential of
microstructure analysis. Research aiming at improved power conversion efficiencies
in solar cell devices requires the adjustment of plenty of parameters interacting among
each other, until the best configuration is found. Unfortunately, the recipe providing
the best overall conditions and that leads to optimal exploitation of solar energy is
not obvious in any case. Normally, breakthroughs in solar cell device performance
are due to coincidence and trial and error. Nowadays, however, extensive empirical
experiences have already been made, and using the concept of trial and error seems
to be not sufficient anymore. Therefore, theoretical considerations, device modeling
and simulation as well as ab initio calculations became much more essential tools
within the scope of systematically exploring properties and setups being beneficial
for solar cell performance. However, the actual effect of the various approaches, in
particular their repercussion on specific solar cell parameters, remains very complex.
The microstructure analysis of functional layers building up thin film solar cells does
help to fundamentally understand the impact of different process adjustments being
applied on very small scales, which ultimately can be assembled to a general view. In
addition to XRD, microstructural features can also be examined on different length
scales using other techniques like electron backscatter diffraction (EBSD), Raman
microspectroscopy, and high-resolution scanning transmission electron microscopy
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(HR-STEM), allowing for detailed mappings of microstrain distribution [45] as well as
comprehensive studies with respect to electronic properties [46].
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5 Surface-engineered silica via plasma polymer
deposition

5.1 Plasma polymerization

Silica, in its various crystallographic modifications, is one of the most abundant
mineral in the earth’s crust and on the surface. In the form of quartz sand and sand
stone, it is widely used in construction for millennia. In modern times, the applica-
tion of quartz sand is also considered for innovative technologies, for example as raw
material for the fabrication of silicon used for semiconductors and as simple quartz
sand in energy storage systems for capturing solar energy [1]. Silica is also manufac-
tured in vast quantities as amorphous silica or silica gel and used in a range of appli-
cations, such as addition to elastomers to increase their strength and durability, in
paints and coatings for its white color and also to increase the scratch resistivity of the
coatings, as absorbents for chromatography and de-humidifier, in water treatment
and food processing, and many more applications [2]. Often, silica gel is applied in a
surface functionalized form that allows to change the surface charge of the particles
or to trigger specific chemical reactions on the surface to bond the silica particles
to specific compounds. Surface functionalization can be achieved through various
techniques, such as by using silanes with specific moieties [3], or polymers deposited
through wet chemistry approaches or by using plasma polymerization.

It is well documented that surfaces exposed to low-pressure glow discharges of
organic vapors are coated with a solid polymer film. This phenomenon is now known
as “plasma polymerization” [4]. Goodman used a plasma polymer film in parts of
nuclear batteries in 1960 [5]. Since then, plasma polymerization has been employed
for a large number of applications, and significant research was conducted in the
synthesis, application, and characterization of plasma polymer films [6-12].

Surface modification through plasma polymerization provides a number of advan-
tages. Plasma polymerization is a substrate-independent process by which polymer
films can be deposited onto almost all solid materials including metals, ceramics, pol-
ymers, and even low-cost natural materials. The selection of such substrates is inde-
pendent of their shape, surface chemistry, and geometry [8]. Plasma polymer films
only influence the surface of a substrate without altering the bulk properties [13-17].
Plasma polymerization is also a solvent-free and environmentally friendly process pro-
ducing virtually no waste. Plasma polymer films are chemically and physically stable,
homogeneous, void-free, highly cross-linked, and often highly adherent to the sub-
strate [18, 19]. Such unique properties of plasma polymer films have led to their exten-
sive applications in the production of biocompatible [20, 21], anti-bacterial [22, 23],
adhesive [24], super-hydrophobic [25, 26], anti-fouling [6], and barrier coatings [27, 28].

https://doi.org/10.1515/9783110497342-005
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Figure 5.1 shows a schematic drawing of a rotary plasma generator which was exten-
sively used for the preparation of plasma polymer films on silica particles as described
below. The 13.56-MHz RF reactor was usually run at various RF power, chamber base
pressures, and flow rate of degassed monomers depending on the desired chemis-
try plasma polymer film. The chamber rotation speed during polymerization was
kept to 14 rpm.
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Fig. 5.1: Schematic illustration of a rotating plasma polymerization reactor.

5.2 Polymer plasma synthesis of amine-functionalized
silica particles

The efficiency of amine functionalization of silica particles for the removal of organic
contaminants and pathogens in water has been well demonstrated [29-33]. The use of
plasma polymer deposition techniques provides a synthesis method that uses much
less chemical ingredients such as commonly used 3-aminopropyl trimethoxysilane
[29-33] and is much more time efficient.

Plasma polymerization of allylamine has been demonstrated to be a success-
ful method for the formation of amine-functionalized quartz particles. Allylamine
plasma-polymerized films can be prepared within 60 minutes at 25 W of plasma
energy exhibiting a linear relationship between polymerization time and amine con-
centration and a homogeneous distribution of nitrogen species on quartz particles
(Fig. 5.2) [14].

X-ray photoelectron spectroscopy (XPS) surface elemental compositions
of uncoated and allylamine plasma polymer-coated silica particles are shown
in Fig. 5.3. It can be observed that with an increase in polymerization time, the
atomic concentrations of carbon and nitrogen increase, while those of oxygen and
silicon decrease. The atomic concentrations of carbon and nitrogen increase with
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polymerization time as more allylamine fragments are deposited on the surface.
Silicon and oxygen concentrations decrease with polymerization time as the
polymer layer gets thicker; thus, the signal from the underlying quartz particles is
obscured. Increasing the polymerization time past 45 minutes does not appear to
result in further modification of the atomic concentration of the particle surface.
For polymerization times of 45 and 60 minutes, silicon makes no contribution to
the surface atomic concentration. For a Mg K_ source, XPS has a silicon sampling
depth of 8.4 nm [34]. It can be therefore concluded that a polymerization time of
45 minutes results in a polymer layer that is at least 8.4 nm thick. Oxygen is often
present in the XPS spectra of plasma-polymerized surfaces either from residual
oxygen inside the plasma chamber or from post-deposition reactions with atmos-
pheric oxygen once samples are exposed to air [35].

Time of flight — secondary ion mass spectrometry (ToF-SIMS) studies also show
that the allylamine coating already occurs after ~5 minutes of polymerization, which
is followed by an increase of the thickness of the coating (Fig. 5.4) [14].

According to the linear increase of the amine concentration on the surface of the
particles, a steady shift of the isoelectric point (IEP) toward higher pH values can be

80
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40
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20
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Atomic concentration (%)

Fig. 5.3: XPS atomic survey concentrations of
0 20 40 60 allylamine coated quartz particles as a function
Polymerization time (minutes) of polymerization time.
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5 min

45 min. w2

Fig. 5.4: CN-ion maps from ToF-SIMS for uncoated and allylamine plasma-polymerized quartz
particles (scale bar: 100 pm). CN- species has been selected because it represents a tracer ion for
allylamine coating. Although a relatively uniform distribution of CN- species was observed for all
polymerization times, its density and thickness appear to increase with polymerization time.

observed (Fig. 5.5) [14]. Uncoated quartz particles have an IEP of 5.1 due to the surface
SiO- groups. Plasma polymerization for 5 minutes increases the IEP to 6.0. Increas-
ing the polymerization time further gradually increases the IEP, which reaches a
maximum of 7.5 for a polymerization time of 60 minutes. The chemistry of the amines
is dominated by the ability of the lone pair on the nitrogen atom to capture protons
forming NH_*-groups. This phenomenon is the reason for the positive charge of the
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Fig. 5.5: Zeta potential of uncoated and allylamine plasma-polymerized quartz particles as a function
of pH for various polymerization times.
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allylamine coated particles at pH values below ~7. Contrary to that, at pH values
above ~7, the hydrogen of the amines is sufficiently acidic to undergo deprotonation
forming negatively charged NH- -groups, explaining the negative surface charge of
the particles at such pH values.

5.3 Polymer plasma synthesis of sulfonate-functionalized
silica particles

Thiophene has been demonstrated to be a suitable precursor monomer for the forma-
tion of sulfur-functionalized silica particles via polymer plasma deposition. The use
of thiophene provides a versatile method for the functionalization of silica particles
with a range of different sulfur-containing moieties (Fig. 5.6).

Thiophene ((5_;,’-5 ) Air / oxygen
} Thiophene é é Airfoxygen }
plas
VAN R WAL T
substrate substrate
Plasma polymerisation Plasma oxidation

Fig. 5.6: Schematic drawing of the formation of a thiophene film and its subsequent oxidation via
either air or oxygen plasma treatment to form SO H moieties.

Plasma polymerization of thiophene for approximately 30 minutes results in the
deposition of a sulfur-rich coating on silica particles. The thickness of this plasma
polymer coating is expected to be at least 10 nm as indicated by the absence of silicon
signals in the XPS survey spectrum (Fig. 5.7) [33-35]. Even after short polymerization
times of only few minutes, sulfur signals can be detected on the surface of the silica
particles followed by a steady increase in sulfur concentration.

The spatial distribution of SH- counts for the uncoated and plasma-polymerized
thiophene (PPT) coated quartz silica particles are shown in Fig. 5.8. As observed,
no SH- counts were detected for the uncoated quartz silica particles, whereas an
abrupt increase of these counts was clearly visible after 2 minutes of polymeriza-
tion. Further increasing the polymerization time did not show any significant
increase of the distribution density of SH- ions. This may indicate that a homogene-
ous layer of PPT can be achieved after only ~2 minutes of polymerization and longer
polymerization times result in an increase of the thickness of the films as indicated
by the XPS analysis.

Planar silicon substrates were coated along with the silica particles and
were applied for thickness measurements using ellipsometry. The increase of the
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Atomic concentration (%)

0.5 1 2 5 10 20 30

Plasma polymerization time (minutes)

Uncoated

Fig. 5.7: XPS survey spectra atomic concentrations of uncoated and PPT-coated quartz silica
particles as a function of plasma polymerization time (plasma-specific energy = 0.08 kJ/cm?).
The disappearance of silicon at the polymerization time of 30 minutes indicates a film thickness
of more than 8.4 nm.

Uncoated

100 pm

100 pm

Fig. 5.8: SH-ion distribution maps from ToF-SIMS for
uncoated and PPT-coated silica particles (plasma-
specific energy = 0.08 kJ/cm?).

thiophene film thickness has again been demonstrated to be in linear dependency to
the polymerization time [36-38] (Fig. 5.9).

Plasma treatment of thiophene films via either air or oxygen plasmas can be
applied to transform the SH functionality provided by the thiophene film into SO H
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Fig. 5.9: Ellipsometry thicknesses of PPT coatings deposited onto planar silicon substrates as a
function of plasma polymerization time (plasma-specific energy = 0.08 kJ/cm3).

functionalities. Oxidation of polymers via oxidative plasmas is always accompanied
by a degree of ablation [36-38] (Fig. 5.10). The predominance of one of these two pro-
cesses over the other is predominately controlled by the processing parameters such as
chemistry of the gas, input specific energy, and treatment time [39]. The kinetic energy
of the ions arriving at the surface is highly dependent on external parameters of the
plasma polymerization process including the gas flow rate and input RF power [40].
The power-to-flow rate ratio (W/F), which shows the available energy per unit volume
of air/oxygen, directly correlates with the energy of ions attacking the surface [39].
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Fig. 5.10: Film thickness of PPT films treated by air or oxygen plasmas as a function of plasma-specific
energy (plasma treatment time = 2 minutes).
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The concentration of oxygen atoms at high input specific energies is considerably
lower for air plasma compared to oxygen plasma. Such a difference may be explained
by the higher oxidation kinetics of oxygen plasma which results in an immediate oxi-
dation of the ablated surface. As observed, by increasing the plasma-specific energy,
the thickness of the thiophene film decreases for both air and oxygen plasmas, thus
suggesting significant etching of the films. At W/F values greater than 0.45 kJ/cm’,
the etching of thiophene film becomes more significant. For example, the thickness
reduction of the film upon oxygen plasma treatment increases from less than 3% for
W/F = 0.06 kJ/cm? to more than 40% for W/F = 2.4 kJ/cm?>. It appears that at high W/F
ratios, the balance of oxidation and ablation processes tends more toward ablation.
Such behavior can be explained by a greater number of ions that possess sufficient
energy to etch the thiophene film before it becomes significantly oxidized.

The surface-incorporated sulfur-oxygen moieties can be identified via ToF-SIMS —
normalized negative counts shown in Fig. 5.11 [36-38]. It is observed that air/oxygen
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Fig. 5.11: Average normalized negative SIMS counts of sulfur-oxygen species from ToF-SIMS for PPT films
treated by (a) air and (b) oxygen (95% confidence intervals — N 2 9, plasma-specific energy = 0.24 kJ/cm?)
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plasma treatment of PPT film results in a significant decrease of thiol (SH) counts and
an increase in oxidized sulfur fragments. Consistent with XPS results, sulfur atoms
in untreated PPT film are mainly in the form of thiol (SH) and sulfoxide (SO) groups.
As expected, sulfur-containing functionalities at high oxidation states are not signif-
icantly observed for untreated PPT film. On the contrary, a significant contribution
of -SO (H) species is observed for air/oxygen plasma treated PPT films even at short
polymerization times. The main oxidized sulfur-containing species are at high oxida-
tion states that include SO,, S0,,SOH, SO,, and SO, H.

According to the increase of SO H groups on the surface of the silica particles,
a decrease of the IEP of the particles can be observed, which is due to the strong
deprotonation behavior of SO H moieties. Such strongly negatively charged surfaces
can be applied for the removal of metal cations from water. The use of silica particles
coated with oxidized thiophene films for the removal of copper and zinc from water
has recently been demonstrated [41].

Tab. 5.1: Maximum adsorption capacity, maximum removal efficiency, and optimum removal time for
plasma polymer-functionalized silica particles and a number of other copper and zinc adsorbents
reported in the literature [35].

Adsorbent Adsorbate Maximum Maximum Optimum Solution
adsorption removal removal pH
capacity efficiency time
(mg/g) (%)

Plasma polymer-functionalized Cu 25.0 >96.7 60 minutes 5.5

silica particles Zn 27.4 >96.7 60 minutes 5.5

Polyvinyl alcohol/EDTA resin Zn 38.6 ~75 90 minutes 5

Graphene oxide/Fe,O, composites Cu 18.3 ~55 10 hours 5.3

Aminated electrospun Cu ~24 ~60 12 hours 4

polyacrylonitrile microfiber

Aminated electrospun Cu ~36 ~90 12 hours 4

polyacrylonitrile nanofiber

Bentonite Zn ~20 ~80 6 hours 4

MnO,-coated magnetic Cu Not reported ~98 30 minutes 6.3

nanocomposites Zn ~80 30 minutes 6.3

Fly ash Zn Not reported ~98 3 hours 6

5.4 Plasma polymer synthesis of hydrophobic films on
silica particles

In recent years, functionalized hydrophobic materials have attracted considerable
interest as oil-removal agents. Plasma polymerization has been applied as a novel
method to develop hydrophobic and oleophilic particles for water purification.
Plasma-polymerized 1,7-octadiene (PPOD) was deposited onto silica particles [42].
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Fig. 5.12: (a) Average normalized negative SIMS counts of CH, Si, and O from ToF-SIMS for uncoated
and PPOD-coated silica particles (95% confidence intervals, N 2 9), (b) CH- ion distribution maps
from ToF-SIMS for uncoated and PPOD-coated silica particles indicating homogeneous PPOD films
after ~60 minutes of polymerization.
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It was shown that within ~60 minutes of polymerization, homogeneous films with a
thickness of approximately 10 nm can be prepared on silica particles (Fig. 5.12), result-
ing in significant enhancement of the hydrophobic character (Fig. 5.13).

Fig. 5.13: Environmental scanning electron microscopy (ESEM) images of (a) dry uncoated silica
particle, (b) wetted uncoated silica particle, (c) silica particle coated at 10 minutes, and (d) silica
particle coated at 60 minutes.
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Fig. 5.14: Oil removal efficiency for PPOD-coated particles as a function of removal time (Ci = 20 g/L,
particle mass = 40 g/L, plasma polymerization time = 45 minutes).
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The effectiveness of PPOD-coated particles for the removal of hydrophobic matter
from water was demonstrated by adsorption of motor oil, kerosene, and crude
oil [43]. The PPOD-coated particles have shown to have excellent oil removal effi-
ciency (Fig. 5.14). These particles were capable of removing 99.0-99.5% of high
viscosity motor oil in 10 minutes, while more than 99.5% of low-viscosity crude oil
and kerosene was adsorbed in less than 30 seconds. Plasma polymerization has
shown to be a promising approach to produce a new class of materials for fast, facile,
and efficient oil removal.

Tab. 5.2: Adsorption capacity, removal efficiency, and removal time for plasma polymer-coated silica
particles and a number of other oil adsorbents reported in the literature [37].

Absorbent Absorbate Adsorption Removal Removal time
capacity (g/g) efficiency (%)

Plasma polymer-coated Motor oil 0.33 >99 10 minutes
silica particles Crude oil 0.5 >99 15 seconds
Kerosene 0.5 >99 15 seconds
Tanned wastes Motor oil 5 98.6 10 minutes
Sugar cane bagasse Gasoline ~1.2 94.3 60 minutes
Perlite Natural petroleum- 0.27 91 100 minutes
contaminated water
Walnut shell Standard mineral oil 0.8 83 6 hours
lonic liquid treated yellow  Crude oil 0.6 Not reported 3 hours
horn shell
Macro-porous butyl rubber  Crude oil 23 Not reported 5 minutes
Magnetic macro-porous Diesel oil 56 Not reported 30 minutes

carbon nanotubes
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6 Crystallographic symmetry analysis in NiTi
shape memory alloys

6.1 Introduction

Shape memory alloys are fascinating materials which show a displacive phase trans-
formation from a paraelastic to a ferroelastic state [1-3]. The transition is diffusionless,
thermodynamically first-order, and involves a shear of the unit cell. In metallurgy, such
transitions are termed “martensitic”. If the volume change at the transition is sufficiently
small, the material does not suffer from irrecoverable (plastic) strains and a shape change
related to the phase transition and/or change in the transformation-twin-microstructure
related to the phase transition can be recovered. This is the shape memory effect. There
are two fundamental application modes of shape memory alloys [1-3]:

(i) Superelasticity or “pseudoelasticity”: Here the martensitic transition temper-
ature is below the application temperature, and in the absence of applied stresses,
the phase state of the material is that of the symmetric parent-structure (“austenite”).
The phase transition to the sheared derivative structure (“martensite”) occurs upon
the application of (non-isotropic) stress. Beyond the initial elastic regime, the strain
response to the applied stress is entirely related to the shear deformation associated
with the martensitic phase transition. When the stress is released, the stress-induced
martensite becomes thermodynamically unstable and the material regains the stable
austenite structure, while the original shape is recovered (Fig. 6.1).

(if) Shape memory or “pseudoplasticity”. Here the martensitic transition temper-
ature is above the application temperature, and in the absence of applied stresses the
phase state of the material is that of the distorted derivative structure (martensite).
In this state, the material has a twinned microstructure. The twin states are related
by symmetry elements of the austenite phase which are lost upon the phase tran-
sition to martensite. When polycrystalline material is cooled free of stress from the
symmetric austenite state to the martensite state, the twins will form an accommoda-
tion structure to minimize the overall shape change of the austenite grains within the
polycrystalline fabric. Upon the application of (non-isotropic) stress, the twin states
will adjust to the macroscopic strain by shifting the domain walls between the twins.
This “detwinning” mechanism produces the macroscopic strain. When the stress
is released, the material stays in the “detwinned” state, as the martensite phase is
thermodynamically stable and has little reason to transform in any way. However,
when the material is heated until the austenite becomes thermodynamically stable,
the twinning/detwinning-related macroscopic strains disappear upon transition to
austenite, and the original shape is recovered. By cooling without external stresses,

https://doi.org/10.1515/9783110497342-006

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



114 — 6 Crystallographic symmetry analysis in NiTi shape memory alloys

the material falls back into the original twinned martensite structure, keeping the
original shape (Fig. 6.1).

The binary alloy NiTi is a popular shape memory alloy used in engineering, as
it combines recoverable shape changes of up to 8% with high strength, high actua-
tor forces related to the martensitic phase change, excellent resistance to functional
fatigue, and a tunable martensitic transformation temperature as a function of the
Ni/Ti ratio [4]. The present chapter thus focuses on the B2 austenite to B19’ martensite
phase transition in NiTi.

Superelastic / supersiastic behavior :

w mariensiie! i behavior
w ———
a
=
&
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Fig. 6.1: Stress-strain and thermodynamic characteristics of superelasticity and shape memory.

The superelastic (top) and shape memory (bottom) stress-strain curves are related by the tempera-
ture axis. The three plots showing Landau isotherms (free energy density g vs. strain €) indicate the
thermodynamic aspects. The black free energy isotherm corresponds to the equilibrium transition
temperature (T,) in a stress-free situation. Austenite corresponds to the free energy minimum at

€=0; martensite corresponds to the free energy minima at é#0. Superelastic behaviour occurs on

an isotherm well above T, (e.g. here the yellow isotherm), where martensite is formed and stabilized
by applied stress (symbolized by the little white man pushing the system “up hill”). The martensite
formation leads to a shape-change and this martensite transforms back to austenite when the stress
is released. Pseudoplastic behaviour occurs at temperatures below 7, (e.g. here the red isotherm).
When cooling down from high temperature in stress-free situation below, equal amounts of symme-
try-equivalent martensite twin variants (minima at positive and negative €) are formed; application of
stress moves the system into one twin variant. The original twinned state is regained by heating well
above T, (here the blue isotherm) followed by cooling in stress-free situation.

Symmetry analysis of crystals had been the domain of mineralogists interested in classi-
fication and morphology of minerals, and later, from the advent of crystal structure anal-
ysis [5, 6] of crystallographers, who use symmetry as a tool to determine and describe a
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crystal structure with an appropriate minimum of free variables. With the exploitation
of ferroic, i.e. ferromagnetic, ferroelectric, and/or ferroelastic, substances as functional
materials which show strong responses to applied external fields, symmetry analysis of
the ferroic order parameters became an important tool to understand this functionality.
For these substances, typically, a high-symmetry parent phase exists (paramagnetic,
paraelectric, or paraelastic), from which a symmetry-breaking long-range correlation
develops in the crystal structure below a critical temperature (the Curie temperature). It
is the order parameter, i.e. the magnitude or amplitude of this correlation process, that
is conjugate to the external field and shows a characteristic temperature dependence of
its restoring force. In a famous article, Landau [7, 8] proposed a macroscopic thermody-
namic theory of phase transitions, which is based on the expression of the thermody-
namic potential as a power series expansion in terms of order parameter, temperature,
and field. The power of the Landau approach was not immediately recognized at the
time. First, the minimalistic approach of Landau, who concentrated on the generalities
of structural phase transitions rather than on details of any particular substance, failed
to explain quantitatively the ferromagnetic-order parameter behavior of many systems
known at the time. Second, many scientists are more satisfied to have an atomistic
explanation at hand for a process, rather than a macroscopic thermodynamic approach.
Many atomistic models have been developed to explain or predict the spontaneous
development of structural order and its macroscopic field and thermal dependence.
However, they usually relied on certain simplifications and specific assumptions about
each specific system to make them solvable. For example, Weiss [9], considering mag-
netic systems, and Bragg and Williams [10], considering ordering in a solid solution,
used a mean field concept to approximate the influence of the material’s structure on
the energy of a single spin (or atom) inside the structure. Their quantitative predictions
with this hybrid approach between macroscopic and atomistic concepts were of only
partial success either. The elegant Ising [11] model, which considers only two discrete
states for each atomistic site and coupling between nearest neighbors only, was finally
solved by Onsager [12] for the two-dimensional square lattice structure. It took almost
three decades until the so-called renormalization theory was developed by Wilson [13,
14], which essentially scales the mean field with the correlation length of the order
parameter, that a successful general theory of critical phenomena became available.
Although originally introduced by Landau [7, 8], it was not until Devonshire’s
[15-17] publications on ferroelectric BaTiO, that, what we call Landau theory today,
became widely recognized as a powerful empirical tool to look at structural phase
transitions in ferroic materials, and other systems, including minerals [18, 19].

6.2 Elementary Landau theory

Taking the thermodynamic approach of Landau theory in this chapter, we describe
the structural state of the system by an order parameter (or several order parameters
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if needed). The order parameter is zero in the parent phase and describes the ampli-
tude of the deviation of the structure of the derivative phase (here the martensite)
from that of the parent phase (here the austenite). In the thermodynamic sense
the order parameter Q is the derivative of the thermodynamic potential density
g with respect to the conjugate applied field of strength h (g = G/V, where G is the
Gibbs function and V is the volume of the system):

Landau’s fundamental assumption is that the thermodynamic potential can be
expressed as a power series expansion in Q. If it is sufficient to consider a single one-
dimensional order parameter, this would read

m
g:g0+z lanQ"’ (6.2)
n=1 n

where g, represents the free-energy density of the parent phase (paraphase) with Q= 0.
Further, according to Equation 1, we identify the coefficient of the first-order term
with the applied field strength: a, = —h. To model the occurrence of spontaneous order
in the absence of an external field below a critical temperature, Landau introduced
a temperature dependence in the very suitable most minimalistic way: by expanding
the leading term for h = —q, = 0, i.e. a,, in terms of temperature T as

a,=a(T-T)+... (6.3)

(similarly, other coefficients may be expanded, or the expansion may include
pressure- or composition-dependence of the coefficients a ). To discuss some funda-
mental concepts, let us assume that it is sufficient to consider terms up to n = 6 in
Equation 6.2, and that the system is symmetric with respect to Q such that g(Q) =
g(—Q). We thus arrive at:

1 1 1
g:go—hQ+§a202+Za4Q4+8a606+... (6.4)

Falk [20] discussed the free energy of shape memory alloys within the framework of
Equation 6.4. Shape memory metals belong to the ferroelastic class of materials. They
possess a high-symmetry phase, which is the stable state at high temperature, and
they develop a symmetry-breaking spontaneous shear-strain below a critical temper-
ature. Further, as a requirement for ferroic materials, the shear strain can be switched
between different “opposite” states. Correspondingly, Falk [20] identified the order
parameter Q with the symmetry-breaking (shear) strain, and Equation 4 allows two
“opposite” states, +Q and —Q. Moreover, the paraelastic-ferroelastic phase transition
is a first-order phase transition for all known shape memory systems. This means that
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all first-order derivatives of the free energy (such as order parameter, entropy, or elastic
strains) are discontinuous at the transition, as opposed to a second-order phase tran-
sition, where these derivatives vary continuously during the transition and the dis-
continuities are found in the second-order derivatives (such as heat capacity, thermal
expansion, etc.). In metallurgy, diffusionless, first-order paraelastic-ferroelastic phase
transitions are termed martensitic phase transitions in analogy to the cubic-tetragonal
phase transition from austenite (fcc iron) to martensite (bct iron). The requirement of a
discontinuous transition is also met by Equation 6.4 if a, is negative (see below). Note
that the highest-order coefficient, here a,, always needs to be positive such that the
free energy always increases for large |Q| and thus essentially forms a potential well.
The stable (or metastable) states of the system described by (6.4) are associated
with the equilibrium values (Q) for which the system is in a (local) minimum of the

thermodynamic potential:
og ) ( o’g )
=) =0, —=1 >0 (6.5)
<aQ T 0Q%* ),

In absence of a field, the requirements of Equation 6.5 are met by the following
two types of solutions: one solution describes the undistorted (“disordered”) high-
symmetry parent phase,

(Qpp = 0, (6:6)

whereas the other solution describes the two symmetry-equivalent but “opposite”
sheared (“ordered”) states of the low-symmetry derivative phase (ferrophase, fp):

1
_ 2 _ _
@, - +( a, + @ - 4aay(T - Ty) ) . )

2a

The temperature dependence resides in the coefficient of the quadratic term
as in (6.3).

If both the a, and a_ coefficients of the 4™-order and 6"-order terms in (6.4) are
positive, the system of equations describes a second-order phase transition with (Q)
evolving continuously to zero from lower temperatures up to T, which is the transi-
tion temperature in this case. If g, is negative (and a, positive), the system describes
a first-order phase transition occurring in equilibrium and in the absence of a field at
the transition temperature

2
3a,

16aag

T, = Ty + (6.8)

Equation 6.8 is found from the equivalence of the free energies of the two equilib-
rium states g((Q)pp) = g((Q)fp) at T,. This behavior can be seen from the free-energy
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isotherms (g vs. Q curves) plotted in Fig. 6.1 for a sequence of temperatures. If the
system is in equilibrium, the order parameter jumps between (Q)pp =0 and (Q)fp =
Q(T=T tr))fp at the transition temperature. This jump (AQ(T = T,)) is

(AQ) 71, = —jaa:. (6.9)

A second temperature, TMf, which is characteristic for this scenario, is the tempera-
ture up to which the martensitic (sheared) phase can exist in metastable form. It is the
temperature where the free-energy minimum at (Q) " becomes a saddle-point:

4a?
A= T+ ﬁ(Tt, - Ty). (6.10)

Tyr =T+ ——
Mf oF 16“616 3

Note that the lowest temperature at which the austenitic (unsheared) phase can exist
in metastable form is T,, where the minimum at (Q)pp = 0 turns into maximum for
temperatures lower than T, (Figs. 6.1 and 6.2).

The excess free-energy of the equilibrium ferrophase compared to the equilib-
rium paraphase in the field-free state is

(Ag(T)) = &(T, (Q)yp) — 8o(T)

= 2a(T = TN, + 7@y + 2@+ (6.11)

Around T=T,, this equation can be written as a power series expansion with leading terms:

3aa,(T-T,) o (T-T,)? 4d’ay(T-T,)
8 2a, 3a; o

(Ag(T)) = (6.12)

In a system with volume V the entropy reduction (excess entropy) associated with the

order parameter becomes

_ Voag(T)  La,
AS = - —=o s = V(O (6.13)

which, at the transition temperature, involves the entropy step

3aa,

AS, =V , 6.14
tr 8616 ( )
which corresponds to a latent heat of transition of
3aa,T,
AHy = TyASy, =V 2 . (6.15)

8ag
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Fig. 6.2: Order parameter behavior (a, b) and free-energy isotherms (c) as described by equations (6.4)-
(6.10) with the parameters a, = 0.08897 (J/ccm), T, = -16.35 K, a, = =159.56 (J/ccm), c=158.11(J/ccm).

The monoclinic unit cell y angle as determined from neutron diffraction was taken as a measure of
the order parameter (<Q>ob5 =tan[y - 90°]). (a) Measured (black dots) and calculated (continuous
line) order parameter evolution, (b) zoom into (a), (c) free-energy isotherms.

Adjusting the Landau coefficients to the transition enthalpy of 25.2 J/g which we
measured by DSC [4] and to monoclinic shear-angle as measured by neutron diffrac-
tion as a function of temperature on the SPODI diffractometer at FRM-II [21], we can
determine the free-energy functional and order parameter behavior as displayed in
Fig. 6.2 for Ni, Ti,, ... Here we used the tangent of the monoclinic shear angle of the
unit cell, 7=y _ - 90° as a measure of the thermodynamic-order parameter. The
obtained value for T is just below 0 K, meaning that the cubic B2 phase possesses a

local free-energy minimum at all relevant temperatures.
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Fig. 6.3: Crystallographic relationship between B2 austenite and B19’ monoclinic martensite of NiTi,
shown for one selected domain. Broad arrows indicate the monoclinic (blue) and orthorhombic
(gray) I;* shear modes. The atomic displacements associated with the phase transition are indicated
by normal arrows, and they are transverse with respect to the distortion wave vector k = %(Oll)wb
(M-point of the Brillouin zone, a corresponding cosine wave is indicated). The displacementsinx_
direction belong to the M; irreducible representation for Ti and M; for Ni. The M_ irreducible rep-
resentation displaces both Ti and Ni with different amplitudes iny__direction.

mon

The correspondence of the austenite parent structure and the martensite derivative
structure is shown in Fig. 6.3 along with the relationship between the unit cells and
the atomic displacements occurring at the phase transition. Table 6.1 compares the
two structures numerically.

Figures 6.4 and 6.5 displays the thermal behavior of the lattice parameters and the
atomic displacements away from the positions in the symmetric structure that occur
in association with the martensitic phase transition in the material, respectively.
Table 6.1 lists the structural parameters at room temperature (293 K).

While Falk’s 2-4-6 free-energy polynomial produces some essential features of the
martensitic phase transition, the situation in a real system such as NiTi [1, 22, 23]
is more complicated, as the transition involves several order parameters of different
symmetry and more than two ferroelastic twin states. The full symmetry relationship
between the austenite parent phase and the martensite derivative phase needs to be
considered.
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6.2 Elementary Landau theory =—— 121

Tab. 6.1: Crystal structure data of B2 austenite (space group Pm3m) and B19’ martensite (space
group P2,/m, setting: unique axis c) for monoclinic B19’ Ni, Ti, .. at room temperature and for
B2 austenite at 340 K as obtained by neutron diffraction.

Unit cell dimensions (standard deviations referring to the last digit)

B19’ martensite (space group P2,/m) B2 austenite (space group Pm3m)
a/A b/A c/A y/° a/A
2.8940(2) 4.6399(3) 4.1247(2) 97.252(8) 3.0200(1)
[100]mb [01—1]mb [01 1]m
Fractional atomic coordinates
B19’ martensite B2 austenite
X y z X y
Ni 0+Ax Y- Dy 3/4 0 0 0
Ni’ 0-Ax 3/4 — DNy 14 0 1 0
Ni: Ax, Ay 0.0309(8) | -0.0729(4)
Ti Yo+ AX Y- Ny 14 1 1 1/
Ti’ 1h—Ax 34+ Ay 3/4 1/ 35 1

Ti: Ax, Ay | 0.0718(14) | 0.0327(10)

T T T T T T T T
> o O O0—0—ayp
B meﬂ/\/E T
= 32( =
3]
g | ]
£
S 31+ —
©
[=N
Q - 4
i
S 3.0 23,J0 |
I Cmon/ \“—2 l |
29} e S e o ae 0 ¢ RN
am()n&
| L | L | L | L
0 100 200 300 400

Temperature [K]

Fig. 6.4: Evolution of the lattice parameters through the cubic <> monoclinic phase transition

of Ni, , Ti,, .- SeeFig. 6.2 for the monoclinic unit cell angle y.

Let {G,} be the symmetry group of the parent phase and {G} be that of the derivative
phase. Both groups are related by the set equation

N
(Go} = (G} @ Y {Si o (G}, (6.16)
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Fig. 6.5: Evolution of the displacement of the atomic positions in Ni, | Ti, . B19’ (P2,/m) martensite

away from the positions in the parent austenite phase (see Tab.6.1 for definition of the displacements).

group/
subgroup
index
levels

12

24

Fig. 6.6: Space-group symmetry relationship between B2 austenite (space group Pm3m) and

B19’ martensite (space group P2,/m) in relation to the different symmetry-breaking distortion modes
occurring at the phase transition. The translationengleiche (t) and klassengleiche (k)
group-subgroup relationships are marked as light continuous () and dotted (k) lines, respectively.
Dark connecting lines mark the Brillouin zone-boundary modes which break translational as well as
point group symmetry. Pmcm is space group #51 (standard setting Pmma); Pnnm is space group

#59 (standard setting Pmmn). The two isomorphic P4/nmm space groups differ in origin: M; mode:
[0, -1, Y2l M5 [0, Y2, V2L,
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6.3 M-point transverse distortion modes = 123

where S, are the symmetry elements contained in {G} which are not in {G}, the oper-
ator symbol @ indicates the formation of the union of sets, and {S,© {G}} is the set
obtained by multiplication of all symmetry elements in {G} with S.. {G} and each so
called coset {S,©{G}} represents the symmetry group of a domain of the derivative
structure; the different domains are symmetry-equivalent under the operations S.
The summation in 6.16 runs over all non-overlapping cosets of {G} in {G_}. Their
number, N, which is called the index of the group/subgroup relationship is 24 for the
present case.

Shchyglo et al. [23] investigated the symmetry properties of the strains leading
from the cubic B2-type austenite parent phase (space group Pm3m; point group
m3m, order 48) to the monoclinic B19’-type martensite derivative phase (space group
P2, /m, point group 2/m, order 4). Note that the strain does not explain the doubling
of the unit cell between austenite and martensite (Fig. 6.2). The number of symme-
try-equivalent ferroelastically switchable twin states derived from symmetry loss
from m3m to 2/m,

_order of point group of parent phase
" order of point group of derivative phase

(6.17)

is thus 48/4 = 12 in the present case. For each of these 12 twin states two antiphase-
domains exist due to the doubling of the unit cell, corresponding to displacement
waves with positive or negative amplitude, respectively.

To obtain a complete symmetry analysis, considering the full space group descrip-
tion is possible with the very useful software utility ISODISTORT [24, 25], which sep-
arates the overall structure distortion into orthogonal symmetry-adapted modes. The
metric distortion (strain) of the material, which is related to the macroscopic mechan-
ical shape memory effect, is the same for all unit cells in a domain. These distortion
modes propagate with a wavelength of infinity, corresponding to a wave vector of
zero, also called the I' point of reciprocal space (I" point of the Brillouin zone, [26]).
Figure 6.4 displays the group-subgroup table of the symmetry relationship between
both structures. The doubling of the unit cell corresponds to transverse distortion
modes propagating with a wave vector of the {2, 2, 0} family of reciprocal lattice
points, which are labeled M-points [26, 27].

6.3 M-point transverse distortion modes

For the martensite domain selected for the drawing in Fig. 6.3, the atomic dis-
placements are associated with a commensurate transverse displacement wave
of wave-vector k = (0 1 1/z)cub. The displacements are indicated by the simple
arrows in Fig. 6.3. They lead to a doubling of the cubic unit cell in the direc-
tion of its (100)-face diagonal, and produce a new unit cell with dimensions
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124 — 6 Crystallographic symmetry analysis in NiTi shape memory alloys

a =a,,b =b  _c . c =b_ +c_,. Tocomplywith the standard setting
of space group description as tabulated in the International Tables of crystal-
lography, the origin of the description of the martensite structure in space
group P112 /m is situated in |0, O, %]Cub. The lattice correspondence expressed
in the P, Q transformation matrix notation of Arnold’s [28] article in the Inter-
national Tables for Crystallography for the representative domain selected in

Fig. 6.3 becomes

1 0 0 0 1 0 O
P=({0 1 1| t%®"=| o , Q=P'=(0 12 12 ] (618

0 -1 1 12/, 0 -1/2 12
Xpnon = Q(xcub + t?;fi" + {Axg‘fes})- (6.19)

wherex =~ andx_, isthe atomic position coordinate vector in the cubic and the mono-
clinic unit cell, respectively. The vector in the curly brackets in Equation 19 represents
the sum of displacements caused by all distortional modes of the phase transition for
the particular atom located at x_,. Let u_, (j) be the displacement vector for the con-
sidered atom in the displacement pattern which is caused by mode j with wave vector
k(j), and amplitude Q(j) (no relation to the Q-transformation matrix of eqns. 18, 19),

then the total displacement becomes

[AXIS) =N Q0) () cOSKpp ()X ep)- (6.20)

Modes j

For the NiTi B2-B19’ phase transition, there are four active modes breaking the trans-
lational symmetry, all with wave vector k = (0 %/2/2)_, .for the representative domain.
Table 6.2 lists the four modes along with the symmetry properties, displacement
pattern, and amplitudes; Fig. 6.3 attempts a corresponding graphical display. The
modes M, and M, correspond to three dimensional irreducible representations,
while M_ is 6-dimensional. The number of domain variants for each mode is two
times the dimension.

Tab. 6.2: M-point displacive modes for the B2-B19’ phase transition, k= (0, V2, V).

Mode Direction Subgroup Axmode Value, = Amplitude ()]
m; (0,0, a) P4/nmm Ti Ax 0 0 0.0718(14) 0.217(4)
M3 (0,0, a) P4/mm Ni  Ax 0 0 0.0309(8) 0.093(2)

- _ Ti 0 -Ay 0 0.0327(10) 0.140(4)
M ©0,0,0,0,a,-2)  Pmma Ni 0 Ay 0 -0.0729(4) 0.312(2)
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6.4 T-point strain distortion modes = 125

6.4 I-point strain distortion modes

The ISODISTORT mode analysis identifies the following strain modes (active I-point
irreducible representations), with strain tensors referring to the cubic reference
frame:

Complete Strain r: + r; + r;(m) + TIi(0)
v+t -m m v 0 O t 0 O 0 -mm 000
-m v-t2 o =0 v 0|+l O0-t2 0 |+l -m O O |]+({ 000

m o v-th 0O 0 v 0 0 -th m 0 O 000

Space group Pm3m P4/mmm C2/m

Order parameter direction (t, t\/§) (m, 0, — m) (6.21)

These strain modes have already been discussed by Shchyglo et al. [23]. The
I'* mode is the non-symmetry-breaking volume strain. As expected for a shape
memory material, this strain component is very small and amounts to v =
0.00212(5) ~ 0.2 %. I'; produces a tetragonal distortion, where the tetragonal
c-axis corresponds to the direction in which the repeat unit is maintained, i.e.
the a-axis direction in the representative domain in Fig. 6.3. This axis is short-
ened while the axes in the plane perpendicular to it are extended. The irreducible
representation of this mode is two-dimensional, it allows three domain states,
depending on whether the cubic a, b, or c- axis is chosen as the short axis of
the monoclinic cell. I visa three-dimensional irreducible representation, where
the B19’ cell is generated by the direction (m, o, —m) (refer to Tab. 6.3 for more
information). The shear components denoted as m produce the deviation of the
monoclinic angle of the B19’ martensite unit cell from 90°. This shear deforma-
tion occurs such that one plane in the {100} family of planes of the austenite unit
cell represents the shear plane and the shear occurs in a <110>-type direction on
that {100} plane. In Fig. 6.3, it is shown as a blue flat arrow, which shears in the
[Oil]cub direction on the (100)_, plane. Table 6.3 lists the combinations of shear
planes and shear directions, which lead to the 12 metric states between which fer-
roelastic switching (“twinning” or “detwinning”) is possible under applied non-
isotropic stress. Note that for each metric (ferroelastic) state, the M-point
modulation produces two antiphase-domain states (corresponding to a positive
or a negative mode amplitude, respectively), such that 24 domains result in total.
The shear component denoted as o produces an orthorhombic strain, which cor-
responds to the relative difference in length between the monoclinic b- and c-axes
of the reference domain, i.e. the axes perpendicular to the cubic direction which is
shortened by the tetragonal I'!, strain. It is indicated by a gray flat arrow in Fig. 6.3.
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126 —— 6 Crystallographic symmetry analysis in NiTi shape memory alloys

Tab. 6.3: Strain tensors corresponding to the 12 switchable ferroelastic metric states of B19’
martensite.

Shear a =a Shear a =b Shear a =c_ shear

mon cub mon cub mon cub

direction shear plane (100) direction shear plane (010) direction plane (001)

t -m m —t)2 m o -t/2 0o -m

[011] -m-t/2 o [101] m ot -m [110] o -~t/zm
m o -t/2 o -m-t/2 -m -m t

-t/2-m o -t/2 0o m

ft/z 0 [101] -m t m | [110] o ~t/2-m

-m o -t/2 0o m —t)2 m -m t

-t/2 m -o —~t/2 —0o m
[011] m t/2 -0 [101] m t m [110] -0 —-t/2m
-0 —t/2 -0 m -t/2 m m t

-m -m -t/2-m -o -t/2 -0 -m
-m-t/2 -0 [101] -m t -m [110] -0 —t/2-m
-m -0 -t/2 -0 —-m —t/2 -m -m t

The indicated shear plane and direction refer to the monoclinic strain I'; with component m.

[011]

[011]

The amplitudes of all strain modes at room temperature are as follows (with limits
of uncertainty of ca. 5*107°):

v+t -m m 0.00212 - 0.04600 —-0.04554 0.04554
-mv-t2 o = —-0.04554 0.00212 + 0.02300 —-0.05936
m o v-i2 0.04554 -0.05936 0.00212 + 0.02300
(6.22)

6.5 Mode coupling and invariants in Landau free-energy
polynomial

We have seen that symmetry analysis indicates that the symmetry-breaking
process at the B2-B19’ phase transition involves a total of 5 orthogonal symmetry-
breaking modes with 7 independent components. An 8th parameter is the
non-symmetry breaking volume change. Correspondingly, the crystallographic
structure description features 4 degrees of freedom in the atomic coordinates
and another 4 degrees of freedom for the metric of the monoclinic unit cell. The
Landau free-energy is thus a much more complex story than discussed above as
we deal with a landscape of 8 nominally independent “order parameters™.
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6.5 Mode coupling and invariants in Landau free-energy polynomial = 127

Tab. 6.4: Summary of polynomials of degree 2, 3, and 4 in order parameter component amplitudes
which are allowed by symmetry at the B2¢<->B19’ phase transition.

This table notably shows the allowed coupling terms in the Landau free-energy expansion between
the mode amplitudes.

r: r: M, _ r: r: m, _
Modes s 3 2 |'M 5 3 2 M
and M, ’ M, ’
¢ (o, m, m) t q,r s | (o,m,m) t q,r s
components
Degree 2 Degree 3 Degree 4
m qzmz’
r+ ’ tzmz, 202, 5202,
5 2m? + 0? m?o tm? - to? - - m?o?, 9
(o, m, m) X 202 rmz, s2m?
0 r202
r+ th
3 2 B ’ s t 2 Z, £r? t2s?
t tr q
M, M s2q?,
2 3 2’ rZ — - 4» ra
q,r q q sr?
M; X _ s
s

ISODISTORT produces a list of all polynomial terms in the independent order parame-
ters (up to a certain order of the polynomial) which are invariant under the symmetry
of the parent phase (here Pm3m). In Tab. 6.4, we summarized the terms up to the 4t
degree to demonstrate the essential coupling mechanisms between the modes. Note
the presence of a third-order term in the tetragonal distortion, £, which forbids a con-
tinuous (2nd order) phase transition in the present case.

From the total symmetry reduction from Pm3m to P112,/m and lattice correspond-
ence (100, 01-1, 011) with index 24, it is clear that only 24 out of all conceivable
variations of these eight order parameter components lead to a global minimum in
the free-energy. And, at least for the investigated alloy composition, only two phases,
B2 austenite and B19” martensite are experimentally observed and thus form experi-
mentally identifiable minima in the 8-dimensional free-energy landscape. (However,
there are potentially more local minima with yet more active irreducible representions
[29]; the corresponding phases are unstable compared to B19’ and B2 for the investi-
gated composition.) At the present state it is not possible to evaluate numerical values
for all conceivable coupling coefficients. Nevertheless the observed data allow some
important conclusions on the system.

Only a combination of the I'; mode and the M-point modes is able to produce the
P112 /m symmetry. Animportant observation in this system is that the atomic displace-
ments Ax™% (Eq. 6.19) show very little to no temperature dependence, and they essen-
tially jump to a constant value at the cubic to monoclinic transition (Fig. 6.5). The I
mode, however, shows the typical temperature dependence of an order parameter
softening toward the transition temperature (Fig. 6.2). Let us thus concentrate on the
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128 — 6 Crystallographic symmetry analysis in NiTi shape memory alloys

coupling between the ferroelastic distortion and the displacement wave. If a phase
transition involves the breaking of translational symmetry in a way that leads to a
change in point group which increases the number of metrical degrees of freedom,
the transition is typically also associated with a metric distortion & (I'-point distortion)
of the unit cell (e.g. [30-33]). If positive and negative amplitude Q(j) of the displace-
ment wave lead to the same unit cell (same ¢), the lowest-order free-energy coupling
term is of the linear-quadratic form [Q%(j)], as it is independent of the sign of Q(j). A
result of this coupling, the (secondary) strain-order parameter follows the square of
the displacive (primary) order parameter as € oc Q%(j) (see e.g. [30-33]). This implies
a flatter temperature dependence of ¢ than that of Q(j); in the NiTi system, however,
the opposite is the case: the atomic displacements corresponding to Q(j) appear inde-
pendent of temperature in the monoclinic phase while the monoclinic shear angle
displays a typical temperature dependence of a structural order parameter driving
the phase transition.

This leads us to the following conclusion: The practical independence of the
M-mode amplitudes suggests that the coefficients for the M-modes in the Landau
free-energy are fairly independent of temperature, while the transition is driven by
the monoclinic strain. This must correspond to the temperature-dependence of the
coefficient ofthe quadraticterm ofthestrain-order-parameterinthe Landau free-energy
expansion. Moreover, the structure produced by the M-point displacive modes alone
(i.e. with no monoclinic strain) forms, at least, a local minimum in the free-energy at
all relevant temperatures. In other words, it is an alternative structure to the B2 struc-
ture, and the system jumps discontinuously into this alternative M-point distorted
structure when the temperature gets low enough to benefit from a strain distortion.
This occures as the temperature-dependent coefficient of the quadratic term in strain
becomes more and more negative on cooling.

6.6 Model of biquadratic order parameter coupling

The lowest-order symmetry-permitted coupling term between monoclinic strain
and displacement wave amplitudes in the present case is biquadratic (Tab. 6.4).
A tractable Landau free-energy expansion with biquadratic coupling between
an atomic displacement mode, Q, and a strain mode, e, was discussed by Gufan
and Larin [34], Salje and Devarajan [35], and Schmahl et al. [32, 33] and would
read as

g=g,+ 1ocQ(T— To)Q” + leQ“ + 1cQQ6 T
2 4 6
+ %oce(T— T,)e’ + %bee4 ...

+ %/\ezQ2 ... (6.23)
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6.6 Model of biquadratic order parameter coupling =—— 129

Tab. 6.5: Four possible phases arising from biquadratic coupling of two order parameters, e, and Q.

Symbol (e) (@
Parent structure 0 0 0
Derivative structures
| (e(T)y=0 0
1] (Q(M)=0
1] (e(M)#0 Q(mM)y=#0

(this potential describes one domain of B19’ only). The equilibrium conditions
[(og/0e) = 0, (0g/0Q) = 0] permit four different phases or thermal regimes which are
summarized in Tab. 6.5.

The equilibrium order parameters are given by the following equations:

(i) quasi-independent order parameter behavior. In a temperature range where only
one of the order parameters is active (i.e. below the critical onset temperature T,
of one of the order parameters but above that of the other), we can have either
phase [ or phase II, depending essentially on the values of T, and T, respectively.
The corresponding equilibrium order parameters are:

Phase I:

(€)? = —(ate /b )(T = T,), (Q) = 0 (6.24)

with transition temperature phase O — phase I at T ;
Phase II:

(Q)? = 2c)™(=bg + \[b3 ~ 4agco(T - Tg)), (e} = 0 (6.25)

with transition temperature phase 0 — phase II at
T, =T, forby >0 (6.25.1)
=Ty -3by/16a,c,  forby <0 (6.25.2)

(ii) simultaneously active coupled order parameters (phase III)
Phase III forms when the temperature is low enough to activate both order param-
eters. To calculate the order parameter behavior for phase III, we use the condition
(0g/0e) = 0 which gives

(e.)? = —(%)(T _T)- <§><QC>2

~ (etphase D) - (5 ) ()%, (6.26)

where the subscript ¢ of the order parameters indicates the coupled regime
(phaseIII). Note that the first contribution to (e ) in Equation 6.26 is the quasi-independent
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Fig. 6.7: The square of the monoclinic shear order parameter of the B2->B19’ transition in
NiTi is nearly linear in temperature, but off-set from zero at the transition temperature (~ 323 K).

behavior of phase I, to which a contribution quadratic in (Q ) is added. If (Q ) is rather
independent of temperature, the behavior of (e ) is approximately linear in tempera-
ture (Equation 6.26), but in contrast to a classical second-order Landau order para-
meter, it will not continuously run to zero with increasing temperature, as it is off-set
by the term in (Q )*. Such a behavior is actually what we seem to observe, as the mono-
clinic shear angle does behave quite like this (Fig. 6.7).

From Equation 6.26, it is obvious that for A < 0 both order parameters enhance
each other as the systems gains stability by simultaneously activating both order
parameters. This is the case for NiTi. (For A > 0, both order parameters are compet-
ing, and within regime of phase III, as one order parameter increases, it will sup-
press the competing second order parameter, a scenario described in [32, 33]). Equa-
tion 6.26 may now be used to eliminate either e or Q from the free-energy expression

1 1 1
g =80+ 00T~ To)Q: + ZbQQQ‘ + 6(:Qaﬁ T

1 A(Xe 2 Az 4
Z T-T —
"2 b, ( 5 4b, Q
oo(T - T,)
+ e —
4b, (6.27)

The last term in Equation 6.27 gives the free-energy contribution similar to the
quasi-independent behavior of <e>. The remaining new terms give a renormaliza-
tion of the quadratic and the 4%-order terms in Q, such that Equation 6.27 may be
rewritten as

1 1 1
g=g,+ 5A(T— Q2 + ZBQ‘C‘ + 6C(;)ﬁ ... (6.28)
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Fig. 6.8: Free-energy landscape for the model of coupled order parameters e_and Q, near the
martensitic transition temperature. Top: Contour plot, Bottom: Section through the contour plot at
the red and green transects. It is the coupling term AQ2 €2 with A < 0 that switches the system from
the austenite ((e ) = 0, (Q ) = 0) to the martensite ((e ) # 0, {Q,) # 0) state when the threshold
temperature T is reached.
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with
A=ay-Aa/b,
B=b,-A\/b,
C=c
T _ "‘Q(TQ _ /\“eTe>
°oA %gb, (6.29)

The circumstance that Equation 6.28 looks like a single-order-parameter model is
related to the fact that biquadratic coupling of order parameters is always symmetry-
allowed. With the renormalized coefficients and characteristic temperature given in
Equation 6.29 for phase III the equilibrium value for the coupled order parameter (Q )
in phase III thus becomes

Q) = (2C)’1<—B + \/B2 —4AC(T - T{)U)), (6.30)

while that of (e ) can be obtained from Equation 6.26 using Equation 6.29.

The martensitic phase transition in NiTi with the investigated composition occurs
directly from B2 austenite (phase 0) to B19’ martensite (phase III) but discontinuously
(B < 0) with a first order step at the transition temperature

T, =T, - 3B/16AC (631)

Figure 6.8 depicts the free-energy landscape of this scenario. We postulate that the
M-point displacements describe a structure with Pmma symmetry (Fig. 6.6) that forms
a local minimum in free energy (Fig. 6.8, bottom, red line) which is fairly independ-
ent of temperature (a, of Equation 6.23 is small, T, is very high). When the system
is able to gain energy from the ferroelastic distortion e_ as the corresponding quad-
ratic term a (T-T,) gets more and more negative with decreasing temperature, the
system jumps from the free-energy minimum corresponding to the austenite state
(e. =0, Q, = 0) to the free-energy minimum corresponding to the martensite state
((ec) =Ae,(Q)= AQC). Here AQ, is the constant value of the M-point-order parameter
and Ae_is defined according to Equation 6.26 for the jump occurring at T, . This sce-
nario explains why we have a martensitic transition with a “soft” behavior of the mon-
oclinic shear angle, while the atomic positions in the B19” martensite structure jump
strongly at the phase transition but remain practically unaffected by temperature
within in the martensite phase.
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7 Gold, silver, and copper in the geosphere and
anthroposphere: can industrial wastewater
act as an anthropogenic resource?

7.1 Introduction

Ores are of tremendous importance for human being and the exploration to find
new ore deposits is an urgent task. A review of the different types of ore deposits, for
example, gold, silver, or copper, shows that they are distributed in different regions
all over the world in a wide range of geological formations. They may occur highly
concentrated or finely disseminated in the host rock. The formation of ore deposits
depends on the specific geological environment. Various factors like change in
temperature, pressure, redox and pH conditions, or biological activities may influence
the ore formation. It is common sense that fluids are essential for the dissolution
and transport of the metals [1-2], whereby there are still many open questions
(e.g. [2, 3]). These processes are also of particular interest to understand the impacts
of mine waste weathering [4].

In ancient times, metals were used for tools, weapon, money, and jewelry. With
the development of civilization, the application area of metals changed continuously.
In the modern society, there is an increasing need for metals with special structures
and clearly defined morphology. Especially nanoparticles with specific properties
have become integral parts of the technology. This trend implicates sophisticated syn-
thesis methods. In general, the synthesis methods are complex and energy intensive.

At the same time, the huge demand for critical elements opens up the view on
anthropogenic residues as potential secondary resources. Currently, various waste
flows are tested if they provide an option for recovering metals. In general, wastewater
and effluents with metals in the range of milligrams to grams per liter are regarded
as too low concentrations for cost-efficient metal recovery. Most of these effluents are
treated with lime to co-precipitate the metals with Ca(OH),, and the resulting neutrali-
zation sludge are disposed in landfills, which means dissipation of these metals. More-
over, in many countries, these heavy metal-containing effluents are discharged into
the environment without any treatment, causing a serious source of contamination
and leading to serious harm to the health of the people in this area. Therefore, heavy
metal pollution is still one of the most serious environmental problems today [5].

There are many questions: Is it possible to precipitate metal particles efficiently
from solution under low-temperature conditions? Can this procedure be adapted to
recover metals from waste water? Are the phase assemblages obtained during these
processes comparable with those observed in natural systems, and if so, can they

https://doi.org/10.1515/9783110497342-007
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help us to understand better the processes leading to various types of ore formations
and vice versa?

7.2 Gold, silver, and copper in the geosphere

The average crustal abundance for gold and silver is in the range of 1-70 ppb, and for
copper, about 50 ppm. In some ore deposits, we observe concentrations around 5 g/t,
which means enrichment factors in the range of 1000 times and more. In hydrothermal
solutions, the concentration of gold and silver are thought to range from 1 to 1 ppm,
and those associated with copper, lead, and zinc ores in the range of 1-1000 ppm
(or mg/L) metal [2]. Formation of ore minerals is the result of complex spatial and
temporal interaction of rock, fluid, and/or melt [1]. Various parameter like tempera-
ture, pressure, chemistry of the host rock and fluid including pH and redox poten-
tial control the solubility, transport, and precipitation of the metal species [1-2, 4].
For example, ligands like chloride (Cl-) or bisulfide (HS") increase the solubility of
most metals in solution [2]. The driving force for many ore deposit formations are, for
instance, changed reaction conditions, e.g. decrease in temperature or change in the
physical properties or composition of the fluid, or mixing of two fluids with distinct
temperature, pH, and redox characteristics [1].

A special type of ore accumulation represent supergene ore deposits which are
formed by interaction of primary ore with very saline solutions or sulfuric acid com-
bined with oxidation and leaching conditions within the surface near alteration zone
[1, 4]. Within the unsaturated zone, the dissolution of the primary ore minerals is ini-
tiated by the oxidation of sulfides, and the metal ions like copper, zinc, silver, gold,
nickel, or uranium are transported to deeper, less altered regions with higher pH and
reducing conditions. The remaining leached cap rock, also called gossan, consists of
quartz and Fe-(hydro)oxides such as goethite, hematite, ferrihydrite (Fe, O, (OH),),
jarosite (KFe,[(OH)./(SO,),]), or schwertmannite (Fe,0,(OH)(SO,)-nH,0), whereas
within the subjacent oxide zone, ore minerals coexist with magnetite or sulfites [1, 4].
Further factors that have to be considered are microorganisms like sulfate-reducing
bacteria (SRB). They can cause high H,S concentrations including reducing conditions
in the environment and thus accelerate the kinetics of ore formation [4]. However,
adsorption processes are also important. Sorption of metals from solutions highly
depends on prevailing pH conditions, and it may be the first step to incorporate metals
in ore minerals (e.g. [6]).

7.2.1 Gold (Au)

Gold has been mined since the third millennium BC. It exists preferentially as native
(zero-valent) element mineral (Fig. 71a) or electrum, an Au-Ag alloy. In primary
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deposits, gold may also occur with sulfide minerals such as pyrite, chalcopyrite,
arsenopyrite, and sulfosalts. In supergene ore deposits, gold up to 2 mm and of
extremely high purity are observed. It is often associated with crystalline and amor-
phous iron oxides. Dissolution of primary ore is the main process how even traces of
gold are mobilized and precipitate later as nuggets [4, 7-8]. Three different processes
are thought to evoke the precipitation of gold from a solution: decrease in activity of
CI" or SO,*, increase of pH, or reducing conditions by decrease in f , [8]. Under acidic
conditions, gold is preferentially adsorbed onto phases such as pyrite (FeS,) and
pyrrhotite (Fe, ,S; x=0-0.2) [9]. In a second step, electron transfer between the metal
ion and mineral substrate is suggested to promote the formation of gold clusters on
the mineral surface [10-11]. Microbial activity is also discussed as agent for mobiliza-
tion and precipitation of gold (e.g. [12]).

7.2.2 Silver (Ag)

The history of silver mining goes back to 5000 BC. It can occur as native element
mineral (Fig. 7.1b), such as the silver wires from Kongsberg (Norway), or alloyed with
gold. The most common primary silver ores are argentite or acanthite (Ag,S), proustite
(3Ag,S-As,S)) and pyrargyrite (Ag,S-Sb.S,). Most of the silver in ores, however, is asso-
ciated with sulfur, arsenic, antimony or chlorine [13].

Silver-rich mines are often associated with lead mines. About 75% of silver
is obtained from ores with major metal being either lead, copper or zinc. In super-
gene silver deposits, the amount of acid and Fe**-producing sulfide minerals and
acid-neutralizing gangue minerals are decisive [13]. Increasing Eh and decreasing pH
promotes the solubility of Ag*. Saline groundwater fosters the precipitation of chlo-
rargyrite (AgCl), also called “cerargyrite” or “horn silver”, whereas the formation of
native silver preferentially occurs at the iron redox front, where the reduction of Ag*
to Ag® is accompanied by the oxidation of Fe? to Fe** [13]. In neutral to alkaline envi-
ronment, silver is frequently associated with various secondary minerals like iron- or
manganese-(hydro)oxides, jarosite, or cerussite (PbCO,).

7.2.3 Copper (Cu)

The main copper ore minerals in primary deposits are sulfides, e.g. bornite (Cu,FeS,),
chalcopyrite (CuFeS,), enargite (Cu,AsS,). About 70% of the copper inventory world-
wide provide porphyry copper deposits. Supergene enrichment of copper is associ-
ated with secondary minerals, including native copper (Fig. 7.1c), oxides like tenorite
(CuO) and cuprite (Cu,0), sulfates like brochantite (Cu,SO,(OH)), chalcanthite
(CuSO,: 5H,0), and antlerite (Cu,SO,(OH),), carbonates like malachite (Cu,CO,(OH),)
and azurite (Cu,(CO,),(OH),), hydroxy-chlorides like atacamite (Cu,CI(OH),),
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(b)

Fig. 7.1: (a) Native gold, from Eagle’s Nest Mine, Michigan Bluff, CA, USA. (b) Native silver, from Kongsberg,
Norway. (c) Native copper, from Ajo, AZ, USA. Photos: Mineralogische Staatssammlung Miinchen.

phosphates like turquoise (CuAl (PO,),(OH),-4H,0) and silicates like chrysocolla
(Cu, Al)H, Si,0,(0OH),-n H,0) [4]. It occurs in association with other supergene
minerals such as hematite (Fe203) and goethite (a-FeOOH). Under more reduced con-
ditions, beneath the oxidized zone, copper may replace iron in sulfides, producing
secondary chalcocide (Cu,S) and covellite (CuS) [4].

Minerals like delafossite (CuFeOZ) are very rare and were found, e.g. in Bissbee,
Arizona, USA [14] and the Besshi ore deposit, central Shikoku, Japan [15]. Cuprospinel
or coppet ferrite (CuFe,0,) occurs naturally in Baie Verte, Newfoundland, Canada.

7.3 Gold, silver, and copper in the anthroposphere
7.3.1 Synthesis of gold, silver, and copper phases from aqueous solutions

Gold, silver, and copper are essential in a wide field of industrial applications. Recently,
the demand for nanoparticles increased enormously due to their specific physical
and chemical properties. Much effort is invested to develop new techniques to
produce nanoparticles with specific design and properties [16]. There are various
partly energy-intensive methods to synthesize gold, silver, or copper-(iron)oxide
nanoparticles, including both chemical methods (e.g. thermal decomposition,
hydrolysis, co-precipitation, chemical reduction, hydrothermal reaction, sol-gel
procedures) and physical procedures (e.g. vapor deposition, grinding, laser abla-
tion) [17-25]. Focus is on a high level of homogeneity of the particles with specific
size, shape, and surface properties. Successful techniques are hydrothermal proce-
dures at medium to high temperatures and saturation vapor pressure, for example
[26-31]. Often, additives such as glycerol or polyvinyl-pyrrolidone are added as a
reducing agent to stabilize a specific oxidation state of ions in the solution [26-27].

In comparison, there are only very few synthesis experiments done at low
temperatures <100°C. We observed that at low temperatures, precipitation of metals
occurs readily by addition of a defined amount of iron to the aqueous solution. The
reaction is often initiated by iron-rich, process-active, metastable phases. Studies show
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that magnetite can be formed by various intermediate phases like iron-(hydro)oxides
or green rust (GR), a Fe*-Fe**—double-layered hydroxy salt, which are not preserved in
the final assemblage (e.g. [32-34]). Correspondingly, different metal (M)-oxides, metal
(M)-ferrites (MFe,0,), delafossite (CuFeO,) and even native metals are generated. Our
studies showed that under alkaline reaction conditions, ferrihydrite (Fe, O, (OH),) and
green rust (GR) can act as precursor phases [35-38]. In the following section, we would

like to focus on reaction paths implying these reactive intermediate phases.

7.3.1.1 Transformation of metastable phases to more stable iron-oxides

Many synthesis routes are described to gain GR: (a) partial reduction of lepidocrocite
(y-FeOOH) or ferrihydrite (Fe O, (OH),) [39], (b) the reaction of y-FeOOH with Fe*aq
[40], and (c) co-precipitation from Fe> andFe’ containing solutions under anoxic
conditions [41-45]. The key factor is to ensure the presence of Fe? in the solution due
to the preference of Fez*aq for oxidation [46]. An alternative approach is to precipitate
Fe(OH), from Fe2+aq-containing solutions and then the partial oxidization of Fe* to
achieve GR [47-50]. The last step is promoted by adding SO,* [51].

GR is a very reactive phase and transforms readily with changed reaction con-
dition (e.g. pH, temperature, oxidazing agent, kinetics) [52-54]. Furthermore, GR
acts as strong reducing agent during oxidation [35, 37-38, 55]. The oxidation rate is
an important parameter controlling the formation of the desired reaction products.
Magnetite Fe,O, occurs spontaneously without oxidants [40, 56-58]. At low oxidizing
conditions, however, various iron oxide-hydroxide phases like goethite (a-FeOOH),
akaganeite (B-FeO(OH,Cl), lepidocrocite (y-FeOOH), ferroxyhyte (6-FeOOH) as well as
schwertmannite (Fe* [0, [(OH), (SO,),, ,I) may grow [47, 52, 54, 59-61]. GR can also
oxidize to maghemite (y-Fe,0,) or hematite (a-Fe,0,) [62, 63]. The formation of ferrihy-
drite, the most poorly ordered type of iron hydroxide, and its further transformation
to goethite is of special interest because of its abundance in natural systems [53, 64].
It is favored if the oxidation process is too rapid to dissolve ferrihydrite [53].

The question is, which phase assemblages can be precipitated in aqueous gold,
silver, or copper systems and can we provoke the direct synthesis of gold, silver, and
copper-(iron)-oxides or co-precipitate native (zero-valent) metals from aqueous solu-
tions? In the following, we present case studies showing different reaction products
obtained depending on the initial metal concentration and adjusted M/Fe-ratio,
respectively.

7.3.1.2 Gold (Au)
Case 1: co-precipitation of gold with ferrihydrite and/or goethite

Greffie and co-workers [7] performed experiments with AuCl,~ solutions adding
Fe(NO,),-9 H,0 with various Au/Fe ratios at different pH values. They obtained gold
with a particle size up to 60 nm together with ferrihydrite (5-14 nm) or well-crystallized

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

142 — 7 Gold, silver, and copper in the geosphere and anthroposphere

goethite. We used Fe(SO,)-7 H,0 as educt and observed the precipitation of a mixture
of pm-sized Au® and nano-sized goethite at alkaline pH values.

Case 2: separate formation of native gold (Au®) and magnetite

Our investigations clearly showed that it is also possible to gain Au° separately from
the Fe-containing reaction solution. After the addition of Fe? to the gold-containing
solution, the first precipitates exclusively contain single-phase rosette-shaped Au°
with an average size of 1.5 to 4 pm. After separation of these primary precipitates
from the Fe-containing reaction solution and adjusting the pH > 10, iron precipitates
as 5- to 20-nm magnetite crystals. Small amounts of gold observed on the surface of
magnetite indicate either incorporation, co-precipitation, or adsorption of gold on the
surface of magnetite.

7.3.1.3 Silver (Ag)
Case 1: formation of native silver Ag® and magnetite

The reduction of Ag", Au*, Cu*, and Hg* by formation of GR and subsequent
transformation of GR to magnetite (Fe*Fe*,0,) was observed by O’Loughlin and
coworkers [33]. Our experiments prove that in the presence of Fe* in solutions with
initial silver concentrations of more than 5 g/L, part of the Ag" ions can readily be
reduced to Ag®. We gained silver as an Ag® foil directly on a glass substrate [38, 55]. At
lower concentrations during alkalization, Ag" ions can also be reduced to Ag® with
simultaneous oxidation of the iron precursor phase [38, 55]. In contrast to the gold
system, the separation of the primary silver (Ag®) precipitates is not necessary in
order to gain magnetite as iron-bearing phase. The oxidation of GR directly to Fe O, is
obviously promoted by electron exchange in the presence of Ag" ions [55].

Case 2: composite nanoparticles as silver core shell (Ag°@magnetite (Fe,0,) and
Ag-delafossite (AgFe0,))

We observed that in case of low concentrated silver solutions (1 g/L), and after the
precipitation of GR and Ag®, two further scenarios of GR oxidation are possible [38]: In
the first scenario, the oxidization of GR to magnetite is accompanied by the reduction
of small amounts of adsorbed Ag™" to Ag®, forming a kind of layer around Fe O,. The
second scenario comprises the intergrowth of Ag-delafossite (AgFeO,) and magnetite
(Fe,0,) nanoparticles partially surrounded by a layer of Ag®. We suggest that a local
excess of Ag" ions adsorbed on single GR particle promotes additional growth of
delafossite [38].

Case 3: formation of Ag-Delafossite (AgFeO,)

The formation of pure AgFeO, with delafossite structure is also possible using low
concentrated (1 g/L) silver solutions. In this case, iron was added in oxidized form
(Fe**) and nitrate was used as reactant [55]. After a reaction time of 10 minutes, thin
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hexagonal plates of AgFeO, up to 50 nm diameter were observed. It occurs in both
polytypes, rhombohedral 3R delafossite and hexagonal 2H delafossite.

7.3.1.4 Copper (Cu)

In comparison to gold and silver, the copper system is very complex and multifaceted
since a huge variety of phase assemblages is possible. Génin and co-workers [51, 65]
showed that the ratio of OH-/Fe? strongly influences the formation and oxidation of
GR. Our results show that in the presence of Cu?** ions, not only the absolute amount of
added NaOH (= ratio of OH-/Fe?) but also the concentration of the added NaOH solu-
tion is crucial [38]. The addition of low concentrated NaOH solutions (<32% NaOH)
promotes the formation of ferrite as the main phase. In contrast, we obtain delafossite
structures (CuFeO,) by adding highly concentrated NaOH solution (32% NaOH).

Case 1: solid solution of copper ferrite (CuFe,0,)-magnetite (Fe,0,) and co-precipitation
of either tenorite (CuO), cuprite (Cu,0) or native copper (Cu®)

In all experiments, we observed that GR and Cu,O precipitate first [36-38]. The reduc-
tion of Cu* ions to their monovalent state (Cu,0) is especially promoted in initially
copper-rich solutions. Additional NaOH supply for at least 5 minutes and subsequent
aging for more than 1 hour result in the transformation of GR to magnetite. At more
oxidizing conditions, ferrihydrite is obtained.

In highly alkaline solutions, Cu,0 is metastable and decomposes readily to CuO
and/or Cu® [35, 38], depending on oxygen fugacity: In solutions with initially high
amounts of Cu* ions (concentrations >5 g/L), during aging, Cu® is formed on the
expense of Cu,0. In contrast, in solutions with low Cu*" concentrations (<5 g/L) or a
rather low Fe proportion (Fe/Cu of <1/1), Cu,0 preferentially oxidizes to CuO. In the
latter case, CuO precipitates simultaneously with GR during the initial alkalization
process. This is obviously the effect of the low absolute amount of GR in the solution
and hence lower demand of oxygen needed for the transformation of GR. However,
later, during aging, CuO is partially reduced to Cu,0.

Several studies with solutions containing maximum 10 mol% Cu? stated the
reduction of Cu* to Cu® by the oxidation of GR to goethite (a-FeOOH) [66-67] and
magnetite [33]. Some of our experiments show that, depending on the reaction and
aging conditions, ferrihydrite can spontaneously transform to goethite [38]. Tamaura
and co-workers [68] pointed out that the formation of ferrite is promoted by adsorp-
tion of divalent heavy metals on the surface of FeOOH. A similar mechanism of Cu?
adsorption on the surface of ferrihydrite and goethite may also explain the formation
of copper ferrite (CuFe,0,) in our system.

Chaves and co-workers [69], however, showed that divalent heavy metals can
substitute Fe?* in GR. The incorporation of Cu* ions directly into GR (= Cu-GR) during
the initial alkalization process seems to promote the formation of copper ferrite—
magnetite solid solution [38]. The solid solution seems to be restricted as we observed
maximal 45 mol% copper ferrite end-member [Cu,, Fe  ]*"Fe**0,.

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

144 — 7 Gold, silver, and copper in the geosphere and anthroposphere

Case 2: formation of Delafossite (CuFeO,)

Various studies deal with the synthesis of delafossite [17-20, 26-28, 31]. However,
we could present the precipitation of delafossite via GR as a precursor for the first time
[36] and described the reaction mechanism of ferrihydrite and Cu0 leading to the
crystallization of delafossite under alkaline conditions [36-37], called (low-temperature)
Lt-delafossite process. Three steps are involved: During the first step, the precipitation of
GR and Cu,0 requires a sufficient amount of OH- which is achieved by adding a highly
concentrated NaOH solution (32% NaOH). During the second step, the oxidization of
GR and formation of the intermediate reaction phase ferrihydrite is accompanied by
the reduction of Cu*. This leads to the precipitation of Cu,0 as a further intermediate
compound. During the last step, the high pH value in the solution promotes the growth
of delafossite at the expense of the unstable phases ferrihydrite and Cu,0 (Fig. 7.2).

Fig. 7.2: SEM pictures of the delafossite formation: (a) first delafossite crystals after 3 hours of aging,
(b) delafossite crystals in nanocrystalline matrix after 6 hours, (c) almost complete transformation of
the matrix to delafossite due to further aging, (d) thick delafossite crystals after 7 days of aging.

The formation of delafossite can be influenced in various ways: The reaction rate
increases with increasing aging temperature, reaction pH, and, in particular, NaOH
concentrations in the solution. A deviation from the optimum Cu/Fe ratio of 1/1 leads
to the growth of either ferrihydrite or Cu,0 in addition to copper ferrite.

Case 3: low-Fe approach — doped Cu-oxide (CuO or Cu,0)

It is also possible to obtain Fe-doped CuQ if a low amount of Fe is added to the solution [38].
CuO precipitates as single phase in aqueous solutions with 1-3 g/L Cu (Cu/Fe ratios higher
than 1/0.1) at 40°C and pH 11. At lower Cu/Fe ratios, traces of co-precipitated ferrihydrite
may occur and at higher ratios (Cu/Fe ratio 1/20.5) Cu,0 precipitates in addition to CuO.

7.3.2 Wastewater: an anthropogenic resource for gold, silver, and copper?

Industrial effluents often contain metals in sulfuric acid solutions at low pH conditions
and hence are comparable with natural solutions forming supergene metal deposits.
There are several methods to remove metals from wastewater, e.g. chemical precipita-
tion, flotation, adsorption, ion exchange, electrochemical deposition [5, 70]. The role of
microorganisms in nature inspired the development of bioremediation technologies to
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remove heavy metals by SRB (e.g. [71]). However, precipitation of metals as hydroxides
at basic conditions is the most widely used method [70]. The application of lime for
co-precipitation is a cheap and convenient method. The high volume of the neutraliza-
tion sludge and low concentrations of the metals, however, make the recovery of these
metals uneconomic, and as a result, the sludge is mostly deposited at high costs in land-
fills. Therefore, the main question is, can we evoke the precipitation of the metals as
oxides or even as zero-valent metals without producing voluminous hydroxides?

First, studies were performed with the so-called ferrite process. The aim was to
remove low concentrations of bivalent cations up to 1 g/L from laboratory wastewater
[72-74]. The focus of all these studies was to achieve the incorporation of divalent non-Fe
metalionsinto the ferrite MFe,0, with spinel structure [75-79]. In studies, the formation
of copper ferrite, for example, was described without co-precipitated phases [78, 80].
Recently, our group developed an environmentally friendly and energy-saving
approach, called “SPOP” (specific product-oriented precipitation). This technique
enables to recover noble and transition metals from industrial wastewater with the
main goal to precipitate valuable secondary raw materials as oxide components or
even zero-valent elements [35, 37-38, 55]. We tested wastewaters from the electroplat-
ing industry and catalyst productions, for example, and obtained purification rates
of 299.98% up to 100% for gold, silver, and copper [35, 37-38, 55]. Figure 7.3 shows

Gold loaded wastewater Copper loaded wastewater

) I;- (e) “!.!.,.F_

B

Native gold (Au®)

Magnetite (Fe;0,)
S

” G L z
\' Purified water '/

(d)

Fig. 7.3: (a) Gold-containing wastewater before treatment. (b) SEM image of zero-valent gold rosettes.
(c) TEM image of magnetite. (d) Purified gold wastewater after treatment. (e) Copper containing wastewater
before treatment. (f) SEM image of delafossite (CuFe0,). (g) purified copper wastewater after treatment.

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

146 —— 7 Gold, silver, and copper in the geosphere and anthroposphere

the gold and copper wastewater before and after treatment with our SPOP technology
and the corresponding precipitated products.

Our results indicate that the phase assemblage of the residues strongly depends
on the reaction conditions, including metal type, initial metal concentration, Fe
content, reaction temperature, pH, as well as alkalization and partially aging con-
ditions. By adapting specific reaction parameters from our synthesis procedures
(see Section 3.1), we are able to produce residues free of hydroxide components
[35, 37-38, 55, 81]. The benefit of our SPOP procedure is an extremely low volume of
recovered residues compared to other treatment techniques, with both the density
of the precipitated material and the overall concentration of the target metal having
the highest amount. Additional elements mostly present in wastewater from electro-
plating industries such as Cr, Ni or Zn can also be removed simultaneously. They are
incorporated in the structures of the ferrite, delafossite, or metal-oxide components
[35, 37-38, 55, 81].

7.4 What do/did we learn?

The detailed mineralogical characterization of reaction products obtained after the
application of the ferrite process to treat copper containing wastewater showed
that the assemblage of reactions products can be controlled by adjustment of
boundary conditions. This was the starting point for the development of SPOP as a
sophisticated technique: It enables to purify effectively even highly contaminated
rinsing water with heavy metals >25 g/L in compliance with the legal requirements
for environmental regulations. Furthermore, this new approach makes the recovery
of the valuable metals and metalloids possible and hence opens the door to regard
wastewater as a potential resource for secondary raw materials. Moreover, this
concept presents an efficient method to synthesize nanocrystalline metal oxides,
metal ferrites (MFe,0,), delafossite (MFeO,), and native metals via precipitation
at low temperatures (20-70°C). Last but not the least, it is an effective method
to prevent environmental pollution and it is a very good example of an efficient
circular economy.

The phases obtained in the experiments show very similar assemblages as observed
in some supergene metal deposits. An important contribution is the reaction triggered
by the intermediate phases. Phases like ferrihydrite or goethite survive in natural
environment. However, for the formation of the ore deposits, the active contribution
of metastable products like GR, observed in soil profiles (e.g. [82]), is not taken under
consideration so far. The comparison of the phase assemblage in experiments with
natural samples may contribute to the understanding of alternative abiotic processes
in nature.
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8 Applied mineralogy for recovery from the accident
of Fukushima Daiichi Nuclear Power Station

8.1 Introduction

Most of us use the products of modern technology without fully appreciating which
minerals are required to make a cell phone, a modern internal combustion engine,
an aluminum can, ceramics, and the concrete used in buildings [1]. For example, in
Japan, all students in junior high school have to learn “what are minerals” and “what
is the definition of minerals” with some examples from rock-forming minerals such
as quartz, feldspar, mica, and so on, although the author does not know the situation
of minerals in education at other countries. I suppose that the situation is not so dif-
ferent in different countries. However, as stated in the review in this book and in the
special issue of Elements on “Social and economic impact of geochemistry”, miner-
als are definitely central not only to our natural and technological environments but
also to our social and economic environments [2]. Environmental mineralogy is a fast-
growing multidisciplinary field, addressing major societal concerns about the impact
of anthropogenic activities on the global ecosystem [3]. However, mineralogists are
still not very good at communicating the social and economic impacts of mineralogy
to the public. Of course, minerals may sometimes inspire us to design new materials
for advanced technologies. Minerals and mineralogical processes such as adsorption,
sorption, and precipitation may play an important role to solve problems in negative
legacy such as pollution, health effect, and waste disposal.

In March, 2011, the fourth largest recorded earthquake occurred offshore from the
Tohoku region of Japan and ruptured a 300-km-long by 200-km-wide portion of the
subduction zone megathrust fault at the boundary of the Pacific plate [4]. The sea-
floor movement caused by the earthquake generated a huge tsunami that devastated
communities along the entire northeastern coast of Japan. The 14- to 15-m-high
tsunami waves hit the Fukushima Daiichi Nuclear Power Station (FDNPS) of the
Tokyo Electrical Power Company (TEPCO). All electric power was lost in Units 1-4 of
the FDNPS within 15 minutes after the first tsunami wave hit the station, and this led
to a blackout of the station, followed by a series of hydrogen explosions in the FDNPS.
These hydrogen explosions resulted in the displacement of approximately 470,000
citizens as well as negative legacies such as damaged nuclear power station, melted
fuel debris, contaminated water, soils, vegetation, and debris, secondary wastes from
on-site water treatment, and huge volumes of the Cs-contaminated soil from decon-
tamination operation off-site. The author, as an environmental mineralogist, has
been involved in the countermeasure activities against the negative legacies of the
accident. In this chapter, the author shows how applied mineralogy has been and
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will be an important component in the recovery of areas surrounding the FDNPS and
tries to promote the social and economic impacts of mineralogy based on the author’s
experiences after the Fukushima accident.

8.2 Mineralogical issues on- and off-site of the FDNPS
8.2.1 On-site

Immediately following the tsunami, all cooling and high-pressure makeup waters
to the reactors were lost. The accident sequence of the FDNPS has been described
in detail by other authors [5, 6]. Because of the long period without a core cooling
system, substantial core damage occurred in the FDNPS. The fuel could no longer
maintain a geometry capable of allowing cooling and temperatures soon exceeded
the melting point (~2800°C) of the fuel. Therefore, to understand the state of the fuel
debris and to develop debris-removal methods, mineralogists, and materials scien-
tists should determine the phases of the fuel after meltdown and assess the poten-
tial reactions with construction materials such as the zirconium fuel cladding and
concrete at the bottom of the building housing the reactor. Although mineralogy and
chemistry of the fuel debris is important, the author cannot use space in this chapter
to show these details. Please see the details in the relevant papers [7-10].

After the accident, to avoid self-sustaining nuclear chain reactions of the fuel,
cooling water injection to the fuel had to be continued. The injected water that came
into contact with the damaged fuel became highly contaminated with radioactive
elements. Because coolant circulation was not possible, the discharged water had
to be stored separately. Due to limited storage capacity, the cooling water should be
used again after removal of the nuclides of concern, i.e., #*Cs, ¥Cs, and °°Sr. With
the approach of the rainy season in June and July in 2011, there was urgent need for a
secure space for this contaminated water and to establish coolant circulation systems
with a decontamination capability.

The contaminated water contained high concentrations of non-radiogenic Na, K, Mg,
Ca, Sr, and Cl, which originated from seawater, as well as radioactive Sr, Cs, and I, which
were derived from the damaged fuel. The major element composition of the seawater was
the main difference between the wastewater at Fukushima and the wastewater generated
in the Three Mile Island accident in 1979, where there was no injection of seawater. The
treatment system for the contaminated water had specific requirements to achieve sulffi-
ciently high decontamination factors, particularly for Cs, under high-salinity conditions.
Therefore, data acquisition on the capacity and rate of Cs and Sr adsorption for various
candidate materials under high-salinity conditions was urgently desired to construct the
system. In this context, an academic team involving university professors, their students,
ands nuclear chemistry and mineralogy researchers voluntarily conducted adsorption
experiments and presented the results in the beginning of April 2011 (Fig. 8.1) [11].
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Fig. 8.1: Distribution coefficients of Cs between contaminated water and minerals and rate constant
of adsorption for different candidate materials such as natural and synthetic zeolites, ferrocyanide,
and silicotitanate compounds (T-KCFC and Cs Treat: commercial ferrocyanide compounds,

CST: crystalline silicotitanate).

After data acquisition and test operation, TEPCO started running the treatment facility
with a Cs/Sr removal system (Fig. 8.2) that includes synthetic zeolite (chabazite) and fer-
rocyanide (Fe*,[Fe*(CN) ],.-nH,0) for Cs and crystalline silicotitanate (Na,Ti,0,SiO,-2H,0)
for Sr on June 17, 2011. This operation was important because the contaminated water
in the trench was expected to overflow into Pacific Ocean without the treatment
system. However, final disposal of the spent adsorbent containing high concentra-
tions of Cs will be an important issue in near future. Also, this operation should be
continued until the final removal of fuel debris from the damaged reactors because
most of the radioactive Cs still remains in the reactor (Fig. 8.3) [12]. At present, the
spent slurry and adsorbents have also been produced from other treatment facilities
such as the multi-nuclide removal facility (Advanced Liquid Processing System: ALPS,
Fig. 8.4 [13]). Because ALPS should reduce the radioactivity of the 62 nuclides [14] to
below the limit specified by the Japanese reactor regulation, the system produces dif-
ferent kinds of spent slurry and adsorbents. Contributions from mineralogists and
materials scientists are still desired in the selection and optimization of materials
used in the above system for efficient and economical treatment of water, as well as
the safe storage and disposal of spent adsorbents. In Section 8.3.1, the trials to find
better materials for the efficient and economical storage and disposal of radioactive
materials are discussed.
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8.2.2 Off-site

The accident at the FDNPS resulted in the release of huge amounts of volatile
radionuclides such as I, ¥“Cs, and *’Cs into the environment. To assess the health
risks and impacts on food production in Fukushima prefecture and neighboring
prefectures, mapping the spatial distribution of the radionuclides (Fig. 8.5) is of critical
importance [15]. Many researchers, including the author and students with different
research backgrounds, have been involved in the mapping team organized by the
Ministry of Education, Culture, Sports, Science and Technology of Japan. The spatial
and temporal distribution was attributed to emission rate, wind direction, deposition
events, and other factors. Vertical profiles of nuclides are determined by the interac-
tion between nuclides and components in soils after deposition and are extremely
useful for present and future decontamination strategies as well as for forest and veg-
etation management. Since "' cannot be detected at the present time due to its short
half-life (around 8 days), the most pertinent target radionuclides at the present time
(after 5 years), therefore, are 3“Cs and ¥Cs. Examination of the vertical migration of the
radionuclides in soils after deposition has shown that more than 90% of **Cs and *’Cs
deposited on the soil surface was retained in a surface layer no more than 5 cm thick
and fixed into the structure of clay minerals [16, 17]. Decontamination of residential
areas was then conducted by removing 3 cm (by hand) to 5 cm (by heavy machinery)

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



158 —— 8 Applied mineralogy for recovery from the Fukushima accident

Yamagata Miyagi 9
/| | Prefecture Prefecture

Pacific
Ocean

Fukushima
| Prefecture

b+ T

B T

Al Total deposition
of 4Cs and 'Cs
(Ba/m?)

i -

' Naka-dori )3231'(3000 [
\ region ot

I 600 k-1000 k

“ | Tochigi 300 k-600 k
\ Prefecture [ 100 k-300 k
'-. 1 60 k-100 k
\ ki 30 k-60k
Ve Ibaraki B 0 k-30k
'i‘ 1 Prefecture 0 10km <0k
B - - |
\ —_ #4440 No data
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(right). Decay corrected to July 2, 2011, and November 1, 2011. The airborne monitoring survey
showed that the area in which deposition of “Cs + #7Cs more than 3000 kBq/m? extended from the
plant toward the northwest.

of topsoil. As a result of aggressive decontamination efforts, large volumes of the
contaminated soil have been collected and placed under interim storage, as shown in
Fig. 8.6. The estimated volume of contaminated soils is approximately 22 million m?.
With this volume, it is difficult, both economically and logistically, to find appropriate
disposal sites. Thus, the challenge is to reduce the volume of the contaminated soil
destined for actual disposal and to develop technologies to separate highly radioactive
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Fig. 8.6: Photograph of the interim storage site for the contaminated soils.

materials from bulk soils. In order to meet these challenges, both identification of the
host minerals and understanding the relationship between Cs and host minerals are
necessary. This scientific information would be also useful in the safety assessment of
interim storage sites and the reuse of the separated soils with low radioactivity.

8.3 Case studies
8.3.1 Selection of adsorbents and processes for water treatment on site

As shown in Section 8.2.1, several kinds of facilities have been installed for water
treatment. Several methods have been proposed for the separation and removal of
radionuclides from the contaminated water such as evaporation, co-precipitation,
solvent extraction, chemical treatment, ion exchange, micro-filtration, and mem-
brane processes [18-23]. In such facilities, co-precipitation, ion exchange, and
membrane processes have been employed and many kinds of minerals and crys-
talline materials have been installed to remove radioactive nuclides. Initially, three
primary Cs removal technologies were used at FDNPS. One of these is the Areva
(France) system, which involved co-precipitation with ferrocyanide. This system is
currently in use for effluent treatment in several nuclear sites, including that of Areva.
However, the use of this system in the FDNPS was discontinued after about 3 months
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due to the generation of large volumes of sludge that proved difficult to manage.
The other two systems, Kurion (Kurion Inc., USA) and SARRY (Simplified Active
Water Retrieve and Recovery System; Toshiba, Japan), employed the ion exchange
process using zeolite. The Kurion system was also employed for water treatment in
the Three Mile Island accident. At present, strontium-removal materials were added
to both systems because *°Sr is the most important nuclide contributing to the dose
received by workers in the FDNPS after **Cs and *’Cs removal. At the initial stage
of installation, the main requirement for these materials is to have high selectivity
for the target nuclides in seawater and saline waters. Eventually, in order to reduce
the volume of the spent adsorbents, mineralogists and materials scientists should
study hybrid adsorbents for Cs and Sr removal and the recycling of the adsorbent. A
research group, led by Prof. Mimura in Tohoku University, has conducted research on
hybrid materials that combine the high Cs selectivity of ferrocyanide with the high Sr
selectivity of zeolite A [24]. Because this hybrid material can also trap Cs in gas and
can be sintered, this material can safely encapsulate Cs in ceramic form. A research
group led by Dr. Yaita of the Japan Atomic Energy Agency (JAEA) has tried to develop
a recyclable hybrid adsorbent based on the novel macrocyclic ligand of o-benzo-
p-xylyl-22-crown-6-ether (OBPX22C6) and successfully immobilized onto mesoporous
silica for the preparation of hybrid adsorbent (Fig. 8.7) [25]. The potential and feasi-
bility of the hybrid adsorbent to be Cs selective were evaluated in terms of sensitivity,
selectivity, and reusability. Due to the high selectivity and reusability of these hybrid
adsorbents, the volume of spent adsorbents can be significantly reduced.

Hybrid
adsorbent
OCs
® Na

Selectivity

e

Separation

Elution

—=

Adsorbent + Cs

Fig. 8.7: Representation of Cs complexation with hybrid ligand for selective Cs removal in the
presence of high amounts of potassium and sodium ions (left). Schematic design of the construction
of a ligand-based hybrid adsorbent for Cs removal and recyclable of the adsorbent (right) [25].

The pretreatment facility of ALPS employs iron hydroxide and carbonate co-
precipitation processes, producing huge volumes of slurry with high water content.
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Handling and storage of the slurries are currently significant challenges due to the
difficulty in the dewatering and volume-reduction processes for these slurries.
However, these pretreatment facilities are necessary to remove ions such as Co,
Mn, Mg, and Ca ions that may interfere in the adsorption column. Therefore, TEPCO
wants to replace these facilities to reduce the waste. Currently, there are two different
ALPS (improved and high performance) in the FDNPS, both of which are still under
development. Thus, TEPCO needs scientific and engineering contributions from min-
eralogists and materials scientists to develop efficient treatment technologies that
minimize the amount of wastes that are generated.

8.3.2 Solidification of the spent adsorbents for safe and economical
storage and disposal

After using some materials as precipitates (slurry) and adsorbents, these materials
must be solidified into a form that is safe and easy to handle. As mentioned above,
there are many kinds of materials contaminated by radioactive nuclides. Many kinds
of alternatives should be therefore prepared. Although the spent zeolite from the Three
Mile Island accident was handled using vitrification, there is little or no actual expe-
rience for the solidification of the materials used in the FDNPS. In this context, some
projects on solidification technology using cement, geopolymer, liquid glass, glass,
melt, and sintered solidification were initiated in Japan with foreign collaboration
in 2015. In terms of solidification, there are certain requirements for the process and
the resulting solid: (1) technically feasible and can be manufactured economically,
(2) physically and chemically stable for storage and/or disposal, (3) decreased hydro-
gen generation by radiation from the waste, and (4) minimal generation of secondary
waste during production. Solidification by glass is possible even for materials with
high radioactivity. However, the vitrified waste should be categorized as intermediate
or high level waste and must be disposed in deeper geological media. On the contrary,
cement and geopolymers for the slurry and adsorbents are relatively better due to the
ease of operation, the reduction of secondary waste generation (i.e. no need for off-gas
treatment as in most thermal processes), and the very high effectiveness of the matri-
ces for Cs immobilization when the cement and geopolymer chemistry are designed
appropriately. Ca-based Portland cement is not a highly effective matrix for Cs immo-
bilization, so it cannot be selected as the primary immobilization matrix when Cs
is the key radionuclide [26]. Recently, geopolymer technology has rapidly developed
[27-29]. In geopolymer technology, we can tailor the waste form for different spent
materials because the mineralogy in matrix and secondary phases of geopolymer can
be selected using different alkali-activated materials (Fig. 8.8). However, not surpris-
ingly, the long-term performance of geopolymer-conditioned spent material waste
forms is not yet well understood, as there are no validated models that describe the
transport, solubility and sorption processes that will control the long-term performance
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of waste form. For this reason, and to support the safety case for construction of suit-
able disposal systems, it is necessary to urgently obtain key underpinning data on the
leaching characteristics and long-term behavior of the geopolymer waste forms and
the conditioned nuclides. Such data are relevant not only to recovery efforts in Fuku-
shima, but also to waste conditioning efforts elsewhere.

8.3.3 Identification of the host mineral for Cs retention in off-site soils

Radioactive Cs contamination has also occurred around world due to aboveground
nuclear tests and leaks from waste disposal sites and nuclear facilities. Contamina-
tion at the Hanford site in southeastern Washington, USA, and over a vast area of
Europe and western Russia, following the Chernobyl accident in May of 1986 are
famous examples of the contamination. These accidents triggered studies on the
behavior of radioactive Cs. Many researchers have suggested, mainly based on labora-
tory experiments, that weathered biotite, illite, and vermiculite are important phases
for sorption and retention of Cs in the ground or soil [30-35]. For instance, Cornel [33]
summarized the potential sorption sites for Cs* in the micaceous minerals as follows:
(1) cation exchange sites on the surface, (2) layer edge sites, (3) frayed edge sites (FES),
and (4) original interlayer sites inside the crystal. A number of studies have suggested
that FES, which form around the edges of plate-like mica crystals during weathering,
strongly and selectively sorb Cs [36-38] and is the final destination of radioactive Cs.
After the FDNPS accident, many mineralogists and materials scientists conducted
research using actual contaminated soils to identify the host minerals for Cs retention
in off-site soils. For example, a team led by Prof. Kogure of Tokyo University picked
up particles that are highly contaminated by radioactive Cs by imaging plate (IP)
autoradiography (Fig. 8.9) [39]. The particles were classified into three types based on

=
- gy ]

Fig. 8.9: (a) IP read-out image after 1 month of exposure to radiation from dispersed soil particles.
(b) Magnified image of (a) showing bright spots formed by radiation. (c) Stereomicroscope image
corresponding to the area of (b). (d) Magnified stereomicroscope image from the rectangle in

(c) showing a radioactive soil particle [39].
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their morphology and chemical composition, namely: (1) aggregates of clay minerals,
(2) organic matter-containing clay mineral particulates, and (3) weathered biotite. From
the chemical treatment and precise observation by transmission electron microscopy
(TEM) after focused ion beam treatment, they concluded that the radionuclides were
associated with the clay minerals, especially weathered biotite. They also checked the
reduction of the radiation intensity before and after trimming of the plate edges using
FIB to examine if radioactive Cs is sorbed at FES. The radiation intensity was attenu-
ated in proportion to the volume decrease by the edge trimming, implying that radio-
active Cs was sorbed uniformly within the porous weathered biotite (Fig. 8.10) [39].
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Fig. 8.10: (a) Cross-sectional TEM image of the weathered biotite. (b) Magnified TEM image and EDX
spectra from each portion of the particle. Kaolin group minerals (KGMs) and goethite are formed
inside the cleavage spaces of the biotite. (c, d) An example of the edge-removal treatment. SEM
images of the particle and read-out IP images (upper right) (c) before and (d) after the edge-removal.
(e) The results of the edge-removal treatment for five radioactive biotite grains. The volume and
radiation decrease by the edge-removal are almost proportional, indicating that radionuclides are
not concentrated around the edges but distributed rather homogeneously in the grain [39].
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Kogure’s group also conducted *Cs (10"-10° mol/L) adsorption experiments using
clay minerals from Fukushima Prefecture [40]. By characterizing the solids using auto-
radiography, they observed that the weathered biotite selectively sorbed ’Cs much
more strongly than the other clay minerals present in the same substrate (Fig. 8.11).
When the weathered biotite is removed from the substrate in the adsorption experi-
ments, the radioactivity of the other clay minerals, particularly ferruginous smectite,
increased considerably. This implied that the presence/absence of weathered biotite
is a key factor affecting the dynamics and fate of radioactive Cs in Fukushima. In
Fukushima, most of radioactive Cs was fixed into the weathered biotite because host
rock distributed at Fukushima is mainly granite.

0.185 Bq 1.85Bq 18.5Bq

24 h

FBWBKH ILM AIM

Fig. 8.11: A matrix of the read-out images of IPs covering the substrates with various mineral particles
(five particles for each species) sorbed radiocesium from the solutions. The radioactivity input to the
solution and reaction time are at the top and left, respectively. The figure at the top right of each image
is the percentage of radioactivity (or 7Cs) sorbed to the whole mineral particles, estimated from

the IP signal. The abbreviations at the bottom-right mean FB: fresh biotite, WB: weathered biotite,

K: kaolinite, H: halloysite. IL: illite, M: montmorillonite, A: allophane, IM: imogolite [40].

In the accident at FDNPS, other particles with radioactive Cs were also observed by
electron microscopy: Adachi et al. [41] discovered spherical microparticles with diame-
ters of 2.0-2.6 pm and radioactivities ranging from 0.7 to 3 Bq of ¥’Cs in a single particle
(“Cs ball”). Such Cs-bearing microparticles remained in the filter after acid digestion,
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indicating that the microparticles were insoluble. Kogure’s group also characterized
the mineralogy of these “Cs balls” (Fig. 8.12) [42, 43]. They found that the matrix of the
microparticles is composed dominantly of silicate glass with Cl, K, Fe, Zn, Rb, Sn, and
Cs as constituent elements. Although the dissolution rate of these particles is very slow
under the soil pH conditions at Fukushima, we have to consider carefully the leaching
of radioactive Cs from these Cs balls when we use low-radioactivity-contaminated soils
as construction materials mixed with cement and steel slag materials. Therefore, the
stability and fate of radioactive Cs in weathered biotites under neutral and alkaline
condition should be studied to assess the safety of their secondary usage.

v )
|
1.0 um
——
1.0 “m 1.0 um
e —
G3-8

((

P6-6

Cs L ... l Snl CsL

Fig. 8.12: Bright-field TEM images of “Cs ball” from thin sections of the radioactive microparticles
(top) and their elemental maps from the three microparticles (bottom) [43]. Cs ball is microparticle
of radioactive cesium (Cs)-bearing silicate glass emitted from FDNPS. Fe and Zn were relatively
homogeneously distributed, whereas the concentration of alkali ions varied radially. Generally,

Cs was rich and K and Rb were poor outward of the particles but the degree of such radial
dependence was considerably different among the particles.
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8.4 Concluding remark

The disaster at FDNPS has proven to be technically, politically, economically, and
emotionally costly. At the end of 2016, the Japanese government estimated the overall
cost of cleaning up the Fukushima nuclear disaster at more than 20 trillion Japanese
yen (0.18 trillion US$) [44, 45]. However, the estimated cost does not include the final
disposal of the wastes generated by on- and off-site treatment efforts. Therefore, final
disposal will account for additional cost. In addition, if mineralogists and engineers
cannot solve the mineralogical issues in on- and off-site treatment described above,
the cost may significantly increase in the future. However, from the view of common-
ality, recovery from the accident at FDNPS needs to accelerate to alleviate lingering
personal and economic hardships for the people affected by the disaster as well as for
the people involved in recovery efforts. However, reduction of cost is indispensable to
our posterity by the developed technology. Mineralogists must also understand that
treatment efforts must not only be conducted in scientifically sound ways but also in
ways that are acceptable to the public. With such a mindset, mineralogists would be
able to effectively communicate the social and economic impacts of using mineral-
ogy to address pervasive environmental problems. This could ensure greater public
understanding and support for the work of mineralogists, allowing them to thrive and
continue their research. In this context, the projects contributing to the recovery from
the accident at FDNPS will serve as tests of mineralogists’ scientific and social skills.
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9 Phosphates as safe containers for radionuclides

9.1 Introduction

Vitrification is currently the most widely used technology for the treatment of high-level
radioactive waste (HLW) in most countries using nuclear power [1]. Alkali borosilicate
and aluminophosphate glass are applied for the immobilization of actinides and fission
products depending on the waste streams that arise, respectively. Future waste gener-
ation is primarily driven by interest in sources of clean energy and this has led to an
increased interest in advanced nuclear power production in many countries, with few
exceptions such as Germany, where nuclear power generally is no longer an option for
future electric power generation strategies. Therefore, advanced nuclear waste forms are
being designed for properly thought-out future nuclear waste management strategies.
Potential advanced waste forms can be single-phase or poly-phase crystalline ceramic
(mineral) waste forms that chemically incorporate radionuclides and hazardous species
atomically in their crystal structures. In this context, phosphates play an important role
because many of them show outstanding and desired properties like a high radiation
resistance and a high chemical durability.

In this chapter, we will focus on phosphates that are currently discussed as poten-
tial single-phase ceramic waste forms for the safe disposal of the actinides U, Pu, and
the minor actinides Np, Cm, and Am, and in some cases, even for the disposal of
fission products like *°Sr. The mineral monazite and monazite-type synthetic ceramic
phases will be described in more detail; simply because such phases are especially
well suited for the permanent incorporation of actinides. Additionally, natural ana-
logues can be used as references that enable a secured estimation of the long-term
properties of phases designed in scientific laboratories.

9.2 Nuclear waste management

The safe disposal of radioactive waste is an urgent scientific and social challenge that
must be tackled over the coming decades. The peaceful use of nuclear power results in
low and intermediate radioactive waste with predominantly short-lived radionuclides
and highly radioactive waste. In the Federal Republic of Germany, e.g. the produced
low- and medium-radioactive waste will be introduced into the Konrad repository.
Konrad is located near the city of Salzgitter in the northern part of Germany, and it is
a former iron ore mine (host rock is an oolitic limestone formation), which is intended
to be a repository for low-level waste (LLW) and intermediate-level waste (ILW),

https://doi.org/10.1515/9783110497342-009
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respectively [2, 3]. The highly radioactive waste shall also be placed in a repository,
which must be ensured for very long periods (about 1 million years). Currently, there
is no repository for highly radioactive waste in operation worldwide.

For long-term safety of a repository, some long-lived fission products (e.g. **Tc, 1)
and the actinides (U, Th, Pu, Am, Cm, Np) are a major challenge due to their long
half-lives and high radiotoxicity. Therefore, innovative disposal strategies with regard
to final disposal and transmutation are required. Most HLWs are in either one of two
forms as (1) used nuclear fuel that is destined for direct disposal or (2) waste from
the reprocessing of commercially generated spent nuclear fuel (SNF), or in some
countries, from the reprocessing of fuel used to generate 2°Pu for weapons. The SNF
retains a high inventory of transuranium elements (about 1 atom%) in its uranium
matrix, and the waste from reprocessing is depleted in actinides, mainly 2°U and Z*Pu
(about 99% removed), recovered during chemical processing.

Liquid HLW streams are stored either as neutralized nitric acid streams in mild
steel tanks or as nitric acid streams in stainless steel tanks. Although borosilicate
glass has become the preferred waste form for the immobilization of HLW solutions
in the majority of the nuclear nations, the chemical variability of the wastes from the
different reactor and reprocessing flowsheets coupled with the additional variability
imposed by neutralization vs. direct storage or processing of acidic wastes has led to
a diverse HLW chemistry [4]. HLW contains about 75% of the elements in the periodic
table [1].

There have been many comprehensive reviews on waste forms (glass, glass-
ceramic, crystalline ceramic [mineral], cementitious, geopolymer, bitumen, and other
encapsulant waste forms) and their properties (e.g. some recent ones are [5-11]), and
this will not be elaborated on in this chapter. However, conditioning and the immo-
bilization of radionuclides are essential issues of recent nuclear waste management
strategies. In this context, the radionuclides are structurally incorporated into tailor-
made high-specific materials [12] and end-deposited. Regarding the immobilization of
the actinides U, Th, Pu, Am, Cm, and Np, these are mainly ceramic host phases. Such
ceramics are distinguished by their excellent resistance, which considerably reduces
the risk of release and thus a radiotoxic hazard to the geosphere and biosphere. The
advantages and disadvantages of different possible phosphate ceramic waste forms will
be discussed in more detail within the next section, and we will justify why we consider
phosphates to be a good choice.

9.3 Why single-phase phosphate ceramics?

The HLW generated by reprocessing of spent nuclear fuel contains higher amounts
of phosphates, i.e. usually up to 15 wt% PO, [13, 14]. It is a real challenge to develop
ceramic waste forms that can be adapted to different waste streams, because possible
amounts of other metal oxides also have to be taken into account, e.g. up to 30 wt% UO,.
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Actinide waste forms can be divided into four main groups [10, 11]: Simple
oxides, complex oxides, silicates, and phosphates. Simple oxides under considera-
tion are zirconia (Zr0,), uraninite (UO,), and thorianite (ThO,). More complex oxides
and titanates are zirconolite (CaZrTi,0,), perovskite (CaTiO,), pyrochlore ((Na,Ca,U),
(Nb,Ti,Ta),0,) and murataite ((Na,Y),(Zn,Fe),(Ti,Nb) 0,,(F,0H)). Well-known silicate
minerals are zircon (ZrSiO,), thorite (ThSiO,), garnet ((Ca,Mg,Fe?") (Al,Fe’*,Cr**) SiO,),
britholite ((Ca,Ce),(SiO,),(OH,F)) and titanite (CaTiSiO,). Finally, relatively widespread
phosphate minerals are monazite (LnPO .+ Ln=Llato Gd), xenotime (LnPO s Ln= Tb to
Lu, and Y), and apatite (Ca, Ln,, (PO 4)y(O,F)Z). In principle, ceramic waste forms are
distinguished in poly-phase and single-phase waste forms [7]. Phosphates are mainly
intended as single phases and Tab. 9.1 (see also [14]) shows the most prominent candi-
date materials that are currently under investigation (minerals and synthetic phases).

Tab. 9.1: Potential ceramic phosphate waste forms (Ln = La to Gd).

Structure type Composition Space group
Monazite LnPO, P2./n
Apatite Ca,, Ln (Si0,) (PO,), (F,OH,0), P6./m
Xenotime YPO, 14 /amd
Kosnarite (NZP) KZr,(PO,), R3c
Florencite LnAL,(PO,),(OH), R3m
Th-phosphate-diphosphate (B-TPD) B-Th,(PO,) P,0, Pcam
Th-U-phosphate-diphosphate (B-TUPD) B-Th, ,Uv (PO,),P,0, Pcam
Th-Pu-phosphate-diphosphate (B-TPPD) B-Th, Pu"(PO),P,0, Pcam
Th-Np-phosphate-diphosphate (B-TNPD) B-Th, Np"“ (PO),P,0, Pcam
Monazite-cheralite solid solutions LnPO,-CaTh(PO ),

Monazite-huttonite solid solutions LnPO -ThSiO,

Monazite-brabantite solid solutions LnPO -Ca,,Th , U PO,

Monazite-B-TUPD composite matrices LnPO,-B-Th, U (PO,),P,0,

The importance of advanced waste forms can be elucidated by the following list of
basic requirements for a reliable actinide waste form: a high waste loading (about
20-35%), easy processing (established methods being preferred), high radiation
stability (the waste form should show a high tolerance to radiation effects, particu-
larly those that yield from a-decay), chemical flexibility, durability, natural ana-
logues (as references for the judgment of the long-term performance), and finally
criticality issues. The latter can be accomplished by reducing the concentrations
of the incorporated actinides, which in turn reduces the maximum waste loading.
Another choice can be the incorporation of neutron absorbers like Hf and Gd into
the crystal structure.

The best way to accomplish all properties listed above is the usage of single-
phase ceramics that can be processed even on larger scales quite easily, and whose
properties can be controlled more reliably than it is possible for poly-phases, with
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unknown interactions of the components under extreme conditions, over very long
time periods.

9.4 Crystal structures and properties

The symmetry of the crystal structures of the phosphates listed in Tab. 9.1 varies
significantly, from the relatively low monoclinic symmetry of the monazite-type
structure, up to the highly symmetric hexagonal structure of apatite. All these
structures exhibit specific atomic sites that can be used for the permanent incor-
poration of lanthanide or actinide cations. The coordination number of these
M-cations ranges from 6 (kosnarite) to 12 (florencite). However, all mentioned
crystal structures are, e.g. suitable for the incorporation of the most prominent
actinides U and Pu. The most important properties relevant for nuclear waste
management, like radiation resistance and aqueous durability, possibly vary
between these phases (e.g. normalized dissolution rates can even vary several
orders of magnitude for monazite-type phases; [6, 14]), but none of them appears
to be unsuitable for the disposal of actinides, or in some cases even for the disposal
of long-lived fission products. In the following subsections, some more details
about selected crystal structures will be given to illustrate the structural varia-
bility in phosphates considered as potential waste matrices. For the special case
of monazite, some recently investigated specific structural features are discussed
separately at the end of this subsection.

9.4.1 Monazite type

Monazite is a naturally occurring rare-earth element (REE) orthophosphate (M?*PO 4).
Typically, M?* are the light (and big) REE from La to Gd. It is found as an accessory
mineral in metamorphic and plutonic rocks [15-17]. The Greek origin povagew (to
be solitary) refers to natural monazite crystals usually occurring solely due to their
extreme geological stability with ages up to 2 billion years [18—20]. Natural monazites
contain up to 15 wt% UO, and up to 32 wt% ThO,, respectively [11]. Although these
elements are known for their a-decay, monazite is usually found in a crystalline state
due to its low temperature of recrystallization [16, 21].

Because of this high resistance to radiation damage and corrosion [16] combined
with the incorporated amount of U, monazite is used in geochronology and discussed
as a potential host for nuclear waste [9, 22, 23].

Monazite has a monoclinic structure (space group P2, /n, non-standard setting; [17]).
All atoms are located on general Wyckoff positions 4e (x, y, z). The lattice parameters
for LaPO, are approximately a = 6.8 A, b =714, c = 6.5 A, and = 103.3°. A schematic
drawing of the structure is given in Fig. 9.1.
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M?* cations are nine-fold coordinated by oxygen. These [M**0,]-polyhedra share
edges with the isolated [PO,] tetrahedra forming alternating chains along c [17, 24].
Within the ab-plane, [M**0O,] are connected via corners [7]. The nine-fold coordination
allows the structural incorporation of various cations without severe constraints on
symmetry, size or charge of the cation [25].

Fig. 9.1: Crystal structure of monazite,

e.g. LaPO,, viewed along the crystallographic
c-axis. [PO ]-tetrahedra are orange, M** are

& light blue spheres, oxygen small pink spheres.

In addition to trivalent ions, monovalent, divalent, and tetravalent cations can be
introduced and charge-compensated for by vacancies or coupled and/or double
substitution on both cation sites [14]. This feature is pronouncedly interesting for the
incorporation of minor actinides and Pu (see [26], and references therein).

9.4.2 Apatite type

As one of the most abundant phosphate minerals, apatite can be described as
M, (TO,) X,. The two crystallographically distinct M-sites are usually occupied by
Ca? but can accommodate REE as well. T represents P and/or Si, while X can be
F, OH, Cl, or O. The mineral name is derived from the Greek word for “misleading”
or “deceive” (anateiv) because different varieties of apatite were regularly mistaken
for other minerals.

It is common in placers and as an accessory mineral in igneous rocks [27-29].
U-bearing apatite from the Oklo natural reactor in Gabon was found to be 2 billion
years old, indicating a high long-term stability [30, 31].

A detailed study of the structure of apatite was presented by Hughes and Rakocvan
[27]. Having the hexagonal space group P6,/m, the approximate lattice parameters of
apatite are around a = 9.4 A and c = 6.8 A. The occupied Wyckoff positions are given
in Tab. 9.2.
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Tab. 9.2: Occupied Wyckoff positions in the apatite-type
structure in space group P6_/m.

lon Wyckoff site X y z
M 4f i3 2/3 z
M2 6h X y Y
T 6h X y Y
(o 6h X y A
02 6h X y A
03 12 X y z
X 2a 0 0 A

Apatite is composed of rigid [TO,]-tetrahedra. T is usually occupied by P, but phos-
phorus can be replaced by Si (then named britholite). These tetrahedra form a
honeycomb-like structural network. Since the M-ions occupy two distinct crystal-
lographic sites, two different coordination environments are observed: Ions on the
M" position are nine-fold coordinated by oxygen forming a tricapped trigonal prism.
The M? position is seven-fold coordinated by six oxygen atoms and one X. The latter
is located in the center of the hexagonal tunnels along ¢ which are formed by the
[TO,]-tetrahedra [27, 28, 32]. By coupled substitutions, not only divalent ions can be
incorporated at the two distinct M sites, but also trivalent and tetravalent ions such
as REE, U and Th [33].

Because of its significant chemical and structural flexibility, and its easy
“self-healing”, apatite is considered as a nuclear waste container material [13, 34].
However, Chartier et al. [32] pointed out that the possible migration/mobility of
the M-ions in the structure might indicate significant disadvantages for the use of
apatite-type materials for the immobilization of radionuclides.

9.4.3 Xenotime type

The name xenotime is derived from the greek xevoo (vain, apparent, foreign) and
Tun (honor, value). This vainglory stands for the original claim of a newly discovered
element which was later found to be the already known yttrium. Over time, the name
changed to its contemporary form [20]. Xenotime was first described by Berzelius in
1824 [35](cited after [36]) and is a rather common accessory mineral found in grani-
toids, granitic pegmatites, and low- to high-grade metamorphic rocks [37].

Several structural investigations were carried out, e.g. by Milligan et al. [38]
and Ni et al. [17]. Like monazite, xenotime is an orthophosphate of general formula
M>*PO,. Here, M** typically are the heavy (and small) REE from Th to Lu, and Sc and Y.
The structure is the tetragonal zircon (ZrSiO,)-type structure with space group I4,/amd
[7, 17]. For YPO » the lattice parameters are around a = 6.9 Aandc=6.0 A. The occupied
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WycKkoff positions in the xenotime (zircon)-type structure are given in Tab. 9.3. A sche-
matic drawing of the crystal structure is shown in Fig. 9.2.

Tab. 9.3: Occupied Wyckoff positions in the xenotime-type
structure in space group /4 /amd.

lon Wyckoff site X y z
M3 4a 0 34 s
P 4b 0 Y 38
0 16h 0 y z

Because of the smaller size of the heavy REE, in xenotime (unlike in monazite), M>*
are eight-fold coordinated by oxygen.

[ [

& &

-\?;

» Q’ Fig. 9.2: Crystal structure of xenotime, e.g. YPO,, viewed

» along the crystallographic c-axis. [PO ]-tetrahedra are orange,
ko M>+ are light blue spheres, oxygen small pink spheres.

Milligan et al. [38] described the [MO,]-polyhedron to be a dodecahedron. This shape
results from the specific point-group-consistent bisphenoidal distortion of a cube
(coordination number: 8). Comparable to monazite, the [MOS]-polyhedra and the
[PO,|-tetrahedra share common edges to form alternating chains along [001] while
being interlinked in the (100) plane. In general, xenotime is 10% less dense than
monazite [7] and is not as stable as monazite in terms of radiation damages [13].

9.4.4 Kosnarite type

The chemical composition of the name-giving mineral kosnarite (for Richard A.
Kosnar [1946-2007], see [39]) is KZr(PO,),. A general formula for kosnarite-type
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compounds can be given as M**M,**(PO,),. Natural KZr,(PO,), occurs as a late-stage
secondary phosphate mineral in pegmatites [39]. Kosnarite is trigonal (rhombohe-
dral) with space group R3c and unit cell dimensions of about a = 8.7 Aand c =239 A
in the hexagonal setting (see [40]). The occupied Wyckoff positions in kosnarite are
given in Tab. 9.4. A schematic drawing of the crystal structure is shown in Fig. 9.3.

Tab. 9.4: Occupied Wyckoff positions in the kosnarite-type
structure in space group R3c (hexagonal setting).

lon Wyckoff site X y z
M 6b 0 0 0
M 12¢ 0 0 z
P 18e X 0 Ya
0! 36f X y z
0? 36f X y z

Y

Fig. 9.3: Schematic drawing of the kosnarite-type crystal structure, M*M** (PO ), in a projection
along the crystallographic c-axis. [PO,]-tetrahedra are orange, [M**0 ]-octahedra are light-blue, M**

cations are light violet, and oxygen atoms pink spheres.

Kosnarite is an orthophosphate; hence, all [PO,]-tetrahedra are isolated. All oxygen
atoms are linked to both phosphorus and zirconium atoms. Zirconium is coordinated by
six oxygen atoms in the shape of an octahedron. Two [ZrO_]-octahedra then are linked
in c-direction (along the 3 roto-inversion axis) via a “bridging” [PO,]-tetrahedron, but
also in the ab-plane, thus forming a 3D-network of [Zr,(PO,),]-groupings [40]. Along the
c-direction, space left open by this framework is filled by K atoms.
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Aside from eulytine (Bi,(SiO,),), kosnatrite is one of the two known phases which
can accommodate tetravalent actinides on an octahedrally coordinated site (see e.g.
the chapter by Locock in Krivovichev et al. [41]). Ewing and Wang [13] stressed the
immense chemical flexibility of the kosnarite-type structure, including the materials
NASICON, Na,, 7Zr,Si P, O, ,,and NZP, NaZr,(PO,).. Both are well known for their ionic
conductivity properties (e.g. [42]). By coupled substitutions, “nearly two-thirds of
the periodic table” (p. 687 in [13]) can be accommodated in this structure type.

In summary, although kosnarite-type materials could qualify as a nuclear waste
matrix owing to their chemical flexibility (see, [13], and references therein), their
ion-exchange properties might turn out as severe disadvantage in the attempt to
immobilize radioactive nuclides.

9.4.5 Florencite type

Florencite isa REE mineral of isostructural hydrous Al-phosphates (M?*AL (PO, ),(OH) ).
In florencite, M?* is mostly Ce, occasionally La and Nd. Other minerals in this
group contain divalent Ca (crandallite), Sr (goyazite), Ba (gorceixite), and Pb
(plumbogummite) and an additional proton. Instead of P, variations are found with V
or As. Therefore, it belongs to the alunite-crandallite group [43-45].

Florencite is named after the Brazilian mineralogist W. Florence. It is found
worldwide, often in association with monazite, xenotime, goyazite and/or gorceixite
in mica schists or diamond-bearing sands, in granitic pegmatites, carbonatites,
hydrothermal deposits, placers, shales, and weathered zones [44, 46—48].

The crystal structure of florencite was first described by Kato [49] to be analogous
to goyazite [50]. In the hexagonal setting of trigonal (rhombohedral) space group R3m,
approximate lattice parameters are a = 6.9 A and ¢ = 16.2 A. In Tab. 9.5, the Wyckoff
positions of the atoms in the florencite-type structure are given. Fig. 9.4 shows a sche-
matic drawing of the crystal structure.

Tab. 9.5: Occupied Wyckoff positions in the florencite structure type
in space group R3m (hexagonal setting) after Kato [49].

lon Wyckoff site X y z
M3+ 3a 0 0 0
Al 9d > 0 >
P 6c 0 0 z
0! 6c 0 0 z
02 18h X X z
O(H) 18h X X z
H 18h X X z
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Fig. 9.4: Crystal structure of florencite M**AL,(PO,),(OH),, viewed along the crystallographic b-axis.
[PO ]-tetrahedra are orange, [AlO ]-octahedra are light-violet, M** cations are blue, and oxygen
atoms pink spheres. Small blue spheres are hydrogen atoms.

Al is coordinated by two oxygen atoms and four (OH) groups. These slightly distorted
Al-centered octahedra are connected via common oxygen atoms, forming alternating
layers perpendicular to ¢ with “hexagonal” and “triangular” voids. The [PO, ]-tetrahedra
are isolated and share three corners with the octahedral layer. Due to this arrange-
ment, the fourth oxygen points away from the triangular hole.

Through the hexagonal ring, two [PO,]-tetrahedra point towards one another.
Between the octahedral layers, the large cations (M) are surrounded by six hydroxide
groups and six oxygen atoms [49, 51]. The coordination polyhedron of these M cations
is an icosahedron (see Locock in [41]).

9.4.6 Th-phosphate-diphosphate (B-TPD) type

In contrast to all cases discussed above, B-Th,(PO,),P,0, — to the best of our
knowledge — has not yet been found as a naturally occurring mineral, but has only been
prepared synthetically (see [52]). The same holds for the U-, Np- and Pu-substituted ana-
logues. In general terms, the formula hence reads g-M*,(PO,) P,0..

The crystal structure of B-TPD was first described by Bénard et al. [53]. In a
later work, Dacheux et al. [54] as well as Dacheux et al. [55] showed the isotypes of
the solid solutions of B-TPD containing U, Np, and Pu. The maximum substitution
of Th, hereby was x = 3.00, 2.09, and 1.63 for U, Np, and Pu, respectively [56]. All
these phases have the orthorhombic space group Pcam (non-standard setting of
Pbcm) with approximate lattice parameters a = 12.9 A, b = 10.4 A, and ¢ = 71 A for
B-Th,(PO,),P,0,. The Wyckoff positions of the atoms in the B-TPD-type structure are
given in Tab. 9.6.
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Tab. 9.6: Occupied Wyckoff positions in the B-TPD—type structure
in space group Pcam after Bénard et al. [53].

lon Wyckoff site X y z
Ma+1 4d X y 14
M4+2 4d X y 14
p? 4c Y y 0
p2 4d X y Ya
pP? 4d X y Ya
ou 4¢ Y y 0
0 8e X y z
0" ec_vp 4d X y Ya
oz 4d X y Y
02 8e X y z
0z 4d X y Y
03t 4d X y Y
032 4d X y Ya
0» 8e X y z

In their original work, Bénard et al. [53] described the B-TPD type as made up of layers
of [PO,]-tetrahedra and [P,0_]-pyrophosphate-groups parallel to (010). These phos-
phate layers then alternate with parallel planes containing all M**-ions. The pyro-
phosphate groups show positional disorder, which can also be read from the central
oxygen (0") having an occupancy of only 0.5. This does not facilitate the graphic
display of the structure. Both symmetrically non-equivalent M**-positions are in eight-
fold coordination by oxygen, with reasonable M**—0 distances. No easy description of
the coordination-polyhedra geometry was presented.

9.4.7 Specific structural features of monazite

Some recent systematic and detailed investigations of various monazite solid solu-
tions gave a rather deep insight into specific features of this structure type. Such
investigations generally are important, since the formation of solid solutions strongly
influences structural, physical, and (thermo-)chemical properties of materials. Aside
from global, long-range information by (synchrotron and laboratory) X-ray diffrac-
tion experiments, local, short-range information was obtained from infrared (IR)- and
Raman-spectroscopic investigations (see [57-62]).

Figure 9.5 shows combined lattice parameter data for a considerable number of
monazite-type binary solid solutions as a function of the average effective ionic radius
of M?* (see [63]). Corresponding references for the data are given in Tab. 9.7.

Additionally, the unit cell volume of some solid solution series is shown in
Fig. 9.6 as a function of the cube of the ionic radius.
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Fig. 9.5: Lattice parameters a, b, c and 8 of various monazite solid solutions as a function of the
average effective ionic radius of M*. References for the data are given in Tab. 9.7.

Tab. 9.7: Monazite solid solutions and references used for Fig. 9.5.

Composition Symbol Reference

(La,P)PO, = [61]

(Pr,Sm)PO, B [64]

(Nd,Sm)PO, O [65]

(Pr,Nd)POA . pers. commun., C. Claf3en, unpublished.

(Nd,Eu)PO, [ [66]

(Sm,Gd)PO, | [67]

(La,Ce)PO, ] [68, 69]

(La,Eu)PO, - [70]

(La,Gd)PO, O [70, 71]

(Ce,Pn)PO, - [72]

(Ce,Sm)PO, | [73]

(Ce,Eu)PO, O [74]

(Ce,Gd)PO, = [75]

(La,Pu)PO, [ [76]

(La,Gd)PO, | [77]

End-members v; O; [17, 24,78, 79]
LA (71, 80]
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Fig 9.6: Linear fit of the unit cell volume of selected monazite-type end members and solid solutions
as a function of the cube of the corresponding average effective ionic radius. The data for LnPO,,
(La,Ce)PO,, (La,Gd)PO, and (Sm,Ce)PO,, respectively, are identical to that used in Schlenz et al. [14].
The data for (La,Nd) PO, are from Schlenz et al. [62]. (La,Eu)PO, is from Arinicheva et al. [81] and
(Sm,Th)PO, from Heuser [73].

These two figures clearly demonstrate a systematic structural behavior of monazite,

which will probably even allow for predictions as a function of the average ionic

radius of any M>?*:

i.  All unit cell lengths (a, b, c) increase linearly with an increase in effective ionic
radius of M3+,

ii. The monoclinic angle § also decreases linearly with an increase in effective ionic
radius of M>+.

iii. Both (i) and (ii) combined lead to an almost linear dependence of the unit cell
volume on the M3*-cation volume, here represented as the cube of the ionic radius.

In conclusion, for all solid solution series shown here, it is most probably the well-
known lanthanides’ contraction that translates directly (and rather simply) into the
change of the size and shape of the unit cell.

Some more details of the structural behavior of a monazite solid solution were,
e.g. recently presented for La, Pr PO, [61]. The authors showed that for all solid solu-
tion members studied by X-ray diffraction in that work, the [PO 4]-tetrahedron, while
slightly distorted, could be considered more or less as a rigid body [82].

To gain further insight into this issue, the authors used the complementary
method of (infrared and Raman) spectroscopy. Exemplary IR and Raman spectra for
the characteristic modes of the [PO 4]-tetrahedron in monazites are shown in Figs. 9.7
and 9.8.

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



184 —— 9 Phosphates as safe containers for radionuclides

Transmittance / a.u.

1400 1200 1000 800 600 400

Wave number / cm™

Fig. 9.7: IR spectrum for the characteristic modes of the [PO,]-tetrahedron in monazites for LaPO,: v,
and v, are the symmetric and anti-symmetric stretching modes, respectively, while v, and v, are the
symmetric and anti-symmetric bending modes.
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Fig. 9.8: Raman spectrum for the characteristic modes of the [PO ]-tetrahedron in monazites for

LaPO,: v, and v, are the symmetric and anti-symmetric stretching modes, respectively, whereas v,
and v, are the symmetric and anti-symmetric bending modes.

EBSCChost - printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

9.5 Chemical thermodynamics of single phases and solid solutions = 185

Hirsch et al. [61] stated that, within resolution, the IR spectra for the characteristic
modes of the [PO,]-tetrahedron in monazites were not visibly dependent on compo-
sition. This was different for the Raman modes. An updated and amended example
for this behavior can be seen in Fig. 9.9 for three solid solution series for the most
composition-sensitive [61] symmetrical stretching mode v, of the [PO,] tetrahedron.

Sm Nd Pr La
978

= " (La,Pr)PO,
976 |- _ (Pr,Sm)PO,

(Nd,Sm)PO,
o74 |

972 |
970

968 -

Wave number / cm”

966 -

964 1 L | L 1 L | L | L | L | L 1 L 1 L
113 114 1145 116 117 118 119 120 121 1.22

Effective ionic radii / A

Fig. 9.9: Raman wave numbers of the v, mode.

The observed blue shift of the characteristic Raman modes with decreasing effective
ionic radius of M?+ was attributed to the corresponding M?*—0 bond length contrac-
tion, resulting in a “stiffening” of the affected P-O bonds [61].

In conclusion, this type of extensive structural characterization of various solid
solution series would be most welcome for all structure types considered to be used as
waste matrices. The aim of these studies should be the ability to predict the structural
properties of any composition of any phase used to immobilize radionuclides.

9.5 Chemical thermodynamics of single phases and
solid solutions

Any application in general and the application of phosphate materials as nuclear

waste forms in particular require a model based on reliable thermodynamic data
that allows for a description and prediction of the waste form stability under
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repository-relevant conditions over a very long time scale. A refined understanding
of the thermochemistry of solid solutions and their constituents provides the infor-
mation for a reliable description of the phosphates’ stability, their tendency to desta-
bilization due to immiscibility and phase separation.

Experimentally obtained thermodynamic data are accessible from calorimetric
measurements. New developments in these methods significantly expanded the abil-
ities to obtain thermodynamic data up to very high temperature (2000°C) in different
environments (e.g. oxygen, argon) using milligram amounts of material. Three main
classes of calorimetry can be distinguished [83]. The first group includes drop solu-
tion calorimeters to investigate directly the enthalpy of chemical reactions by dissolv-
ing the samples at high temperature. Among them, the Calvet-type twin calorimeter
e.g. for oxide melt solution calorimetry is the most advanced system [84]. The second
group includes the widely spread differential scanning calorimeters to collect data
about phase transitions and heat capacities with a very limited capability to inves-
tigate chemical reactions. Another option to obtain thermodynamic data of phase
transitions and heat capacities offers the third class including the conventional drop
calorimetry [85, 86].

All methods were used to investigate phosphate materials. Most studies were
performed on pure REEPO, materials [80, 87, 88] as well as on REEPO, solid solu-
tions [61, 62, 70, 89] and to smaller extent on diphosphate solid solutions [90, 91]. The
enthalpies of formation of pure REEPO, were found to follow roughly a linear trend
consistent with the decrease of ionic radii of lanthanides and the ionic binding in
these materials [80].

For an application as a waste form, the data from investigations on solid solu-
tions are very important because they provide insight into the thermochemical
behavior of materials which display more realistically the excess properties of a
waste form after the incorporation of e.g. actinides into the crystal structure of
the host matrix. Excess properties such as the heat contents were measured using
high-temperature calorimetry of phosphate solid solutions (La, Ln PO,; Ln = Nd,
Eu, Gd [76] and Ca Th Ln , PO,, Ln = La, Ce [91]). The phosphate compositions
were found to be regular solid solutions and the non-ideal behavior is a result of
the mismatch of the size of substituting ions. These data represent an integral
of excess heat capacity of the regular solid solutions from ambient to high tem-
perature, but they do not give directly the excess enthalpy of mixing. Such data
are accessible most accurately by drop solution calorimetry, because the dissolu-
tion enthalpy can be measured directly while the sample is dissolved at precisely
adjusted isothermal conditions. Very recently, the excess enthalpy of mixing of
La_LnPO, (Ln = Pr, Nd, Eu, Gd) solid solutions were measured by drop solution
calorimetry [61, 62, 70]. The data clearly demonstrate that the mismatch of ionic
radii contributes as well as lattice strain due to bond length distribution in the solid
solutions, to the excess enthalpy of mixing of these solid solutions. The appear-
ance of lattice strain as a consequence of bond length distribution is in good
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agreement with detailed structural investigations and modeling studies of phos-
phate solid solutions [92, 93]. Moreover, ab initio methods were applied to compute
the Margules interaction parameters and resulting excess enthalpies of mixing for
series of monazite solid solutions from measured or computed volumes of end-
members and Young’s moduli [94, 95].

Only very few data are available on actinide containing solid solutions because
these experiments can exclusively be performed in restricted areas due to the radioac-
tivity of such samples and are therefore extremely costly. Th-bearing Ca Th Ln, , PO,
(Ln = La, Ce) solid solution series measured by Konings et al. [91] showed thermo-
dynamic behavior comparable to the lanthanide mixed solid solutions. Popa et al.
[77] measured the low-temperature heat capacity on a La ,Pu PO, solid solution and
reported an antiferromagnetic effect of Pu®* in that system. Reliable data on Pu or
minor actinides (Np, Am, Cm) containing solid solution series do not exist so far and
can only be realized by a combination of very few and well selected experiments and
atomistic modeling.

9.6 Computer simulations as a valuable supplement
to experimental results

In recent years, substantial progress could be made concerning computer simulations
of materials that contain 4f- and 5f-elements [96]. Because lanthanides and certainly
actinides play an important role regarding phosphates as ceramic nuclear waste
forms, such progress can be very valuable in securing experimental results through
computer simulations. Additionally, in some cases, where experimental data are
desirable but for some reason not achievable, advanced simulation techniques can
be the only choice. Currently, computer simulations based on the density functional
theory (DFT) and molecular dynamics (MD) are developing particularly strongly, and
the results that yield from such simulations provide new insights into the proper-
ties of phosphate ceramics. During the past 5 years, especially several studies on
monazite- and xenotime-type materials were published, as well as some papers on
solid solutions of these phases.

Now it is not only possible to calculate cell constants and bond distances with a
significantly higher precision and accuracy as they were accessible via simulations
in former years [97]. It is also possible to calculate e.g. heat capacities [98], elastic
moduli and thermal conductivities [95, 99], enthalpies of formation [70], enthalpies of
mixing of solid solutions [94], the radiation resistance of a monazite- or xenotime-type
ceramic [100, 101], and finally DFT calculations were also shown to be helpful in the
assessment of chemical durability [102].

The DFT is currently the method of choice for the accurate prediction of the
electronic properties of solid materials at low computational expenses ([42, 103, 104]).
On the one hand, DFT enables first-principles studies of materials properties, but on
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the other hand, DFT suffers from approximations that can result in inaccurate descrip-
tions of electronic band structures, especially for the case of actinides [96, 105].

An advanced extension of DFT helps to solve latter problems, the so-called
DFT + U method using a Hubbard U parameter, that explicitly accounts for the
correlations between f-electrons (for more detailed information about the theoret-
ical background of the DFT + U method, the interested reader is kindly referred to
the attached references). Blanca-Romero et al. [97] demonstrated that this method
results in very good predictions, e.g. of the Ln-O distances (Ln = La to Dy) in the
crystal structures of monazite and of the formation enthalpies of such orthophos-
phates. With similar success, Beridze et al. [96] extended this study to xeno-
time-type materials.

Another good example is the reliable computation of heat capacities (C) of lan-
thanide and actinide monazite-type ceramics [98]. Different materials and different
phases of the same material have different heat capacities that vary as a function
of temperature. Additionally, heat capacity values of all materials are different for
heating at constant volume (C,) or at constant pressure (C,). The heat capacity of a
material is generally due to the uptake of kinetic energy by atoms and molecules, and
the heat capacity of a solid (C,) can be written as follows [106]:

c,=C,+(C,-C)+C,+C,+C +C,, (9.1)

The lattice heat capacity (C,) is generally the largest term, followed by the thermal
expansion term (C, - C,), that is the next most important contribution for most
nonmetals. The electronic heat capacity (C,) generally does not become significant
until high temperatures (except for metals). Other contributions are magnetic transi-
tions (C,), order/disorder effects in crystal structures (C)), and transitions between
electronic energy levels with d and f electrons, the latter being present in lanthanides
and actinides (C o SChottky transitions). The first law of thermodynamics results in
a relationship between heat capacity and enthalpy, and the second law of thermody-
namics likewise creates a link with the entropy. Heat capacities can be determined
experimentally using calorimetric methods, or they can be calculated, e.g. using
DFT + U methods.

The importance of the heat capacity as a central materials property is emphasized
by the aforementioned, and the reader easily gets the impression, that modeling heat
capacities precisely and accurately might not be a trivial task. Kowalski et al. [98]
computed heat capacities and the standard entropies for monazite-type phases, and
they achieved a good agreement between available experimental data and the results
of their DFT simulations for lanthanides (LnPO s In=Lato Gd). Therefore, they sug-
gested that in general missing thermodynamic data on actinide monazites could be
computed in a similar manner.

One of the most important properties of a nuclear waste form is its radiation
resistance. During the past three decades, several experimental irradiation studies
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had been performed (see [11; 107-111], for some recent work and reviews). However,
irradiation experiments on actinide-containing materials require a lot of effort and are
generally not easy to perform. Therefore, computational tools that are able to do the
same job a lot easier are desirable. Grechanovsky et al. [100] used MD simulations in
order to calculate the radiation resistance of LaPO, (monazite) and YbPO, (xenotime),
respectively. Ji et al. [101] also simulated the radiation resistance of LaPO, and addi-
tionally that of (La,,Gd,,)PO,, using atomistic modeling techniques. Experimental
results could be confirmed, and the determined threshold displacement energies (E )
will help to select proper setup parameters for future irradiation experiments [101].
Through detailed analysis of radiation-induced damages that originate from a-decay,
and especially by the simulation of Frenckel pairs being produced by such irradiation
processes, Grechanovsky et al. [100] confirmed experimental results that the radia-
tion resistance of LnPO, (Ln = La to Gd) is generally higher than that of zircon-type
phosphate structures. Again, this demonstrates the value of computer simulations as
a supplement to laboratory experiments. The results of Grechanovsky et al. [100] also
explain the structural changes due to irradiation, and this increases our knowledge
about radiation damage and possible reconstruction, respectively.

For the future, it can be expected that the increased use of supercomputers will
enable more impressive results that emerge from advanced computer simulations
being performed on radioactive materials in general, and nuclear waste forms in
particular.

9.7 Summary

Suitable nuclear waste forms require several properties, and only some of them could
be mentioned shortly within this chapter (physical properties and chemical durability
are also important issues).

Our aim was to emphasize the significance of phosphates for conditioning within
the framework of advanced nuclear waste management strategies in general, and
the importance of monazite-type phases in particular. Therefore, we restricted our
discussion to four prominent topics with regard to the assessment of the suitability
of such phases for conditioning: Crystal structures, thermodynamic properties, rel-
evant analytical methods for the experimental determination of necessary data, and
finally complementary and progressive computer simulations using supercomputers,
in order to fill knowledge gaps. Collecting all this information about phases under
investigation, one gets a quite complete picture related to the qualification of phos-
phates as ceramic nuclear waste forms.

However, many of the listed references and the experimental studies behind these
papers used lanthanides as surrogates for actinides, because often experiments with
active materials are very elaborate or simply not feasible, and therefore, in compari-
son, the number of references that practically incorporated actinides is significantly
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lower [112, 113]. Future investments in modern laboratory equipment should enable
more experimental studies using radioactive samples (e.g. even for irradiation exper-
iments), and further developed simulation strategies will be of more importance in
order to gain a comprehensive knowledge of such phases, which shall be stable for
very long time periods.

Furthermore, we would like to emphasize that the task of finding suitable
matrices for long-lived radionuclides and fission products will be a challenge even for
generations to come, and therefore it has to be stressed that also sufficient investment
in education and training, regarding radiochemistry and handling of radionuclides,
remains essential.
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S. Stober and H. P6llmann
10 Immobilization of high-level waste calcine
(radwaste) in perovskites

10.1 Introduction

In the field of applied mineralogy, the technical applications of perovskites are of
great interest due to their extraordinary ferroelectric [1-3], dielectric [4, 5], pyroelec-
tric [6, 7], and piezoelectric [8] properties. Therefore, they are applied for different
purposes like automobile exhaust purification [9], fuel cells [10, 11], N,O decomposi-
tion [12], solar cells (photovoltaics) [13], and in many other fields of technology. The
broad fields of application are based on the variety of perovskite structures, due to
their structural modularity [14] and the great chemical variability. Those skills are pre-
sented in the outstanding compilation of the perovskite family, Perovskites: Modern
and Ancient, by Mitchell [15].

Usually, perovskites with the general formula ABO, are well known, and it is
assumed that perovskites should have cubic symmetry sg. Pm3m (aristotype), which
is true for many perovskite phases, but dependent on temperature, pressure, and
bulk chemistry; perovskites exhibit complicated tilt systems, which are responsible
for the stabilization of hettotypes related to the aristotype by group-subgroup rela-
tions [16-21]. Different types and degrees of disorder for the coordination polyhedra
of A- or B-site are a result of the decrease in symmetry.

Aside from ABX -perovskites with a cubic close packing, a large group of layered
perovskites with a hexagonal close packing also exists. Their unit cells can be trans-
formed easily and hexagonal perovskites exhibit polytypes with large stacking layer
sequences [22]. We have to deal with ordered perovskites, the so-called double per-
ovskites with 1:1, 1:2, and 1:3 ordering either on A- or B-site. Ion ordering on both
A- and B-sites is also possible. Quadruple-layered defect perovskites belong to this
species. They are related closely to layered superconducting perovskites of the 1212C-
type, where most of them are derived from Ruddlesdon-Popper [23, 24] and Arivillius
compounds [25]. Layered phases of the Dion-Jacobson series [26] and A B X,  com-
pounds [27] also belong to the large perovskite family.

Another important property of perovskite phases is the high degree of A- or X-site
deficiency comprising bronzes like ReO, or the framework defect perovskites, such
as the brownmillerite group A B.X,, whose members of the solid solution system

2725
Ca,Fe,0.-Ca Al  Fe O, are important in the field of cement chemistry.
Not only artificial perovskites are of interest for mineralogists, because up
to 93% of the lower mantle consists of silicate perovskites [28]. At high pressures
and temperatures, comparable to the conditions at Earth’s core-mantle bound-

ary, MgSiO, perovskite transforms to a new high-pressure form, the so-called post

https://doi.org/10.1515/9783110497342-010
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perovskite [29]. The majority of titanates and niobates in the earth crust and certain
halides and hydroxide (s6hngenite, schoenfliesite, and stottite groups) are minerals
with a perovskite-type structure [15].

In this work, the application of CaTiO,, a member of the synroc (synthetic rock)
phases, should be proofed to act as a host for the fixation of radwaste (radioactive
waste) ions. Of special interest is the crystal chemistry of very different perovskite
phases and their solid solutions series, which are formed under the heat treat-
ment of synroc ceramics together with different types of radwastes at non-ambient
temperatures. The close relation between natural and technical phases should be
demonstrated.

10.2 Immobilization of radioactive waste in ceramics

Different multiphase types of titanite ceramics were developed for the incorporation/
immobilization for example high-level waste (HLW) streams including Barnwell and
Rockwell-Hanford wastes of thermal oxide reprocessing plants and unprocessed fuel
rods [30]. It is possible to prepare ceramics of varying complexity and with sufficient
resistance in every instance. In all cases, TiO, is predominantly used. Together with
lower oxide quantities, typically, a combination of CaO, ZrO,, A1203, and BaO were
added to encourage the crystallization of specific radwaste-bearing phases. In order
to obtain a tailored ceramic, hazardous elements are fixed in the crystal structure of
the relevant phases. The immobilization of specific radionuclides is often enhanced.
Higher waste loadings can be achieved. Quite often, it is possible to predict the long-
term and radiation stability of waste ceramics, as they consist of minerals, whose
degradation and alteration by low-level irradiation have been studied in epithermal
environments [30].

10.2.1 Supercalcine ceramic

The first ideas about the immobilization of radwaste in an artificial stone were
presented by Hatch [31] and were proofed to be feasible in the Materials Science
Laboratories of Pennsylvania State University [32-37]. This type of phase assemblages
in the artificial stone would be much closer to thermodynamic equilibrium than in
amorphous matter, so that the risks, arising from devitrification of glasses, could be
prevented. Furthermore, some of the applied phases for radwaste immobilization
are stable in a geological environment for an extremely long period (>10¢ years) [34].
The advantages of supercalcine ceramics versus glassy matter were summarized by
Roy [34]. Perovskites and phases with perovskite-type structures were also consid-
ered as a leach-resistant phase, where CaO and TiO, should be substituted partially or
completely by SrO and RuO, [38, 39].
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10.2.2 Applications and phase assemblages of synroc ceramics

Another type of natural similar ceramics is the synroc material, which differs by its
chemical and mineralogical composition from the supergene material and possesses
superior advantages for the immobilization of radwaste ions [40]. Different types of
synrocs were proposed and their usability investigated.

Synroc A, produced by Ringwood [41], is composed predominantly by titan-
ates (perovskite, zirconolite, “hollandite”) and contain lower concentrations of
feldspar components BaAl Si 0,, kalsilite KAISiO,, and leucite KAISi,0,. Synroc
A was produced by melting 90 wt% inert additives (13 wt% SiO,, 33 wt% TiO,,
10 wt% Zr0,, 16 wt% AlL,0,, 6 wt% CaO, and 17 wt% BaO) with 10 wt% radwaste at
1300°C. After cooling at a rate of 2 K/min to 1150°C, a complete crystalline mineral
assemblage was yielded [40]. Predominantly lower concentrations of Sr, REE,
and actinides were fixed chemically in the perovskite phase. The stability and
leaching tests showed that Synroc A, exposed to pure water at 400°C and 1000
bars of pressure for 24 hours, is indeed unaffected, but the application of 10 wt%
NaCl solution under the same conditions forced the substitution of Cs* by Na* in
kalisilite and leucite [40].

Synroc B is an improved mineral assemblage, without silicates, which was
synthesized applying the following oxide concentrations 90 wt% inert additives
(60.4 wt% TiO,, 9.9 wt% ZrO,, 11.0 wt% ALO,, 13.9 wt% CaO, 4.2 wt% BaO, and
0.6 wt% NiO) [40]. Synroc B was produced by a hot-pressing technique at about
1300°C. A typical phase assemblage of Synroc B exhibit just three phases, BaAlLTiO,
with a hollandite-like structure (35 wt%), zirconolite CaZrTi,0, (31 wt%), and per-
ovskite CaTiO, (22 wt%), together with additional amounts of TiO, (7 wt%) and Al,0,
(5 wt%) [35, 40, 42-45].

The incorporation of relevant possible radwaste elements in the perovskite
lattice for Ca were proposed to be Sr*, Ba*, Na*, all rare earth elements (REEs)*, Y*,
Cd*, Cm**, Am**, Pu*, and Ti** might be substituted by Nb** Zr*, Mo*, Pu*, Th*, U*,
Sn*, Ru*, Fe**, Cr**, AP [40]. Synroc B was homogenized with an evaporated and
calcined residue of spent fuel from a nuclear power plant. It contained predominantly
fission products (REE 26.4 wt%, Zr 13.2 wt%, Mo 12.2 wt%, Ru 7.6 wt%, Cs 7.0 wt%,
Pd 4.1 wt%, Sr 3.5 wt%, Ba 3.5 wt%, Rb 1.3 wt%), actinides (U + Th 1.4 wt%, Am +
Cm + Pu + Np 0.2 wt%), processing contaminants (Fe 6.4 wt%, (PO,) 3.2 wt%, Na 1.0
wt%) and others 9.0 wt% [40]. After the heat treatment, the perovskite-phase CaTiO,
contained in Synroc B predominantly Sr (7.5 wt%), HREE Gd (7 wt%) and Y (7 wt%),
LREE La (5 wt%), Mo (2.3-1.3 wt%), Th*, U*, Cm*, Pu*, Am?>*, Na* (approximately 1-2
wt%). It was considered to change the oxide formulation of the inert additives. Only
hollandite and zirconolite should be present in Synroc B, because Sr can be fixed
readily in the hollandite structure while the remaining radwaste elements occur-
ring in perovskite also can enter “hollandite” and zirconolite. As *°Sr, a particular
hazardous radwaste element [40], has a high affinity with perovskite, the three
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phase assemblages retained. Further results concerning leaching tests and radiation
damage were published [40, 46, 47].

Synroc C was intended mainly for the immobilization of liquid high-level
civilian reactor wastes (HLW) arising from the reprocessing of light water reactor
fuel. Usually, the sodium concentration must not be considered, but the calcine may
contain as much as 17% Na,O in order to neutralize the acid waste with NaOH [48].
Synroc C was tested for the immobilization of Na* especially in perovskite CaTiO, [48].
The concentration of sodium in HLW is quite low at normal operation, but higher
sodium concentrations are present in intermediate-level wastes (ILWs). At the Allied
General Nuclear Services (AGNS) plant in Barnwell, SC, the admixture of ILW could
result in wastes, which contain about 10% Na,O after calcination [49]. In order to
investigate the distribution of sodium in Synroc C, natural analogues of sodium
perovskites, zirconolites, and pyrochlores were evaluated for their application per-
forming melting experiments. Natural zirconolites contain little Na,0 concentra-
tions (<0.5%). Minerals of the pyrochlore group (NaCaNb,0 F) may contain several
percentages of Na,0. However, natural REE-perovskites like loparite NaCeTi,0,, one
of the end-members in the CaTiO,~NaCeTi,0,-Na,Nb,0, system are important host
minerals for the long-term sodium fixation [30]. The fixation of sodium in Synroc C
was investigated performing laboratory experiments. Two specific phases NaCeTi,0,,
and NaYTi,0, were homogenized with Synroc C [48]. Cerium represents the typical
behavior of light lanthanides and yttrium behaves like an excellent crystal chemi-
cal analogue for the heavy rare earths. At low NaCeTi,0, or NaYTi, O, concentrations
(5 wt% + Synroc C), solid solutions were detected between NaCeTi,0,~CaTiO, and
NaYTi,0,~CaTiO,. Na and Ca diffused into zirconolite. The admixtures Synroc + 20
wt% NaYTi 0, or + 20 wt% NaYTi,0, exhibited the formation of increased amounts of
NaYTi,0,-CaTiO, or NaYTi,0,~CaTiO, solid solutions but sodium diffused predomi-
nantly into the perovskite phase after hot pressing.

Titanite ceramics, close to the chemical composition of Synroc C (perovskite, hollan-
dite, zirconolite and Magneli phases) were destined for the incorporation of light water
reactor (LWR) fuel Purex (United States) and JW-A waste (Japan). The hot-pressing process
between 1100°C and 1150°C was performed at specific oxygen fugacities to provide a
ceramics with minimal phase assemblages. Concerning the crystal chemistry of perovskite
phases, different substitution mechanisms Ca_* Ti * Ti * < U_"(Ti,Al),’ (Ti,Al), (1),
Ca.* Ti,* < REE_ (Ti,Al), (2), Ca,*Ca. *< REE_ Na_.’ (3), Ca,*Ca > Na.’Ti
(4) were proposed for the incorporation of Na*, REE?**, and U* in perovskites [30].

Sixteen Synroc samples containing simulated Purex (PW-4b-D) HLW at load-
ings of 10, 15, 19, and 23 wt% were hot-pressed, and the partitioning of uranium and
REEs was investigated [50]. It was concluded that the distribution of uranium and
REEs in synroc at low sodium concentration was influenced by the ionic radii of
U*, Y**, and Gd* ions. They were fixed preferentially into zirconolite and Nd** and
Ce’ ions with larger ionic radii-preferred CaTiO,. Increased sodium concentrations
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of 3 wt% destabilized the zirconolite end-members. Uranium, REE together with
sodium, entered CaTiO,, forming perovskite like (Na,REE)(Ti,U),0, [50].

The previous results, incorporating sodium and REE in synroc were applied
using a mixture of high-level and intermediate-level wastes PW-7a high in Na,0 and
PO, plus additional Gd,0, from the AGNS plant at Barnwell, SC [51]. Compared to
the PW-4b material [49], PW-7a contains lower U and Pu concentrations. It can be
concluded that the phosphorus-, sodium-, and gadolinium-rich PW-7a waste can
be successfully incorporated in Synroc C. Sodium, gadolinium, and different REE
concentrations were predominantly fixed in CaTiO,, yielding a complex solid solu-
tion. The phosphate concentration of PW-7a waste was fixed in apatite. However,
some minor sodium concentrations were detected in apatite CaNaPO, solid solu-
tions, which crystallized during cooling. If the hot-pressing process was carried out
by adding titanium under slightly reducing conditions the partition behavior of
sodium was affected significantly. Sodium entered the crystal structure of apatite
and REE diffused into perovskite and zirconolite. The coupled substitution of Ca
+ Ti by Na* REE was restrained and REE dominated perovskite phases crystallized.

Synroc D is a ceramic waste-form developed for the specific purpose of
immobilizing USA’s defense HLW sludges [51] and to evaluate the capacity of
synroc to immobilize PW-7a waste [52]. Moreover, the feasibility of sintering
different blends of Fe- and Al-rich wastes were also evaluated [53]. If waste mate-
rial was sintered without additives, the sinter cake of USA’s defense HLW sludges
contained corundum, magnetite (Fe,0,), magnetoplumbite ((Ca,Sr)Al0,), a
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hauyne-type sodalite (Ca,Na,Al SiO,,(SO,),), uraninite (UO,), and a calcium-
sodium uranate [54]. Except for the hauyne and uranate phases, the aluminum
and iron phases were very insoluble and provided the basis for a high-waste—
loaded ceramic [54]. The addition of silica together with sodium formed at lower
temperatures (1040°C) nepheline, and the addition of titania, zirconia, and calcia
were responsible for the crystallization of the stable host minerals perovskite and
zirconolite. Synroc D is composed of zirconolite (~16 wt%), perovskite (~11 wt%),
nepheline (~18 wt%), spinels (hercynite FeAl,0, and ulvo-type Fe,TiO,) (~55 wt%),
vitreous phases, and iron alloy. The ceramic was designed to immobilize about
60% of calcined defense HLW [55].

The advantages of those titanates is their very low solubility when compared
to vitreous phases [56]. They are capable of incorporating radionuclides in their
crystal structures at low concentrations. Uranium replaces Zr in Zirconolite, while
the actinides and REEs are partitioned between zirconolite and perovskite. Nepheline
(NaAlSiO,) is a silicate phase, which crystallized due to the presence of sodium and
silicon in the defense waste. Caesium present in the radwaste partitions strongly into
the nepheline phase.

The chemical compositions of perovskite phases are comparable to perovskite
solid solutions formed in Synroc C in presence of sodium and niobium. Strontium is
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substituted preferentially for calcium. The addition of further rawly refined niobium
from bastndsite is a cheap option to increase the percentage of perovskite compared to
nepheline in Synroc D [56]. Perovskites contained the radionuclides Pu?**, Am?>*, Cm?*
Np**, which were also immobilized in zirconolite [56]. USA’s defense nuclear wastes
used for those experiments contained additional contents of process contaminants
Al-, Fe-, Mn-, Ni-oxides and hydroxides, together with 0.5 to 5% of fission products
and actinides. After the hot-pressing sinter process, ferric and ferrous iron, manga-
nese, and aluminum were detected in the spinel phase [56].

Finally, it was decided not to apply Synroc D for the immobilization of USA’s
defense HLW sludge. Instead of the ceramic matter, borosilicate glass was applied,
because it was cheaper and it was supposed that its production technology could be
developed more rapidly [55].

Further mechanical-thermal physical properties and leach test results con-
cerning final phase assemblages of Synroc D ceramics were performed and dis-
cussed [57-59].

Synroc E is a new TiO,rich formulation designed to immobilize <7% HLW. It
consists essentially of the same minerals as Synroc C but differs due to the large
excess of rutile (=80 wt%). The phase assemblage consists of hollandite, zircono-
lite, perovskite, pyrochlore, and alloy (totaling ~20%). In opposite to Synroc C, the
phases were encapsulated in a continuous matrix of fully densified rutile and uti-
lized the principle of “synthetic rutile microencapsulation” in its microstructure [60].
Therefore, the ceramic was dense and composed of fine grains in the range 0.05 to
1.5 pm, where perovskites appeared as the largest crystals. Pseudo-symmetric twin-
ning in the large perovskite crystals yielded domains related to each other by either a
180° or a 90° rotation about an axis perpendicular to {101} [61].

Synroc F was developed for the disposal of unprocessed spent fuel from light
water [62] and Candu reactors [63]. It was intended for an incorporation of 50 wt%
spent nuclear fuel. It was fabricated using the same technology currently utilized for
Synroc C [64]. Synroc F is an assemblage of three crystalline phases: 90 wt% pyro-
chlore-structured CaUTi,0,, 5 wt% Ba-hollandite-type phase, Ba Al Ti. O, and
5 wt% rutile TiO,. Different samples, which where sintered between 1250 and 1400°C
for 3to 8 hoursunder reducing atmospheres, contained uranium-bearing perovskites
with the chemical composition (Ca,U)TiO,. Based on EPMA, SEM/EDX, and TEM/EDX
experiments, (Ca,U)TiO, crystallized due to the substitution 2 Ca* < U*+ vacancy
or Ca* + 2Ti* < U* + 2Ti** [63]. Alternative formulations for Synroc F were 85 wt% of
pyrochlore-structured CaUTi, 0, + 5 wt% each of perovskite, hollandite, and rutile.
The perovskite contentis quite often reduced to 0 wt%, although 3 wt% of fission prod-
ucts needs the presence of perovskite for the fixation of strontium. Strontium also can
be incorporated in the Ba-hollandite-type phase, Ba, Al Ti, O, and at higher Sr

1.14 2.27
concentrations, minor SrTiO, contents (Fig. 2.1) can crystallize with available TiO,.
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10.3 Crystal chemistry of perovskite-type structures suitable
for the fixation of radwaste

10.3.1 Perovskite minerals and their technical analogues

The investigations of such perovskites, crystallized during the hot-pressing process
of Synroc-radwaste blends, yielded modified ternary perovskites due to the incorpo-
ration of fission products Sr, Na, REE, and actinides in the crystal structure of CaTiO,.
Aside from those technical perovskites, perovskite minerals with close chemical
compositions exist and were investigated comprehensively. Now, their properties
can be used to understand the crystallization paths, element distribution patterns,
crystallography, and structural variations (polymorphs and polytypes) of “synroc
perovskites”. In case of inconsistent data or doubtful results, the synthesis and
consequent analyses of pure phases under standardized and reproducible labora-
tory conditions are another tool to transfer the knowledge gained to analyze and
investigate perovskite minerals and “synroc perovskites”. In the following sections,
important perovskite minerals in connection with the synroc process together with
synthesized analogues are presented in order to give a brief overview on the complex
crystal chemistry of those different perovskites phases.

10.3.1.1 Perovskite CaTiO, (perovskite-lueshite group 4.CC.30) [65]

The mineral CaTiO, was named originally as perovskite according to the mineralogist
Lew Alexejewitsch Perowski (1792-1856). The mineralogist Gustav Rose discovered
the mineral in a rock drift from Achmatovsk (Ural) [66], describing its cleavage, hard-
ness, and crystal system.

Since its discovery, many scientific investigations concerning symmetry and
lattice parameters were determined [67-69]. Kay and Baily [70] mentioned the close
relation between artificial and natural CaTiO,, possessing the same orthorhombic
crystal system and space group Pcmn, which was determined by single crystal struc-
ture analysis. Further structural analyses were performed using neutron and single
crystal data [71, 72]. Electron difference density measurements were performed 9
years later in order to determine the structural parameters of CaTiO, [73]. The first
high-temperature powder X-ray diffraction (PXRD) analysis was performed in the
range of 298-1373 K. They revealed a possible phase transition close to 1600 K [74].
The first structure analysis using natural single crystals with poor twinning from the
Benitoite Gem Mine (San Benito) were conducted by Beran et al. [75]. Reversible phase
transitions and octahedral tilting of CaTiO, were published by Yashima et al. [76]. The
initial phase transition Phnm-I4/mcm with a-a~c* to a°a°c’ occurred at 1512+13 K and
the second phase transition I4/mcm-Pm3m was observed at 1635+2 K. The tilt system
changed from a®a°c- to aa®a’.
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Meanwhile, the term “perovskite” is used generally for compounds, which belong
to the family of perovskites, for instance, for technical important halides [77], sulfides,
and complex oxides and hydrides [78]. A very detailed overview of the structural
variability of perovskites was provided by Mitchell in his book Perovskites: Modern
and Ancient [15]. He summarizes the structure-related properties and peculiar-
ities of natural and artificial perovskites. Recently, an up-to-date compilation of
perovskites, titled Perovskites: Structure-Property Relationships, by R. ]J. D. Tilley,
was published [79]. Following the idea of a so-called perovskite space [80], natural
perovskites cover the ratio oxygen/A-cation = 3 (ABO,) and are plotted along the
joint ABO,~ABO,  until the oxygen/A-cation ratio = 3.5 (ABO,,= A B,0.) is reached.
For instance, the complete substitution of Nb,O, for TiO, yields the orthorhombic
compound Ca,Nb,0, with perovskite-type slabs [81]. The substitution Fe,0, for 2TiO,
in opposite direction stabilizes oxygen-frustrated perovskites (oxygen/A-cation
ratio = 3-2.5). The complete substitution of 2TiO, by Fe,0, yields the end-member
of the brownmillerite solid solution series Ca,Fe,0, (srebrodolskite) [82]. Generally,
natural oxide perovskites show specific chemical compositions. The A-site is usually
occupied by K*, Na*, Ca*, Sr*, REE*, Pb*, and Ba*, and the B-site is occupied
by Ti**, Nb**, Fe?”**, Ta**, Th**, and Zr*". The structural variety, together with the huge
number of A/B-site cation combinations, enables the formation of complex solid
solutions and end-members. Most of the solid solution series of natural perovskites
can be expressed by seven end-members, which put up an improved perovskite
space system. The chemical compositions of the majority of natural perovskites
are plotted in the ternary system perovskite (CaTiO,)-lueshite (NaNbO,)-loparite
(NaCeTi,0,)-tausonite (SrTiO,). Three different ternary systems and one quater-
nary system are applied sufficiently for the classification of perovskites in alkaline
rocks [15]:

1. Nb-poor, Ca-, Sr-, and REE-rich perovskites: CaTiO,~NaCeTi,0,-StTiO,

2. Sr-poor, Nb-, Ca-, and REE-rich perovskites: CaTiO,~NaCeTi,0,~NaNbO,

3. Ca-poor, Na-, REE-, Nb-, and Sr-rich perovskites: NaNbO,-NaCeTi,0,-SrTiO,

4. Sr-poor, Na-, Ca-, and Nb-rich perovskites: NaNbO,-Ca,FeNbO -CaTiO,-Ca,Nb,0,

10.3.1.2 Tausonite SrTiO, (loparite-macedonite group 4.CC.35) [65]
The mineral tausonite [65] was dedicated to L. V. Tauson (1917-1989). It was first
described in the Little Murun potassic alkaline complex [15, 83, 84]. Tausonite shows
an extensive compositional variation with Ce,0, (0.1-9.8 wt%), CaO (1.5-5.5 wt%),
Nb,0, (0-1.28 wt%), ThO, (0-2.7 wt%), and BaO (0.3-1.2 wt%) in opposition to the
general formula SrTiO, [83]. Furthermore, zoning and resorption features were deter-
mined for tausonite crystals from the Little Murun complex [83].

Tausonite was also described at Sarambi and Chiriguelo, Paraguay, and at Salitre
I (Brazil), as an accessory mineral in rheomorphic sanidine-aegirine-nepheline dikes
[85]. The specimen from Sarambi is enriched in SrO, REE, Na,O, and TiO,. The specimen
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from Salitre I contains lower SrO contents but higher Na,0 + Nb205 concentrations, in
comparison with the specimen from Sarambi. Approximately 50% of the solid solu-
tion series between tausonite and loparite is present [85]. Tausonite (Fig. 10.1) exhibits
cubic symmetry with sg. Pm3m and a ~ 3.8 A. Tausonite is the only cubic natural per-
ovskite, whose crystal system was predicted with the help of the so-called tolerance
factor (tausonite t = 1.00) [86].

Fig. 10.1: Crystal structure of cubic SrTiO,
with space group Pm3m (221) [116] ICSD
code: 91899 [86].

10.3.1.3 Lueshite NaNbO, (perovskite-lueshite group 4.CC.30) [87]

Safiannikoff [88] described the mineral lueshite for the first time. It was named
according to the Lueshe carbonatite complex, North Kivu (Kongo). At the same time,
a mineral with a comparable chemical composition was detected in the Ilimaussaq
complex SW (Greenland, Denmark) [89]. They called it “igdloite”, but this term was
changed in favor of lueshite [90]. Furthermore, lueshite was identified from several
carbonatite complexes in the Kola Peninsula. The results published in Russian
literature were compiled by Chakhmouradian and Mitchell [91, 92]. Further locali-
ties, where lueshite was detected, are agpaitic rocks from Mont Saint-Hilaire (Quebec,
Kanada) [93] and Lovozero (Russia) [94].

Between the 1950 and 1960, different attempts were made to obtain PXRD data
in order to determine the lattice parameters a = 5.51 A, b = 5.53, and ¢ = 15.50 A and
the space group P222 of lueshite [83, 95]. Further PXRD studies at room temperature
and also at non-ambient conditions were performed in 1961. Solovev et al. [96] pro-
posed at room temperature a monoclinic cell for an artificial phase with a, =39092 A,
b, =3.8713 A, C,. = 39092 A, B =90,75°, and P2/m (pc = pseudo-cubic). In the range
of 450-470°C a so-called pseudo-cubic cell was observed, between 530-630°C a
tetragonal cell and higher than 650°C cubic NaNbO, was detected. According to
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Sakowski-Cowley et al. [97] artificial distorted perovskite NaNbO, is orthorhombic
with lattice parameters a = 5.566 A, b=15520 A, ¢ =5.506 A, and space group Pnma.
Niobium occupies the center position of the octahedron, and it is displaced from the
geometrical center by 0.13 A in a direction lying almost exactly in the plane of the
0(3), O(4) square. The Nb-octahedron is quite regular. The edge-sharing octahedra
are rotated 8° about [010] and tilted 9.5° about [100]. Sodium is placed on two dif-
ferent positions, Na(1) and Na(2), with a 9- and 8-fold coordination, respectively.
A comprehensive study concerning the complex sequence of phase transitions of
NaNbO, was subsequently carried out. Six phases were observed: phase P Pnma [97]
tilt systems a"b*c-, a-b-c (room temperature to 373°C), phase R tilt systems a b*c*;
ab°c* (373-480°C), phase S [98] tilt system a"b*c* Pnmm (480-520°C), phase T, Ccmm
[98] tilt system a boc* (520-575°C), phase T, P4/mbm [99] (Fig. 10.2) tilt system a°a°c*
(575-641°C) [99], and U cubic aca®a° [16, 17] (>641°C). Between 753 and 793 K, new
NaNbO3 structures were detected, which have not been reported in literature so far
[100]. In order to determine the crystallography in the range of 12 to 350 K, neutron
diffraction studies were conducted. Rietveld analysis of the diffraction data yielded
that the antiferroelectric to ferroelectric phase transition occurs on cooling at 73 K
and the reversible process starts at 245 K. The phase transition was not complete until
12 K was achieved. Before 12 K, a ferroelectric phase with R3c coexisted with an anti-
ferroelectic phase (Pbcm) [101, 102].

Fig. 10.2: Crystal structure of tetragonal lueshite with
space group P4/mbm (127) [98] ICSD code: 23563 [86].

The high-temperature phases of NaNbO, were re-examined using the high-
resolution powder diffractometer HRPD at the ISIS neutron spallation source. A new
study demonstrated the diversity of nonpolar antiferrodistortive to ferroelectric and
antiferroelectric phase transitions. Furthermore, the phase transition from ortho-
rhombic P to R phase is sole first order. All others are second-order phase transitions.
A new phase diagram of NaNbO, with adapted phase transition temperatures was
presented. Between 633 and 680 K, two modifications exist and the space groups
for phase T1 were changed to Cmcm, phase S to Pbnm, and phase R to Pbnm, too.
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Furthermore, trigonal NaNbO, with space group R3c is present exclusively below
10 K [103]. Further combined PXRD and neutron diffraction studies together with
a symmetry mode analysis on phases R and S of NaNbO, should help complete the
phase system of NaNbO,. Phase S stable in the range of 480-510°C has a 2 x 2 x 4
super lattice of the cubic structure with space group Pmmn. Phase R comprises two
possible structural models in the temperature range of 370-470°C. Both models
have a 2 x 2 x 6 super lattice and can be distinguished by their complex tilt system
along the “long” axis [104].

After solving satisfactorily the phase relations for artificial NaNbO,, four different
lueshite minerals from different occurrences plus an artificial NaNbO, were investi-
gated [105]. This paper demonstrates impressively the differences concerning struc-
ture types and phase transitions. PXRD and neutron diffraction experiments yielded
the orthorhombic structure with Pbnm, opposite to the artificial NaNbO3, which
adopted space group Pbcm at room temperature. However, TOF-neutron data could
not be refined satisfactorily applying Pbnm. Another orthorhombic/monoclinic space
group or the existence of domains of differing crystal structures can be responsible for
this condition. The evaluation of high-temperature TOF neutron diffraction studies
yielded the sequence of phase transition Cmcm < P4/mbm < Pm3m above 500°C,
which is identical to NaTaO, [106]. Because NaTaO, has an orthorhombic cell with
Pbnm at room temperature, it is assumed that lueshite behaves similarly [106].

10.3.1.4 Loparite (Na,Ce,Ca),(Ti,Nb),0, (loparite-macedonite group 4.CC.35) [65]
The name “lopar” is related with the native people (laps) at the Kola peninsula [107].
Ramsay and Hackman [108] described the mineral loparite for the first time in the
Lovozero peralkaline nepheline syenite complex (Kola Peninsula, Russia). The first
full description of loparite from the Khibina alkaline complex has been provided by
Kutsnezov [109]. Despite the early discovery of loparite, its structure was only inade-
quately determined, since the mineral is twinned complexly or intergrown with other
minerals [110, 111].

Different structural models were proposed for the complex perovskite with a
strong variability of cations in the A- and B-site. The first crystal structure determina-
tion of loparite was performed in 1930, applying a single crystal with the chemical
composition (Na ,Ce ,Ca )(Ti,,Nb )0, a = 3.854(18) A, and space group Pm3m. It
adopts the aristotype of perovskites owing the tilt system a°a°a°[112, 113]. The chemi-
cal compositions and crystal structures of three different loparite-(Ce) samples,
niobian calcian loparite-(Ce) Khibina complex (Russia) named “loparite K”, calcian
niobian loparite-(Ce) from the Lovozero complex (Russia) named “loparite L”, and
strontian calcian loparite-(Ce) from the Bearpaw Mountains (Montana, USA) named
“loparite BM”, were examined [114].

Another structure determination of loparite-(Ce) using a single crystal from the
Lovozero alkaline massif was carried out with an extremely complicated chemical
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composition (Naozﬂscaonsceo 19LaoosNd004Th001sroos 001 Euooo75sm001)(Tlo sesNbo 135)0 (115].
The structural proposal seemed to be implausible, due to different reasons as
well as the choice of unusual space groups, which did not obey group-subgroup
relations [116].

“Loparite K” (Na, .Ce_, J)(Ti ., Nb, . )O, was found to be orthorhombic (Pbnm, 62),
exhibiting tilt system a’b*b*[16-18], and adopting the GdFeO, perovskite-type struc-
ture (Fig. 10.3) [116]. Lattice parameters are a = 5.5108(14) A, b = 5.5084(14) A, and
¢ =77964(20) A. “Loparite K” is composed of tilted and distorted (Ti,Nb)O -polyhedra.
Na* and Ca* cations are placed in distorted 12-fold-coordinated sites ((Na,Ce,Ca)O,,-
polyhedra).

Fig. 10.3: Crystal structure of orthorhombic GdFeO, with
space group Pbnm (62) [115] ICSD code: 27278 [86].

“Loparite L” (Na )O, and “loparite BM” (Na, Sr

0.632 0368)(T10 912 0088 0536 0209 0255)
(Tio_w o, 056)O are both tetragonal with space group I4/mcm and the tilt scheme
a°a°c-, which allows just a rotation with positive sense around [001]. The high stron-
tium concentration in “loparite BM” is responsible for the lower degree of rotation
and distortion, quite close to ideal conditions of the cubic aristotype. Therefore, bond
lengths of the B-site octahedron are minor distorted (0.46%) and the A-site (AO,,-
polyhedron) also is less distorted than in “loparite K”. The polyhedra volume ratio
V,/V,, ideally V,/V_ =5 for cubic perovskite like tausonite, was calculated from struc-
tural data as 4.97. Mitchell et al. [113] have drawn the conclusion that loparite is a
mineral species that needs to be redefined because of different space groups driven
by the chemical compositions of the solid solution members. The influence of vari-
able high strontium contents in loparite was investigated for the tausonite-loparite
series (Sr, , Na La )TiO, [117].

The Rietveld analyses of PXRD data derived from (Sr_, Na La )TiO, synthetic
powders yielded in the range 0 < x < 0.1 non-distorted cubic phases with Pm3m
and a = 3.905-3.902 A. A phase in the range 0.15 < x < 0.35 crystallized tetra-
gonal with space group I4/mcm, a ~ V2a ,c~2a,. The progressive substitution of
Sr,* < Na,’ + Lag in the range x = 0.35 and 0.40 is responsible for the stabilization
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of a trigonal perovskite phase with R3¢ (a ~ v2a,, c~2\/3apc). The formation of an
intermediate orthorhombic phase with the space group Imma was not detected
[118, 119]. Strontian-loparite was also found at Sarambi and Chiriguelo, Paraguay,
and at Salitre I, Brazil, as an accessory mineral in rheomorphic sanidine-aegirine-
nepheline dikes [85].

Not only the substitutions presented in the three different ternary systems for
loparite were detected; a Th-rich loparite from the Khibina alkaline complex, Kola
Peninsula, was found and analyzed [120]. Thorian loparite belongs undoubtedly to
the loparite (NaLREETi,0,)-lueshite (NaNbO,)-ThTi,0,~ThNb,O , quaternary system.
The structure of a Th-rich loparite was solved (P4,/mnm, a = 4.5936(6) A, ¢ = 2.9582(6) A).
Na, La, and Th occupy site 4b (0,1/2,1/4), which is coordinated by 12 oxygen atoms
01 and O2. Ti is placed solely in the B-site 4¢ (0,0,0) [121].

For the scheduled investigations in the system (NaNbO,), (NaLnTi,0) (0 <x<1),
the crystal structures of the intermediate members (NaNbO,) ,(NaLnTi,0,),, with
Ln = La, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm were synthesized and their crystal
structures were solved in advance, applying Rietveld analyses. The orthorhombic
compounds Na_Ln ,Ti Nb O, with Ln = Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm
adopt the GdFeO, perovskite-type structure with space group Pbnm (Fig. 10.3) and
the tilt sequence a"b*b*. These finding are close to the characteristics of “loparite K”
(NaO_GSZCeO_m)(Tio_834NbO_l66)O3. The unit cell parameters are expressed in terms of the
pseudo-cubic lattice parameter a, a(~\/2apc) < b(~\/2apc) < c(~2apc) and a<c/v2<b.The
cell volumes of the compounds decrease regularly with increasing atomic number
of the Ln cations.

Na and Ln occupy exclusively the eight fold coordinated A-site of the struc-
ture, so that the mean A-cation ion radii (RALn + RANa) decreases from 1.175
to 1.134 A. The eight fold coordination must be expressed as a four-fold anti-
prism with eight short A-O(1, 2) bonds in the first (I) coordination sphere of the
A-cation. Four longer A-O(2) bonds give rise to the second (lI) coordination
sphere. The occupation of the six fold coordinated B-site is 0.5 Ti + 0.5 Nb in all
Na,.Ln ,Ti Nb O.compounds, so that (R,Ti +R,Nb) has a constant value of
0.623 A. Both A- and B-site polyhedra show a certain distortion indicated by their
bond lengths and bond angle variances.

Na .[lLa,,.Ti Nb O, also crystallized in the orthorhombic system, but adopted
the SrZrO, type-structure with space group Cmcm. The lattice parameters are
a(~2apc) =77827(2) A, b(~2apc) =778641(2), c(~2apc) =7.8039(1) A. The structure contains
corner shared (Ti,Nb)O, octahedra, which are tilted about cubic [010] and [001]
according to the notation a°b-c*and the A-site polyhedra fill the empty space between
the BO, octahedra. In the N.510_75LaO.ZSTiO.SNbO.SO3 structure, two A-sites, Al and A2,
occupied by sodium and lanthanum are 12-fold coordinated. Both polyhedra AO , and
BO, show a slight distortion.

The authors of this article have the opinion that the compounds are stable at

ambient temperatures and could be used for the fixation of actinide fission products
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such as ¥Pm, ®!Sm, ®*Eu of radioactive waste. Even Pu** might be fixed in the crystal
structures of Na _.Ln ,Ti  Nb .O, phases [122].

10.3.1.5 Isolueshite (Na,La,Ce)(Nb,Ti)O, (loparite-macedonite group 4.CC.35) [65]
According to Chakhmouradian et al. [123] isolueshite crystallizes in hydrothermally
altered pegmatite veins, found at the Khibina alkaline complex. Those phases can be
described as intermediate solid solutions in the binary system NaNbO,-NaLaTi,0,.
Crystals are typically zoned with regard to Nb,0,, ThO, and REE. The La/Ce ratio and
the Nb,O, concentration decrease from the core to the edge and becomes enriched in
TiO, and LREE.

Different type-structures of isolueshite were described by Krivovichev et al. [124].
The structure of the natural specimen was refined on the basis of an ideal perovskite
lattice with cubic symmetry. In the cubic structure with space group Pm3m and
a =3.909(1) A, Na, La, and Ca occupy the A-site 1a, the B-site is occupied by Nb and
Ti (1b), and O was placed on the Wyckoff position 3c. The large thermal parameter
indicates either a lower symmetry or dislocation of O from its position. The problem
was solved by placing O in position 12h (x,0,1/2); thus, O could be moved along the
x coordinate. The calculated structural formula (NaLa, Ca )(Nb/ Ti )O, almost
matches the empirical formula of isolueshite. Moreover, the complexity of isolueshite
is not only due to the complex cationic substitutions at the A- and B-sites, iso-lueshite
contains certain OH-concentrations, which were detected by IR-spectroscopy.
The stability of the cubic lattice for isolueshite was supposed to be a result of the fix-
ation of LREE and Ti in the A- and B-sites. For this reason, a phase with the chemical
composition (Na, La,,)(Nb Ti )O, was synthesized, applying oxides La,0,, Nb,0,,
and TiO, plus Na,CO,. Stoichiometric concentrations were mixed, ground, and sin-
tered initially for 24 hours at 1000°C and after regrinding for 48 hours at 1200°C in air.
The sample was rapidly cooled in air to room temperature. The powder was analyzed
by PXRD, and the structure was refined by applying the Rietveld method. In oppo-
sition to the cubic symmetry of the natural isolueshite, the synthetic compound is
orthorhombic. Several structural models of monoclinic symmetry (I2/m), orthorhom-
bic symmetry (Cmcm [Fig. 10.4] and Imma), and tetragonal symmetry (sg. I4/mcm)
were tried. The fit of the powder diffraction pattern with the various structural models
gives reasonable results, but on the basis of the R values and the isotropic thermal
parameters of the oxygen atoms, the structural model with space group Cmcm was
chosen.

A structural model with the most abundant space group Pnma for orthorhombic
perovskite used for the Rietveld refining process did not converge. The lattice
parameters determined for (Na_La ,)(Nb .Ti )0, are a = 7.7842(6) A, b=7803302)
A, and ¢ = 7.7828(6). The lattice parameters a, b, and ¢ are approximately twice the
value of the pseudo-cubic cell a,.Na and La occupy statistically both A-sites Al 4c
(0.002,1/4,3/4) and A2 4c (0.499,1/4,3/4) in which Na and La are coordinated by
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Fig. 10.4: Crystal structure of orthorhombic synthetic
isolueshite with space group Cmcm (63) [123] ICSD
code: 90041 [86].

10 oxygen 01, 02 and 03. Nb and Ti are placed on the B-site 8d (1/4,1/4,0), the center
position of a distorted octahedra with bond lengths 2 x B-O1 = 1.970 A, 2xB-02=
1.952 A, and 2 x B-03 = 1.984 A. Oxygen ions occupy three different special Wyckoff
positions, 8e, 8f, and 8g.

10.3.1.6 Latrappite (Ca,Na)(Nb,Ti,Fe)O, (perovskite-lueshite group 4.CC.30) [65]

Latrappite is a member of the quarternary solid solution system lueshite (NaNbO,)-
latrappite (Ca,Na)(Nb,Ti,Fe)O,-perovskite (CaTiO,)-Ca,Nb,0,. It is named according
to the La Trappe monastery (La Trappe, Quebec) half mile from the deposit where
the mineral was discovered [125]. Pseudo-cubic latrappite crystals were also found
at the Kaiserstuhl (Upper Rhine Valley, Germany) [126]. For the investigated com-
pound [(Ca0.55Na0.34Fe0.01(REE’Sr’I<’Mn)0.02] [NbO.SQTiO.29FEO.1zr0.Ol(’}‘a’Si’Al’V)O.Oll03(9H)0.O2’
an orthorhombic cell and lattice parameters a = 5.46(1) A, b = 15.6(15) A, and
¢ =5.49(1) A were determined. According to Nickel [125)], page 122 latrappite is defined as
follows: “A mineral with the perovskite structure and a composition corresponding
to the general formula ABO,, in which the ‘A’ and ‘B’ cation sites are occupied pre-
dominantly (in excess of 50 mol%) by calcium and niobium, respectively. Therefore,
he suggested that the mineral names ‘knopite’ and ‘dysanalyte’ are unnecessary
and should be named as latrappite (accept by International Mineralogical Association
(IMA) nomenclature committee). The name niobian perovskite is to be retained for
those niobium-bearing perovskites in which titanium predominates”. The chemical
composition is quite complicated (Ca, Na ,REE )(Nb Ti  Fe Mg Mn ) O,
but resembles the chemical composition of the specimen from the Kaiserstuhl. The
unit cell dimensions are a = 5448 A, b =7.777 A, and ¢ = 5.553 A. For the reinvestigation of
latrappite in 1998, different samples from the type localities at Oka (Quebec), Badloch
Quarry, Kaiserstuhl complex (Germany), and Magnet Cove carbonatite complexes
[127] were used. Electron microprobe analyses (EMPA) showed that latrappite from
Oka predominantly contains CaO, Fe,0,, TiO,, and Nb,O,, and most of the specimens
investigated are true latrappite, as defined by Nickel [125]. The valence of iron was
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determined by *’Fe M&ssbauer spectroscopy, which yielded that iron is exclusively
trivalent and placed in the coordinated octahedrally B-site [127, 128]. The crystal
structure of latrappite from Oka, determined by Rietveld analysis, corresponds to the
GdFeO, perovskite-type structure with sg. Pbnm (Fig. 10.3) and the lattice parameters
a=544793) A, b = 5.5259(3) A, and ¢ = 7.7575(5) A. Compared to the perovskite struc-
ture of CaTiO,, differences occur in longer Me-O bond and greater distortion angles
due to the fixation of the Nb** and Fe** ions in the crystal structure of latrappite.

10.3.2 Artificial ternary actinide perovskites

10.3.2.1 Ternary A*'B*"O, perovskites with A = Ba, Sr, and B = Pu, Np, Am, Cm, U
BaPuO, was synthesized by a ball-milling process of stoichiometric concentrations
PuO, and BaCO, for 44 hours with subsequent sintering at 1470 K in an argon atmos-
phere for 24 hours. The dark brown powder was analyzed through neutron and x-ray
radiation. The neutron scattering experiments were performed at Los Alamos Neutron
Powder Diffraction Center using a neutron powder diffractometer installed at a pulsed
neutron source.

The structure of BaPuO, [129] with lattice parameters a = 6.219 (1) A,b=619(1)A, and
c = 8.744(1) A; V = 336.8 A%; Z = 4 is isotypical to the distorted GdFeO,-type structure
(Fig. 10.3) [130] with space group Pbnm. The properties of the structure are compara-
ble with the one of BaPrO, [131], which were used as initial parameters for the struc-
ture refinement.

BaPrO, structure is a build-up of corner-sharing octahedra with Pu as the central
atom and Ba ions are coordinated by 12 oxygens. The Ba polyhedra share edges with
the Pu octahedra. The Pu octahedra are only distorted slightly with bond lengths of
2x2.2306(5), 2 x 2.2295(12), and 2 x 2.2230(12) A, and O-Pu-0 angles at about 88-89°.
The Ba-O distances are in the range of 2.695-3.532 A, with a mean value of 3.113 A.
According to the tilt systems of coordination polyhedra in perovskite structures
[17-21, 132], the notation a*b b is used for ternary ABX,-perovskites with space group
Pnma (62). The notation a*b b~ describes the tilting of the octahedron regarding the
lattice parameters of the unit cell a, b, c.

Aside from the distorted orthorhombic phase, cubic BaPuO, was proposed
and its crystal structure solved, too. At temperatures of 900°C, cubic BaPuO, with
a =4.322(3) A, and space group Pm3m was identified [132]. In a series of Pu containing
phases, cubic BaPuO, with a = 4.39 A was synthesized with some impurities of BaCoO,
and PuO, [133]. The same researchers tried to synthesize StPuO, and CaPuO,. They
synthesized successfully pure SrPuO,, but different approaches for the synthesis of
CaPuO, failed.

SrPuO, was synthesized in order to determine its vaporization behavior, which
is important concerning the stability of the so-called gray phase. The composition of
this phase largely depends on the temperature gradient in the fuel, burnup and on

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

10.3 Crystal chemistry of perovskite-type = 213

the oxygen potential [134]. The “gray phase” contains different complex perovskites
with the general composition (Ba, Sr)(U, Pu, Zr, Ln, Mo)O, in irradiated mixed oxide
fuels (MOX) [135]. Different structures with orthorhombic and cubic [136] symmetry
comparable with the findings for SrPuO, were determined.

The fixation of tetravalent species of Np, Am, Cm, and U on the B-site of ABX,
perovskites with A = Sr or Ba were investigated and revealed different compounds
with cubic or orthorhombic symmetry (Tab. 10.1).

Tab. 10.1: Lattice parameters of A*'B*V0, perovskites.

a(® b@) c(R) V(A®) Spacegroup Reference

BaNpO, 4.357 82.71 Pm3m [135]
SrNpO,
BaAmO, 4.35(1) 82.31 Pm3m [135]
SrAmO,
BaCmO,
SrCmo,
BaUO,  4.40 [135, 136]
Sl’UO3 6.0l 8.60 6.17 [135,136]

10.3.2.2 Ternary A*"AlO_-Perovskites with A= Pu, Np, Am, Cm

The transmutation of minor actinides (MA: Np, Am, Cm) in fast reactors or accel-
erator driven systems is a possibility to reduce their radioactivity [138]. For a MA-
matrices MgAlL O, [139] was chosen as a host material, however, at sinter temperatures
in the region of 1900 K, a new Am-bearing phase crystallized and a perovskite-like
phase AmAIO, appeared during the sinter process in porous ceramic samples with
11%2*Am [140].

AmAIO, was synthesized purely by sintering a coprecipitate of Am- and Al-
hydroxides at 1250°C two times for 8 hours. Pale rose AmAIO, was obtained [141]. The
phase crystallizes trigonal with space group R3m (Fig. 10.5).

In order to understand the behavior of Pu, generated by neutron capture reactions
in UO, fuel different computational methods were applied. For PuAlO, the GdFeO,
perovskite-type structure was predicted, however refined lattice parameters yielded
a trigonal symmetry (Tab. 10.2) [142, 143] and similar ternary oxides of the rare earths
LaAlO, [144], PrAlO, [145], and NdAIlO, [145] also are trigonal. Further geometrical
properties concerning trigonal ternary oxides of the rare earths [145] were discussed
and investigated intensively [113, 146-149]. The predominant space groups in rhom-
bohedral perovskites are R3m, R3c, and R3c, respectively, with PrAlO;, crystallizing in
space group 166 (R3m). The slight deviation of the rhombohedral alpha angle of 60°
shows the strong similarity of the rhombohedral cell with a pseudo-cell derived from
the cubic F cell (Tab. 10.2).
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Fig. 10.5: Crystal structure of trigonal synthetic AmAIO, with space group R3m (160) [140].

Tab. 10.2: Lattice parameters of A*"'B*"'O, perovskites.

Hexagonal cell Rhombohedral cell Cubic/pseudo-cubic cell Reference

a(h) cA a@) a(® av2(R) a(°)
PuAlO3 5.367 13.43 5.33 56.07° 3.78 90.4° [140, 141]
AmAlO3 5.336(5) 13.12(2) 5.36 60.1° 3.79 90.08° [140, 141]
CmAlO, >500°C 3.790 90 [143]
CmAlO, <500°C 3.779 90.13° [143]
CmAlO, >900°C 3.756 90 [143]

4% H, + 96% He

10.4 Discussion and summary

Synroc ceramics (perovskite + zirconolite + pyrochlore) were homogenized with varia-
ble concentrations and different calcined radwastes. During the hot-pressing process,
new phases crystallized. Aside from the alteration of zirconolite and hollandite, the
chemical composition of the original phase in synroc CaTiO, was affected strongly.
*Sr, a key radwaste element, is substituted for calcium in synroc CaTiO,. Natural
analogues are tausonite-perovskite solid solutions. The incorporation of *°Sr, REE
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(Gd?*, Y**), actinides, and Na* yielded different perovskite phases, which can be com-
pared with tausonite-lopparite solid solutions found at the Little Murun complex
or with perovskites (Na,REE)Ti,O,. Natural analogues of perovskites containing
actinides do not exist because the relevant actinides are artificial. However, these
ternary actinide perovskite phases (Tabs. 1 and 2) were synthesized and investigated.

It is true for “synroc perovskite” that “These minerals are closely related to natural
minerals known to have been stable in a wide range of geological and geochemical
environments for periods of more than 10° years” [41], page 154. The diversity of stable
crystal perovskite-type structures is large, but in case of hot-pressed synroc ceramics,
polymorphs of ternary perovskites with different A- and B-site combinations are suf-
ficient to incorporate many important waste ions. Since 1994, ANSTO began working
with the US Lawrence Livermore National Laboratory to develop a synroc variant for
plutonium disposition, which resulted in the development of a new pyrochlore-rich
ceramic [150]. Recently, ANSTO plans to use synroc to immobilize the ILW liquid waste
resulting from molybdenum-99 production, where perovskite phases play a minor role
for the incorporation of sodium and uranium [151, 152].
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11 Titanate ceramics for high-level nuclear waste
immobilization

11.1 Introduction

Peaceful civilian uses of radioactive materials, such as nuclear power and the
application of medical radioisotopes, generate radioactive by-products (wastes),
some of which have to be isolated from the biosphere for long periods of time
(10,000-1,000,000 years). Many countries have agreed that deep geologic disposal
(Fig. 11.1) is the most viable long-term solution for high-level waste (HLW) [1, 2].
However, at present, there is only one geologic HLW repository under construction
(in Finland [3]) and substantial amounts of HLW are stored in temporary facilities.
Consequently, the management of HLW engenders a great deal of scientific, engineer-
ing, political and social interest.

Definitions of HLW vary [2, 4], but include spent nuclear fuel (SNF) and the
residues from reprocessing of SNF. Several countries (e.g. Canada, Finland, Spain,
Sweden, United States) have adopted a once-through nuclear fuel cycle with even-
tual direct disposal of SNF, whereas others (e.g. Belgium, China, France, India,
Japan, Russia, United Kingdom) employ multiple cycles of fuel usage with interme-
diate reprocessing steps. Reprocessing generates small volumes (relative to SNF) of
highly radioactive, heat-producing waste.

It is generally envisaged that SNF and/or HLW-bearing “waste forms” will be
placed in geologic repositories [2], with a design similar to the one shown in Fig. 11.1.
Borosilicate glass was the first waste form proposed for the immobilization of HLW
[5]. It is currently the waste form of choice in many countries that reprocess their com-
mercial SNF, primarily due to the simplicity of production and because of a well-es-
tablished glass industry. The use of glass has been questioned, however, especially
regarding its long-term thermodynamic stability and its aqueous durability, particu-
larly at elevated temperature, under the conditions of a geologic repository, where the
potential for higher dissolution rates can result in the release of radionuclides into
the environment [6, 7]. Consequently, ceramic materials were proposed as alternative
waste forms for HLW, and these are regarded as attractive materials for the long-term
isolation of HLW in the geologic environment [5, 8, 9].

In this book chapter, we will review different types of ceramic waste forms,
focusing on titanate ceramics, their design and fabrication, and their aqueous dura-
bility, and discuss radiation-damage effects in individual phases and how these
can be modeled. In addition, we will review how the design and development of
these ceramics have been influenced by important results obtained from studies of
so-called “natural-analogue materials”.

https://doi.org/10.1515/9783110497342-011
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- Shafts

Repository

Fig. 11.1: Schematic diagram of a deep geologic repository. The waste canisters are received in an
above-ground facility. From here, the canisters, other materials and workmen are transported down

to the repository level via vertical shafts. The actual repository, located several hundred meters below
the Earth’s surface, consists of many disposal tunnels, connected by access tunnels. The inset displays
the typical multibarrier concept: the high-level waste is encapsulated in a suitable waste form (yellow),
which is enclosed in a metal container (dark gray). This container is surrounded by backfill material
(dark blue). The host rock (stippled light gray) is the outermost barrier, which further delays the
migration of radionuclides, possibly leached from the waste form, to the biosphere.

11.2 Multibarrier repository

During radioactive decay, radioactive isotopes release radiation, ejected particles
(e.g. alphas, betas, neutrons and protons, which carry kinetic energy that degrades to
heat), and a recoil nucleus. Both the amount of radiation and the amount of released
heat die off with the half-life of the radioactive isotope.

HLW varieties, including SNF, have complex chemical and radionuclide
compositions, are highly radioactive, and initially produce considerable heat [3].
Consequently, it is currently the practice, and is also planned for the future, that
these wastes and/or their waste forms are kept in “interim” storage for periods
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of time (in some estimates, decades) prior to emplacement in deep underground
repositories.

The repository concept is based around the idea of using multiple barriers, both
engineered and geologic, each designed to delay, minimize, or prevent the release of
radionuclides into the environment. A multibarrier HLW repository typically consists
of the following barriers (from the center to the periphery; see Fig. 11.1):

— nuclear waste form, which initially hosts all the actual waste (e.g. SNF, borosili-
cate glass, ceramics);

— metal canister (e.g. steel, copper);

- backfill (e.g. bentonite, concrete);

— surrounding geologic formation (e.g. crystalline rocks, clay, rock salt).

For a review of geologic repository design and of different host-rock options, the
readers are referred to individual contributions in a recent issue of Elements [10-14].

11.3 Design and fabrication of titanate ceramics

A suitable waste form for HLW should satisfy various requirements [8], including

—  high durability in aqueous fluids;

- resistance to property changes resulting from radiation damage;

- high waste loading capability, and thus minimum volume

- long-term thermodynamic stability;

— suitable physical properties (e.g. mechanical strength, hardness, thermal con-
ductivity, viscosity, electric resistivity);

— compatibility with the geologic environment;

— simple, safe, reliable, and cost-effective production procedure.

With these criteria in mind, waste forms can be optimized to account for the waste
composition and/or the geologic environment. No HLW waste form can satisfy all
of the mentioned requirements for emplacement in all geologic environments, so
a whole range of crystalline waste forms, both single- and multiphase, have been
developed, including titanate, zirconate, aluminate, and ferrite ceramics as well as
glass ceramics [5, 8, 15-18]. In this short review, we will focus on the multiphase
titanate ceramics.

The design of titanate ceramics, originally termed Synroc (short for “synthetic
rock”), has been based primarily on the fact that a number of actinide (ACT)- and
rare earth element (REE)-rich titanate minerals occur in nature, where they have
survived over geologic time scales (up to 2 Ga). These minerals include zirconolite,
pyrochlore, betafite, microlite, perovskite, brannerite, aeschynite, euxenite, poly-
crase, crichtonite, and fergusonite. Despite having been exposed to considerable
irradiation doses due to the decay of their radioactive constituents, natural titanate
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phases have been relatively durable and have retained the actinides and their daugh-
ter products [19-27].

The design of the multiphase titanate ceramics also takes advantage of the
range in crystallographic sites available in the different phases for the incorpo-
ration via solid-solution of a wide variety of waste species. Titanate waste forms
typically contain some combination of the following phases as hosts for ACT and
fission products: zirconolite, a pyrochlore-group phase, perovskite, Ti-based
hollandite, and brannerite (Tab. 11.1). In some cases, murataite may also be a

Tab. 11.1: Structural and chemical characteristics of the most important constituent phases of HLW
titanate ceramics.

Phase Idealized Crystal Structural Major elements?® Minor elements
formula system site
[coordination
number]
Zirconolite CaZrTi,0, Monoclinic®  Ca[8] Ca?*, REE**, ACT** Srz
Zr (7] Zr#, Hf%* ACT*, REE**
Ti [6], [5] Ti**, Mg?, Fe?*, Fe3*, AB* Mn?%, Ta**, W+
Perovskite CaTiO, Orthorhombic Ca[12] Ca?, Na*, Sr?*, REE3* K*, Baz*, ACT*,
or cubic ACT*+, O
Ti [6] Ti**, Nb®*, Fe3*, Fe?* Mg, AP+, Ta®*, Zr*
Hollandite AO_ZByCB_yo16 Tetragonalor A|[8] Ba*, Cs*, Rb*, K*, Na*,  Sr*,H,0,0
monoclinic Pb?
B, C[6] Ti**, Fe?, Fe3*, Mg?*, Si4
AL+, Mn“, Mn3*
Pyrochlore A, B.X Y, —Cubic A[8] Ca*, Na*, Sr**, Pb*, Ba*, Mn?, Fe*, K*,

Sn, S, REE>, ACT*, Cs*, Bi**, SC*
ACT®, ACT®*, H,0, O0

B [6] Nb5*, Tas, Ti*, Sb5+,W6+ Zr*+, V5+, Sn*, Hf“,
Fe3+’ Mg“, AP*, S+
X 02~ OH-, F-
Y 0%,0H-, F,H,0,0 K-, Cs", Rb*
Brannerite UTi,O Monoclinic U [6] ACT*, ACT>*, ACT®*, Mn2
REE**, Ca?*, Pb?*
Ti [6] Nb®* AL+, Si4t, Mn?*,
Fe?+, Ni2+
Murataite A,B,C.0,,,.° Cubic A[8] Ca*, Mn?, REE**, ACT**, Na*
ACT*
B [5] Mn, Ti%*, Zr*, ACT** In?*, Fe?*
C[6] Ti*+, AP+, Fe3* Nb°*
Rutile TiO Monoclinic Ti [6] Te* Ru**

2

2Abbreviations: ACT = actinides; REE = rare earth elements, including Y; 0 = vacancy.
PMost common polytype.

Formula for natural murataite is approximately A B,C.0,(F,OH),.
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prominent host phase [8, 18]. Rutile is commonly an inert “buffer” phase in these
ceramics, but can also be a host phase for Tc. Most titanate phases can incorporate
a range of chemical elements in a variety of crystallographic sites [18, 26, 28-30],
which makes titanate waste forms suitable for the incorporation of various types
of nuclear waste (Tabs. 11.1 and 11.2; Fig. 11.2). Moreover, some of these phases
can incorporate considerable amounts of neutron absorbers, such as Hf and Gd,
which allows for enhanced ACT uptake by these phases, depending on partitioning
behavior [31, 32].

Tab. 11.2: List of some common ceramic nuclear waste forms, their mineralogical composition,
intended usage, and waste loading.

Waste form Mineralogical composition Intended usage (waste loading)
Synroc C Zirconolite, perovskite, hollandite, Immobilization of HLW
rutile from reprocessing of SNF
(up to 20 wt%)
Synroc D Zirconolite, perovskite, spinel, Immobilization of US defense
nepheline wastes (60-70 wt%)
Synroc F Pyrochlore, perovskite, uraninite Conversion of spent fuel
("’50 Wto/o)
Tailored ceramics Magnetoplumbite, zirconolite, spinel, Immobilization of US defense
uraninite, nepheline wastes (260 wt%)
Zirconate Pyrochlore, zirconolite, brannerite, Immobilization of transuranic
(Pyrochlore) rutile elements (up to 35 wt%)

An additional design aspect of titanate ceramics is that some of the phases will suffer
more rapid and extensive radiation damage and associated swelling than others (see
Chapter 11.4 below), and therefore grain size is kept small in order to minimize inter-
nal stress in the waste form (Fig. 11.3).

Waste-form development has also benefitted from, and was complemented by,
numerous mineralogical and geochemical studies of analogous crystalline phases
that occur in the natural environment [22, 26, 27, 33].

Various methods have been used to fabricate titanate ceramics, including
hot pressing, sintering, and crystallization from a melt [8, 18, 34]. The method
chosen or developed depends on a number of factors, including the desire to (a)
limit the generation of by-products (e.g. off gases), and (b) optimize particular
characteristics in the final product (e.g. high density, fine grain size) [34-36]. The
original Synroc process involved using of reducing conditions during calcination
and hot pressing in order to achieve the maximum retention of volatiles, and hot-
pressing temperatures of at least ~1100°C to eliminate porosity and provide
maximum aqueous durability.
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Zirconolite

Perovskite

Hollandite

Brannerite

Fig. 11.2: Crystal structure drawings of the most important HLW host phases in titanate ceramic
waste forms. The octahedra represent the sites occupied by Ti (blue) or similar cations (yellow).
The spheres indicate the position, but not the exact size, of the other cations: green = Ca; purple in
zirconolite = Zr; light brown in zirconolite = Ti in split site (coordination number 5); pink in
hollandite = A-site cation; red in brannerite = U.
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Fig. 11.3: Maps showing the distribution of Ti, U, Hf, and Ce in a pyrochlore ceramic, which consists
of pyrochlore, zirconolite, brannerite, and minor rutile [31]. Note the needles of Hf-rich zirconolite
(bright in Hf map) and the platy brannerite (bright in U map) embedded in the pyrochlore matrix
(medium gray in U map, light gray in Ce map). Interstitial rutile appears bright in the Ti map. Areas
that appear black in all maps represent pores.

11.4 Radiation resistance

A major concern regarding the performance of crystalline waste forms is that the con-
stituent phases will undergo a crystalline-to-amorphous transformation as a result
of alpha decay of the contained ACT [37, 38]. This transformation of titanate ceramic
waste forms can affect their performance in two ways: (1) the aqueous durability
can be considerably diminished and (2) the ACT host phases can swell as a result of
radiation damage, which leads to uneven expansion and associated microcracking
of the surrounding materials, thus increasing surface area and producing fluid path-
ways, which can enhance solubility [15, 26]. Alpha-decay damage accumulates over
time and increases with increasing dose. Various techniques have been applied to
study the dose-dependence of radiation damage in synthetic phases, i.e. doping with
short-lived alpha-emitting isotopes, neutron irradiation, and heavy-ion implantation
[15, 18]. In natural-analogue phases, on the other hand, accumulation of radiation
damage is commonly studied by transmission electron microscopy, TEM [22, 39].
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Investigations of radiation damage in natural titanate phases by TEM have shown that
the onset of damage is marked by a mottled contrast in high-resolution TEM images
and by the presence of local nanometer-sized areas of amorphous material [39].
At higher doses, larger amorphous areas form a matrix with embedded islands of
crystalline material. At even higher doses, the material is fully amorphous, i.e. no
lattice fringes and no electron-diffraction peaks can be observed (Fig. 11.4). This final
stage is achieved once a phase has experienced alpha doses higher than what is
known as the critical dose (D) for full amorphization [22, 40].

@ lonm v

Fig. 11.4: TEM images of zirconolite from (a) Bergell (Italy) with an age of 32 Ma and a cumulative dose of
0.06 x 10 o/ mg; (b) Stavern (Norway) with an age of 300 Ma and a cumulative dose of 0.3 x 10 a/mg;
(c) Phalaborwa (South Africa) with an age of 2050 Ma and a cumulative dose of 2.8 x 107 a/mg.

The susceptibility to radiation damage is different for different phases. For the phases
of interest, zirconolite exhibits a smaller value of D_than pyrochlore, i.e. pyrochlore
is more radiation-resistant than zirconolite [22, 33]. Radiation resistance, however, is
also different for different compositions of the same phase: Zr-rich members of the
pyrochlore solid-solution series, for example, are much more radiation-resistant than
the Ti-rich pyrochlores [15]. Similarly, volume expansion due to radiation dose varies
according to host phase. ACT-doping experiments with zirconolite and pyrochlore
have shown that swelling as a function of increased dose saturates at 5-6 vol%,
which compares favorably with the much higher swelling of other phases, such as,
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zircon [26]. The swelling-induced microcracking of materials that surround or enclose
highly radioactive titanate phases has been documented microscopically for natural
samples (Fig. 11.5).

Fig. 11.5: Microscopic images showing radiation-induced effects in and around minerals that
have experienced metamictization. (a) Optical microscope image (plane polarizers) of a metamict
zirconolite grain with pleochroic halo (@appearing brown in this view; alpha-particle damage) and
radial cracks (due to volume expansion) in the enclosing green phlogopite. (b) False-color back-
scattered electron (BSE) image of metamict betafite (red) with radial cracks in the surrounding
titanian clinohumite (blue). (c) BSE image of metamict fergusonite with radial cracks in enclosing
pyrophanite. (d) High-angle annular dark-field image, obtained in scanning TEM mode, of metamict
fergusonite with nanopores, which were interpreted as He bubbles [21]. Nanopores occur both
isolated and in trails. The image further shows trails of U-rich nanoparticles (white). All samples
from Adamello, Italy [21, 77]: those shown in (a) and (b) are from Ti-rich veins, those shown in

(c) and (d) are from a granitic pegmatite. Abbreviations: Ap = apatite; Bet = betafite; Cc = calcite;
Fer = fergusonite; Phl= phologopite; Pyr = pyrophanite; TiChu = titanian clinohumite.

The release of alpha particles during alpha decay can lead to accumulation of He in a
mineral. Here, He is either accommodated interstitially, trapped at internal defects, or
aggregated in bubbles [37, 41]. These He bubbles, which may occur isolated or agglom-
erated and/or aligned (Fig. 11.5d), can affect various physical properties of the host
phase [37].

ACT-doping and irradiation experiments have shown that heating a phase can
slow the progress of radiation damage and associated swelling and that radiation
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damage can be annealed if the phase is stored at elevated temperatures for a longer
period of time [15], as also confirmed by natural-analogue studies. The latter docu-
ment that D_ of geologically very old titanate minerals (>10° years) is considerably
higher than that of young samples (e.g. [33]).

11.5 Durability of titanate ceramics

As water will be one of the principal agents that may adversely affect the survival of a
waste form in a deep geologic repository for long time periods, the chemical durability
of waste forms is of critical importance. Interactions between waste form and water
may lead to dissolution or leaching, both processes that can be studied by laboratory
investigations. Even though laboratory tests are restricted to relatively short time scales
(up to several years at most), they can yield crucial thermodynamic data regarding the
overall solubility of the waste form as well as data that can be used as input into the-
oretic models, which allow for stability assessments and/or extrapolation over time.

There are a number of experimental procedures for determining the chemical
durability of waste forms. The methods may be static or dynamic, and they determine
differential leach rate of individual constituents or cumulative leaching. Some of the
most frequently used techniques are the Materials Characterization Center (MCC) and
the single-pass flow-through (SPFT) tests as well as Soxhlet extraction. In these tests,
either a monolithic sample or a powder is exposed to a leachant (deionized water or an
aqueous solution that is representative of repository conditions, e.g. saline, carbonate
or silicate solutions) for various durations at different temperatures and specimen sur-
face-to-leachant volumes [8, 15, 18]. Most of the aqueous durability tests on polyphase
ceramic nuclear waste forms have been conducted at temperatures between 25 and
200°C, whereby the fluid was replaced periodically. The dissolution data [34, 42-44]
document that, under similar experimental conditions, the ceramic waste forms
Synroc C and Synroc D exhibit lower release rates for their main chemical constituents
than SNF and borosilicate glass (Tab. 11.3), implying that they are more durable.

Another strategy used to assess the durability of waste forms is to investigate the
behavior of individual constituent phases in the geologic environment. These natu-
ral-analogue studies are focused on the characterization of the mineral analogues
and their geochemical alteration [17, 22, 26, 27].

The data available in this context for both natural and synthetic phases
[27, 44-47] show on the one hand that the main constituents in titanate ceramics, i.e.
pyrochlore and zirconolite, are highly durable in aqueous systems at low tempera-
ture (see also [22, 26]). On the other hand, hollandite, brannerite, and especially per-
ovskite are less durable (Tab. 11.3). Upon dissolution, brannerite and perovskite are
converted to anatase and other alteration products [17, 26, 27]. It appears that amor-
phization decreases the aqueous durability of some of the titanate phases of interest,
but the evidence for this relationship is currently relatively limited [26, 48].
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Tab. 11.3: Examples of dissolution data for ceramic nuclear waste forms and some of their individual
phases, as well as for spent nuclear fuel and borosilicate glass.

Waste form or phase Condition T(°0) Release (g/cm?/d) Element(s)?
Spent nuclear fuel® Flow, pH 8-10¢ 19-78 5x10“*to5x1073 U
Borosilicate glass SPFT 90 2x102to3x 10 Si
(SON68)?

Synroc C® MCC 95 ~107°to 10 Ti, Zr, Nd
Synroc Df MCC, pH 6 90 ~1x10* u
Perovskites SPFT, pH 2-13 90 7x102to2x 10! Ca
Hollanditef SPFT, pH 2-13 90 4x107to7 x 1072 Ba
Branneritef SPFT, pH 2-12 70 4x10%to7 x 1072 8]
Pyrochloref SPFT, pH 2-12 75 8x10°to1x10™"* u

Zircon" Soxhlet 120-250 7%x10°to4 x 10 Zr, Si
Zirconolitef SPFT, pH 2-12 75 1x10°%to7x10™* 8]

Zirconia' Static, pH 5.6 90 1x10°to6x 102 Y, Zr, Ce, Nd, Sr
Monazite (natural)’ Flow, pH 1.5-10 70 6x107t0o6x 107 REEs, Th, U

aThe listed elements are the key elements used for interpretation. The releases of U and Si are
typically used for comparison with the behavior of spent fuel and borosilicate glass, respectively.
Some studies, however, have quantified and listed more than one element measurable above
detection limits (for details, the reader is referred to the original papers).

bRef. [42].

cSuite of experiments with 0.2-20 mmol/L carbonate and either 0.3 or 2% oxygen.

dRef. [43].

cRef. [34].

fRef. [44].

sRef. [27].

"Ref. [46].

iRef. [47].

iRef. [45].

11.6 Atomistic modeling

Simulations of the structure, stability, defect behavior, and radiation damage of
nuclear materials have become commonplace in materials science and engineering,
including a range of existing and potential nuclear waste forms designed for the incor-
poration and safe storage of ACT and fission products. This is particularly true for the
titanate and related oxide waste forms, which have evolved during a time when atom-
istic simulation methods have become increasingly advanced. Atomistic modeling
primarily involves the use of empirical inter-atomic pair potentials that form the basis
of molecular dynamics (MD) simulations on picosecond time scales. These simula-
tions allow for the direct observation of the formation and evolution of alpha-recoil
collision cascades and defects and can be performed as a function of temperature
and pressure via the use of suitable boundary conditions. Empirical potentials are
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also used for static calculations of structural stability and the energetics of defect
formation and migration.

Density functional theory (DFT) has been increasingly applied in studies of
the stability and radiation effects of nuclear materials. DFT has the ability to more
accurately describe the geometry, stability, and energetics of defect formation and
migration in crystalline materials based on the appropriate use of a range of available
density functionals (DFs) and approaches to take into account the effects of exchange
and correlation. All MD and DFT simulations rely on careful validation of parameters
via benchmarking against the known properties of crystalline compounds. Here, we
take a brief look at some of the most important background studies and key papers on
atomistic modeling of nuclear waste forms and related materials in studies that have
used MD and/or DFT modeling.

A convenient starting point for atomistic modeling of titanate waste forms
was to look into the atomic-scale behavior of the simplest titanate phases, i.e. the
polymorphs of TiO, (e.g. [49, 50-53]). Although rutile is normally used as an inert
component in nuclear waste forms, it has the capacity to serve as a host phase for
certain radionuclides (Tab. 11.1) under appropriate conditions. Therefore, Kuo et al.
[54] studied the possibility for incorporation of the long-lived fission product *Tc via
direct substitution for Ti in the lattice (Tab. 11.1). They investigated the effects of defect
clustering and the transmutation of Tc to Ru, demonstrating that Tc has a moderate
(and temperature-dependent) solubility in rutile. However, the solubility increases
when clustering is considered, with the preferred binary Tc-Tc pair having a similar
distance as found in TcO,. Importantly, the transmutation of Tc to Ru results in Ru-Ru
pairs adopting a preferred second nearest neighbor configuration. As the calculated
solubility of Ru in rutile is lower than that of Tc, this study suggested the possibility of
second phase formation if Tc is present near the solubility limit.

In stepping up to more complex materials, Thomas et al. [55] investigated the
defect behavior of the perovskite compound SrTiO,, an important titanate host phase
for *°Sr, a key short-lived fission product in HLW. They quantified the energetics of
defect formation and migration (Tab. 11.4) using MD and DFT methods, finding that O
and Sr atoms prefer to form split interstitials and Ti atoms form interstitials in channel
sites. Interstitials are more mobile than vacancies and Sr and O have low migration
barriers, indicating the potential for mobility and recombination (see also [56]). MD
simulations revealed that all three atom types are most easily displaced by direct
replacement sequences on their own sub-lattices. Weighted average threshold dis-
placement energies (TDE) of 70, 140, and 50 eV were obtained for Sr, Ti, and O, respec-
tively. However, it was also shown that there exists strong dependence of the TDEs on
crystallographic direction (see also [57]). Recently, Won et al. [58] used TEM and atom-
istic simulations to study radiation damage in SrTiO, containing Ruddlesden-Popper-
type faults. Using empirical potentials and collision cascade simulations, they showed
that the faults are more susceptible to amorphization and that this is related to a kinet-
ically feasible, thermodynamic driving force for defects to migrate to the faults.
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Tab. 11.4: Energetics of defect formation and migration in SrTiO,.

Defect Strontium (eV) Titanium (eV) Oxygen (eV) Sr/Ti(eV)
Vacancy (isolated) 18.32 41.7° 11.42 —
Interstitial (isolated) -1.8° -23.5° -1.3? —
Frenkel (isolated) 16.5° 18.22 10.12 —
Anti-site (isolated) — — — 9.32
Frenkel 14.6° - 9.82 —
Frenkel (DFT) 9.0? - 7.92 —
Anti-site — — — 9.8°
Anti-site (DFT) — — — 13.22
Vacancy (migration) 3.92 11.0° 0.92 —

4.20° None® 1.22° —
Interstitial (migration) 0.3? 4.6° 0.32 —

0.52° 1.50° 0.43° —

From Thomas et al. [55] and "Bi et al. [53].

Even more complex perovskites containing La and A-site vacancies have been inves-
tigated by both experimental and atomistic modeling methods [59]. Thomas et al.
[60] developed pair potentials for Sr, La, Ti, and O by fitting to experimental data
and new ab initio data. This work provided the atomistic basis for understanding
existing experimental data on the structure [61] and radiation effects [62] in the
Sr,,,,La TiO, system. In particular, this solid solution incorporates A-site vacancies
according to the substitution 3Sr?* - 2La** + O (O = vacancy), so the role of vacancies
may have important consequences for defect behavior and recovery under irradia-
tion. In fact, the solid-solution series exhibits a minimum in the critical temperature
for amorphization near x = 0.2 [62]. Using both empirical pair potentials and DFT
calculations, Thomas et al. [63] demonstrated that the A-site interactions follow
electrostatic principles at low defect concentrations, leading to the association of
La ions with vacancies and dissociation of vacancy-vacancy pairs. Once long-range
A-site ordering is developed at higher values of x, the defect interactions are inverted
due to strain forces arising from cooperative atomic relaxations (Fig. 11.6).
Zirconolite has been the subject of very few modeling and theoretical studies.
Veiller et al. [64] reported both the TDEs for individual atoms and collision cas-
cades introduced into the crystalline lattice, finding that the cascade region
consists of a disordered core and a surrounding zone of isolated point defects.
Radial distribution functions of the core zone are intermediate to those of crys-
talline and amorphous zirconolite. The simulations were stated to be consistent
with the model of direct impact amorphization. A later DFT study [65] attempted
to identify stable interstitial sites for intrinsic defects in the complicated zircono-
lite structure and reported significant dependence on charge states for vacancies
and the possible formation of O, in Ti and Zr vacancies. Frenkel-defect energies of
1.1-3.2 eV for O (charge neutral), 1.97 eV for Ca, 8.22 eV for Zr, and 3.9-6.1 eV for
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Fig. 11.6: Final damage states produced by MD collision cascades in La-Sr-Ti oxide perovskites with
(@) no La, (b) 0.25 La atoms per formula unit, and (c) 0.5 La atoms per formula unit. Projection is
down [100] of the cubic structure in (a) and [100] of the cubic subcellin (b,c). Color scheme: La is
violet, Sris green, Ti is blue, and O is red. Modified from Fig. 8.5 in [59], used with permission of the
author.

Ti (all cation-vacancies are in the 2+/2—- charge state) were calculated. It was con-
cluded that the low Frenkel-defect energies, combined with their relative stabil-
ity (high migration barriers?), provide an explanation for the ability to amorphize
zirconolite at low irradiation or alpha-decay dose. Chappell et al. [66] recently
developed new empirical potentials and studied zirconolite using MD to generate
70-keV single and double cascades within large simulation cells. Results of this
study confirmed the damage “track” after about 15 ps to consist of a highly disor-
dered region surrounded by a zone with scattered point defects. When normalized
to stoichiometry, the relative numbers of defects produced by a single cascade are
542 0, 2106 Ca, 190 Ti, and 131 Zr.

The prototypical pyrochlore in nuclear waste forms is generally based on the
composition CaUTi,0,; however, another generalized end-member component
is Ln,Ti,0, which serves to accommodate REE fission products from the waste
stream. Most simulation studies have actually been conducted on the latter type of
pyrochlore composition containing a range of lanthanides or Y. Purton and Allan
[67] conducted MD simulations of Gd,Ti,0, and Gd,Zr,0, with primary knock-on
atom (PKA) energies up to 20 keV, showing that more defects were consistently pro-
duced in the titanate pyrochlore. Damage cascades in Gd Zr,0, were smaller and
more “ordered”, whereas the larger cascades in Gd,Ti,0, appeared to be amorphous.
Using MD simulations to determine the TDEs of Gd,Ti,0, and Gd,Zr,0, pyrochlores,
Devanathan and Weber [68] found that the TDE for Ti is >170 eV for all directions
that were examined. It was hypothesized that this result is due to the higher
energy required for replacement of Gd by Ti in the structure relative to replacement
of Gd by Zr. Xiao et al. [69] studied the TDEs of Y,Ti,O, using the DFT code SIESTA,
modified to incorporate the generation of a PKA in the simulation cell. Average
TDEs of 35.1 eV for Y, 35.4 eV for Ti, 17.0 eV for O on 48f, and 16.2 eV for O on 8b
were determined for the three main cubic directions (100, 110, and 111). A cation
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anti-site energy of 2.32 eV was observed for the Y-Ti pair and a Frenkel-defect energy of
8.66 eV for Y (displaced to 8b). Other Frenkel defects were found to be unstable, sug-
gesting the possibility of correlated recombination during relaxation. Low formation
energies of cation interstitials (1.6-5.3 eV for Y; 1.2-2.2 eV for Ti) may contribute to
the ability to render this pyrochlore amorphous under irradiation.

From these atomistic modeling studies, it is apparent that the ability of a pure
crystalline solid to resist transformation to the amorphous state at the same tem-
perature and pressure depends upon several basic properties, including the TDEs,
defect-formation energies, and barriers to defect migration and recombination. Even
in simple oxides, such as rutile, the ability to recover from cascade damage may be
aided further by cooperative defect migration and recovery. A number of studies
further indicate that volume-density and bonding considerations are also important
in determining the ability to recover from cascade damage on short time scales. For
pyrochlore systems in general, extensive literature covers in detail the above concepts
[70-74] and the analysis of experimental data [75, 76].

11.7 Conclusions

Over the last ~50 years, various types of titanate ceramics have been developed to
immobilize HLW before emplacement in geologic repositories. This development
would not have been possible without contributions from scientists with expertise in
a wide area of topics, including: mineralogy, crystallography, geochemistry, geology,
materials science, physics, and radiochemistry. Using various methods, a large body
of data has been collected from both natural environments and experimental inves-
tigations. These data provide the basis for the more recent simulations using atom-
istic modeling. Combining all the various techniques is essential, and it has led to
considerable advances in our understanding how crystalline materials behave in
intense radiation fields, under various environmental conditions, and over geologic
time scales. This knowledge forms the basis for predicting the long-term behavior of
titanate ceramics in deep geologic repositories for HLW.
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12 Patterns of mineral organization in carbonate
biological hard materials

12.1 Introduction

Organization of nanosized entities across many length scales poses a major challenge
in the development and production of man-made materials with advanced functions.
In contrast, in biologically formed hard tissues, this design feature and its formation
principle are intrinsic. It began already with the emergence of first skeletal hard parts
in late Precambrian and was diversified since then by evolutionary adaptation.

In this concept article, we describe nanoscale, mesoscale, and macroscale
biocarbonate mineral organization in biological hard tissues such as shells, calcite
teeth, and calcite intercalations into terrestrial isopod exocuticle. First, we highlight
differences in extracellular matrix architectures and proceed to the interdigitation
between biopolymer membranes/fibrils and biocarbonate mineral. Subsequently, we
describe major types of fabrics and textures of mineral nanopatrticles, crystallites and
crystals in invertebrate hard tissues and discuss characteristic patterns of their organ-
ization on the different length scales.

In the last part of this article, we illustrate the utilization of carbonate mineral
organization (texture) by the animal as a tool for habitat-adapted tailoring and func-
tionalization of hard tissues.

12.2 Composite nature of biological hard tissues

Mineralized structures generated under biological control are widely recognized in
materials science as prototypes for advanced materials. These skeletal elements and
teeth are hierarchical composites with a large variety of structural design concepts
(e.g. [1-7, 8]). They consist of two distinct types of materials: (1) a compliant biopoly-
mer matrix that is reinforced by (2) stiff and hard components, such as Ca-carbonate
or Ca-phosphate minerals.

In gastropod, bivalve, and brachiopod shells, the extracellular matrix is formed
of two major components: a structural and a functional component (e.g. [9, 10, 11-17,
18, 19, 20, 21, 22]). Water-insoluble proteins form matrix membranes and consti-
tute the scaffold of the hard tissue. These membranes are composites as well and
consist of a core formed of chitin that is encased by proteins [9, 13, 15, 16, 23-25].
Matrix membranes are arranged in a characteristic grid or honeycomb structure
(Figs. 12.1-3), subdividing space and influencing the shape and size of the basic

https://doi.org/10.1515/9783110497342-012

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



246 —— 12 Patterns of mineral organization in carbonate biological hard materials

mineral units (Fig. 12.4) that comprise the biological hard tissue. The other biopoly-
mer component in biological carbonate hard tissues consists of soluble polyanionic
proteins, occluded within the basic mineral units as a foam-like network of fibrils
(Fig. 12.2b, d-f). These polyanionic protein fibrils predominantly control crystallite
attachment and orientation within the space that is defined by the matrix mem-
branes [10, 13, 17, 18, 26, 27].

Scaffold (matrix) membranes are porous (Fig. 12.3 and [28, 29, 30, 31, 32, 33]) and
enable the transfer of crystallographic orientation information from one compartment
into the other. This facilitates the formation of mesoscale entities consisting of a few
co-oriented mineral units, as, for example, is the case in both shell layers of the bivalve
Mpytilus edulis [34] or in the fibrous shell layer of the brachiopod Megerlia truncata [35].

There are two major routes of carbonate material infiltration into compartments
defined by matrix membranes: (1) transport of ions (Ca*, HCO,, H*), that occurs with
specific transport proteins, where carbonate ions cross from the cell interior into
extracellular matrix compartments [36, 37, 38] or (2) vesicles loaded with mineral
(amorphous calcium carbonate, ACC) which get exocytosed from cells. At the sites

Fig. 12.1: FE-SEM micrographs of extracellular matrices present in modern gastropod (a, Haliotis ovina),
bivalve (b, Elliptio crassidens; c, calcitic layer of Mytilus edulis), and brachiopod (d, Liothyrella uva) shells.
Shell samples were microtome-cut, microtome-polished, decalcified (a—c) or etched (d), and critical

point dried. Etching occurred for 90 and 180 seconds and was applied to remove the carbonate in order
to visualize the spatial distribution of (glutaraldehyde-stabilized) biopolymers within the shell. Note the
differences in space compartmentalization. Membranes in a and b surround nacre tablets, whereas the
membranes presented in c and d envelope calcite fibers.
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Fig. 12.2: FE-SEM micrographs of extracellular matrix organizations and networks of biopolymer
fibrils in modern octopod (a, b, and e, Argonauta argo) and bivalve (c, d, Elliptio crassidens; f, Arctica
islandica) shells. Shell samples were microtome-cut, microtome-polished, decalcified or etched, and
critical point dried. Etching occurred for 90 and 180 seconds. With this procedure, the carbonate was
removed and the distribution pattern of (glutaraldehyde-stabilized) biopolymers became apparent.
Note the network of fibrils in d—f. The compartment, defined in size and morphology by biopolymer
membranes, is filled with a foam-like network of fibrils. In the shell of the bivalve Elliptio crassidens
(c, d), we observe localized fibril agglomerations, shown by white stars in c, d.

of crystallization amorphous carbonate becomes destabilized and crystallizes
[39, 40-46]. However, as carbonate shells and calcite teeth are concerned, up to now,
there is no definitive evidence for mineral transport from the cell into the extracellu-
lar matrix either via ACC-filled exocytosed vesicles or by protein-aided ion transport.
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Fig. 12.3: FE-SEM micrographs visualizing the porosity of extracellular matrices in gastropod (Fig.
12.3a: Haliotis ovina), bivalve (Fig. 12.3b: calcitic shell layer of Mytilus edulis), Fig. 12.3c: Elliptio
crassidens) and brachiopod (Fig. 12.3d: Liothyrella uva) shells. Samples were microtome cut,
microtome polished, decalcified and critical point dried. Etching occurred for 90 and 180 seconds.
White stars in Fig. 3D point to organic membranes intercalated between calcite fibres within the
shell of the modern brachiopod Liothyrella uva. Extracellular membranes in carbonate hard tissues
are highly porous, porosity not being in a regular arrangement.

12.3 Characteristic basic mineral units in gastropod, bivalve, and
brachiopod shells

Biopolymer matrices are occluded within the hard tissues with organism-specific char-
acteristic mesoscale grid structures and hence control the mesoscale architecture of
the biologically formed mineral units (crystals). Basic biocarbonate mineral units are
diverse: needles, laths, fibers, columns, tablets, irregularly shaped grains, and assem-
blages of granules (Figs. 12.4-7 and [18, 34, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56]). Even
though also consisting of calcium and/or magnesium carbonate, the size and outer mor-
phology of all biologically formed mineral units (crystals) is in marked contrast to that
of non-biological calcite and aragonite (Fig. 12.4a, b). This is due to the fact that biogenic
carbonates are produced by organelles and under cellular control [45, 46, 57, 58], while
non-biologic carbonates are precipitated from aqueous solution [59, 60, 61]. The latter
exhibit typical rhombohedral, scalenohedral (calcite), and pseudo-hexagonal, prismatic
(aragonite) morphologies, have smooth outer surfaces, and can grow to centimeter-size
entities. Figures 12.4c—k and 7 display calcite and aragonite crystals (mineral units) of
biological carbonate hard tissues: thin aragonite needles of the modern coral Porites
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¥ 5 mm

brachiopad fibres

Fig. 12.4: FE-SEM images of non-biologic and biologically formed carbonate crystals, mineral units:
calcite (a) and aragonite (b) single crystals precipitated from solution. (c—i) SEM images of fracture
surfaces of modern coral (c, aragonite needles in Porites sp.), bivalve (d, e, aragonite laths in
crossed-lamellar microstructure of Propeamussium jeffreysii; (f, g) calcite fibers in Mytilus edulis (in
longitudinal and cross section), primary and fibrous layer calcite in the shell of the modern brachiopod
Liothyrella uva (in longitudinal and cross section), aragonite granular prisms of the modern bivalve
Entodesma navicula. White star in h, primary shell layer; white rectangle in h, fibrous shell layer; white
arrows point to punctae. (I) Brachiopod fibers in Megerlia truncata that curve around a punctum. Even
though fiber morphology is curved, the similarity of Euler angle (E1, E2, E3) values show that the calcite
lattice in the fibers is coherent. Note the difference in crystal/mineral unit size, morphology, and
curvature of outer surfaces between non-biologic and biologically formed carbonates.
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sp. (Fig. 12.4¢), thin aragonite laths in the shell of the modern bivalve Propeamussium
jeffereysii (Fig. 12.4d, e), calcite fibers in the shell of the modern bivalve M. edulis (Fig.
12.4f in longitudinal section, Fig. 12.4g in cross section), calcite fibers in the shell of the
modern brachiopod Notosaria nigricans (Fig. 12.4h, i) and aragonite granular prisms
within the shell of the modern bivalve Entodesma navicula (Fig. 12.4j, k).

Biological calcite and aragonite fibers, laths and needles are frequently curved
(Fig. 12.41 and [49, 53, 62]). Figure 12.41 shows a portion of the fibrous layer of the
modern brachiopod M. truncata, where calcite fibers curve around a punctum and
the morphological fiber axes are curved. However, as the similarity of Euler angles
E1, E2, and E3 (Fig. 12.41), determined at different spots with EBSD, shows, the pattern
of calcite crystal orientation within this fiber does not change. Thus, throughout the
curved fiber the calcite lattice is coherent — a feature intrinsic to biological hard
materials. Curvature of geologic analogues would result in material failure.

Biological structural materials exhibit a hierarchical architecture. Thus, struc-
tural patterns of component assembly extend from the nanometer to the millime-
ter scale. The mesoscale mineral units (e.g. fibers, tablets, columns, laths) reveal
internal structures (Fig. 12.5) as these are composed of primary particles with a size
of a few tens of nanometers: the nanoparticles (Fig. 12.5b, d, f). Atomic force micro-
scopy deflection images taken on conventionally polished (mildly etched) shell
surfaces reveal the size, morphology and pattern of organization of nanoparticles
in the shell of the modern brachiopod Liothyrella uva (Fig. 12.5a, b) and that of the
modern bivalve Mytilus galloprovincialis (Fig. 12.5c—f). Calcite nanoscale particles
sizes in the bivalve and the brachiopod shell scatter around 100 nanometers, while
the size of aragonite nanoparticles in nacre tablets appears to be larger and might
range up from 200 to even 300 nanometers (Fig. 12.5f). Figure 12.6 highlights bio-
aragonite crystallite nanoparticles and crystal (basic mineral units) organization.
The crystal lattices of the nanoparticles that compose a nacre tablet (Fig. 12.6a, b)
are misoriented to each other (see the patchiness of the color-coded electron
backscatter diffraction [EBSD] map in Fig. 12.6b and [34]). On the mesoscale, some
pattern of crystallographic aragonite co-orientation is present. In the nacre of the
bivalves M. edulis and M. galloprovincialis, the nacre crystals (tablets) aggregate to
tower grains (white stars in Fig. 12.6c, marked with a c in Fig. 12.6b) while sharing
one major crystallographic orientation [34].

The hard tissue of carbonate shells is structured also on the macroscale [63]. The shell
might consist of only one carbonate polymorph that forms distinctly shaped assemblages
of mineral units (Fig. 12.7a, b). These are stacked together in a well-organized, character-
istic manner and constitute the different layers of the shell (Fig. 12.7a, b). In most cases,
carbonate hard tissues consist of two carbonate polymorphs, with calcite and arago-
nite arranged in separate characteristic mineral units, e.g. the calcite often in fibers and
columns, the aragonite in tablets, irregularly shaped grains, laths, and granules.
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Fig. 12.5: Atomic force microscopy deflection images of calcite and aragonite nanoparticles in

the shell of the modern brachiopod Liothyrella uva (a, b) and that of the modern bivalve Mytilus
galloprovincialis (c-f). (@) Brachiopod calcite fibers in cross sections, with white star pointing to the
organic membrane that separates two adjacent fibers. (c, 5) Nanoparticle assembly in the calcitic
shell portion. (e, f) Nanoparticle organization in the aragonitic shell part of M. galloprovincialis.
Calcite fibers in the bivalve are sectioned longitudinally. The white star in E points to matrix
membranes that are present between nacre tablets.
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Nacre tablet 2 um 0p

Fig. 12.6: Hierarchical arrangement of aragonite nanocrystals in the aragonitic shell portion of

the bivalve Mytilus edulis. A nacre tablet is encased by matrix membranes (green stars in a) and
consists of aragonite nanoparticles (white arrows in a) embedded in a network of biopolymer fibrils
(blue arrows in a). Several tablets form a co-oriented mesoscale unit (white stars in c), the tower
grain marked with c in the center of b. Within a tablet, aragonite nanocrystals are misoriented to
each other, as highlighted by the patchiness of nacre tablets in the for orientation color-coded EBSD
map in b. b is modified after [34].

The basic mineral unit of all nacreous hard tissues (Fig. 12.7c, d) is an aragonite
tablet, enveloped by a biopolymer and a thin amorphous layer [64]. A nacre tablet
is not a classical single crystal. It is a mesocrystal, as it is composed of slightly mis-
oriented nanometer sized aragonite crystallites [34, 47]. Depending on the arrange-
ment of tablets, two major nacreous microstructures prevail: (1) columnar nacre in
gastropods (Fig. 12.7d), with tablets being arranged in columns and sheet nacre in
bivalves (Fig. 12.7c), with tablets being stacked in a ‘brick wall’ organization (e.g.
[10, 13, 14, 17, 26, 31, 33, 65]). However, not only the arrangement of tablets differs in
these two mollusk classes but also tablet dimensions (see inserts in Fig. 12.7¢c, d).
Haliotis ovina nacre tablets are thin (450 to 500 nm), while M. edulis nacre tablets are
significantly thicker (1 to 2 pm).

12.4 Carbonate hard tissue microstructures and textures,
difference in crystal co-orientation strength

Figures 12.8-11 present patterns of crystallite co- or misorientation in calcite and arag-
onite grown from solution and in biologically formed carbonate skeletons (shells and
calcite teeth), respectively. Crystal orientation data are presented with color-coded
EBSD maps and corresponding pole figures showing crystallographic c- and a-axes
orientations, either as data points or as pole density distributions. Hard tissue micro-
structure is visualized with gray-scale EBSD band contrast measurement images.
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Fig. 12.7: Characteristic assemblies of mineral units for the formation of different shell layers.

(a) FE-SEM image of a fracture surface in the shell of the gastropod Haliotis ovina showing aragonite
mineral units in two different assemblages: irregular aragonite grains (shell layer A) at the seawater
pointing side and the arrangement of nacre tablets to columns next to the soft tissue of the animal
(shell layer B). (b) Polished surface showing a cross section through the shell of the modern
brachiopod Liothyrella uva. Nanosized calcite crystallites comprise large interdigitating mineral
units of the primary (shell layer A) and the fibers of the fibrous shell layer (shell layer B). Parallel
arrays of calcite fibers form stacks, which are misoriented to each other by ~90°. A two-dimensional
cut through the shell gives perpendicularly (sublayer B1) and transversely (sublayer B2) cut stacks
of fibers. (c, d) FE-SEM images of polished shell surfaces depicting the two major modes of nacre
tablet arrangements: in a bivalve (c, Mytilus edulis) and in a gastropod shell (d, Haliotis ovina).

EBSD band contrast is the signal strength in each measurement point. Thus, when
a mineral is detected by the electron beam, a strong diffraction signal is obtained,
while, when polymers or nanosized crystallites are encountered, that are too small
to be differentiated by the electron beam, the diffraction signal is either absent or too
weak to be detected automatically. Crystal co-orientation strength is assessed with
MUD values (multiples of uniform distribution). A high MUD indicates high crystal
co-orientation, whereas a low MUD value accounts for a high crystal misorientation
(low crystal co-orientation) [66]. The uniform colors of the EBSD maps shown in
Fig. 12.8 visualize the high co-orientation of calcite/aragonite crystallites in both the
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non-biological (Fig. 12.8a, b) and biological (Fig. 12.8d) carbonates. MUD values of
geologic calcite and aragonite are above 700; the many measured c- and a-axes data
points (1040 for calcite and 140 for aragonite) superimpose closely onto each other in
the stereographic projections, resulting in no scatter of the c- and a-axes within the
pole figures. Thus, these two carbonate crystals are single crystals. Figure 12.8c—e vis-
ualizes the mode and strength of calcite co-orientation in the tooth of the sea urchin
Paracentrotus lividus. Even though the pattern of crystallite co-orientation resem-
bles that present in non-biological calcite, the calcite in the sea urchin tooth is not a
single crystal, as depicted by the slight variation of blue shades in the EBSD map of

c-axes calcite @ ®
: } grown
v from solution
- MUD 704

3 ; aragonite
1040 3
) i ~ . rown from
data points C/j‘)fes ; b gres | ( a-apes gsolution
MUD 712 X

140 data points

1pm

108079 data points

MUD 630

Fig. 12.8: Calcite crystal orientation pattern in geogene calcite and aragonite grown from solution
(@, b) and in the calcitic tooth of the modern sea urchin Paracentrotus lividus (c-e). Crystal
orientation data are given with EBSD measurements presented with gray-scale EBSD band contrast
(c) and color-coded EBSD orientation maps (a, b, d) and corresponding pole figures (a, e) that show
orientation data points and their density distributions. The strength of crystal co-orientation is given
with MUD values. Geologic calcite (a) and aragonite (b) are single crystals. EBSD band contrast
measurement image (c) visualizes well the microstructure of the calcite in the sea urchin tooth that
consists of plates, needles, and fibers (the latter two shown in cross section in c). Even though
crystal co-orientation is very high in this skeleton (see the uniform color of the crystal orientation
map (d) and the close assemblage of c- and a-axes data points in the corresponding pole figures (e),
the calcite in the sea urchin tooth, unlike the calcite grown from solution, is a mesocrystal and not a
single crystal.
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Fig. 12.8d and the slight scatter in c- and a-axes crystallographic orientation data in
the corresponding pole figure. Crystallite co-orientation strength decreases, and the
MUD value for the measurement shown in Fig. 12.8d declines to 630. The sea urchin
tooth is a mesocrystal [52, 67] formed by an assembly of nanocrystallites with a
remarkably high degree of crystallographic regularity [68—-71].

Figure 12.9 shows the pattern and degree of aragonite co-orientation in the
modern coral Porites sp. The crystal arrangement and strength of co-orientation
here are markedly different from those in the sea urchin tooth. The microstructure
of the modern coral Porites sp. is visualized with the band contrast measurement
image shown in Fig. 12.9a. Aragonite crystallites nucleate on a thin organic tem-
plate that lines the centers of calcification (Fig. 12.9b, white dots in Fig. 12.9a, c).
When skeletal growth proceeds, aragonite crystallites increase in size and form
thin fibers, which are more or less evenly developed. These grow outward from
the centers of calcification (e.g. [72, 73]). The strength of aragonite co-orientation
is weak in modern corals (Fig. 12.9c, d), and the MUD value of the measurement
shown in Fig. 12.9 is 41. However, some aragonite crystal co-alignment is present in
coral hard tissues as bundles of loosely co-oriented fibers form a mesoscale mineral
unit (white star in Fig. 12.9¢), with the mean orientation of this mineral unit being
distinct from that of the neighboring unit.

Figures 12.10-12 highlight characteristic microstructures and textures of car-
bonate shells, e.g. that of the modern brachiopod Magellania venosa (Fig. 12.10), of the
modern bivalve M. edulis (Figs. 12.11a, c and 12a, c) and that of the modern gastro-
pod H. ovina (Figs. 12.11b, d and 12b, d). Depending on the species, the shells of
modern rhynchonellide and terebratulide brachiopods consist of up to three calcite
layers (e.g. [55, 74, 75, 76, 77]): the seaward primary, the inner fibrous, and the colum-
nar layers. Figure 12.10 visualizes the microstructure and texture of the primary and
the fibrous shell layer of the modern brachiopod M. venosa. Both shell layers consist
of nanostructured calcite, that is assembled within the shell to distinctly shaped
mineral units [53, 75, 76]. Nanosized calcite assemblages form the several micrometers
large, irregularly shaped, interdigitating dendritic mineral units of the primary shell
layer ([54], Fig. 12.10a, d). Nanoparticulate calcite constitutes the calcite fibers of
the fibrous shell layer where parallel fibers form stacks. The morphological fiber
axes of these arrays of fibers are rotated relative to each other by several tens of
degrees, often by ~90°. In two dimensional sections longitudinal (Fig. 12.10e) and
transverse (Fig. 12.10c) cut stacks emerge and constitute sublayers of the fibrous
layer of the shell (Fig. 12.7b). In brachiopod shells calcite crystal co-orientation
strength is moderate and scatters between MUD 80 and MUD 120. It is very similar
for the primary and the fibrous shell layers (e.g. Fig. 12.10d, e [54]). This indicates
that even though these two shell layers have highly different crystal morphologies
and mineral unit boundaries, the preferred crystallographic orientation of the calcite
is similar. However, the distinctness in mineral unit morphology indicates that at
shell formation different control mechanisms are active [54]. For the measurements
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Fig. 12.9: EBSD band contrast measurement image showing the marked internal structuring of

the skeleton of the modern coral Porites sp. White dots in a and c indicate centers of calcification
where growth of aragonite crystallites starts (b). (b) Centers of calcification. When mineral growth
proceeds further, aragonite crystals get co-oriented to some degree and form aragonite needles.
Aragonite crystal organization in the skeleton of the modern coral Porites sp. is visualized with

a color-coded EBSD map (c) and corresponding pole figure (d). The internal structuring of the
aragonite skeleton is well visible within individual aragonite needles as well as in a mesoscale
mineral unit (white star in c) consisting of loosely co-oriented aragonite needles. Note the distinctly
low MUD value of 41 obtained for the EBSD measurement shown in Fig. 12.9.
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primary
layer

Fig. 12.10: Patterns of calcite orientation in the shell of the modern brachiopod Magellania
venosa visualized with EBSD band contrast (a, b), color-coded orientation maps (c-e) and
corresponding pole figures showing densities of crystal orientation distributions (c—e).

Well visible is the microstructure and texture of the primary shell layer (a, d) that is highly
distinct from that of the fibrous shell layer (c, e), containing stacks of transversely and some
longitudinally cut fibers. The pole figures in d and e give orientation data of only one shell layer,
the layer that is highlighted in the EBSD map: (d) primary and (e) fibrous shell layer. Even though
the microstructure of the two shell layers differs, the strength of calcite crystallite co-orientation
is very similar.

shown in Fig. 12.10d, e, we obtain an MUD value of 100 for the primary and an MUD
value of 90 for the secondary shell layer, respectively. The difference in MUD is due
to the fact that, in contrast to the fibrous layer, the primary shell layer is devoid of
organic membranes and fibrils.

Even though nanoparticulate aragonite crystals comprise the entire shell
of the gastropod H. ovina (Figs. 12.11b, d and 12b, 12d), their mode of assem-
bly and strength of aragonite co-orientation are distinct in the two shell layers.
The seaward layer consists of irregularly shaped aragonite mineral units that
decrease in size toward the outside. The aragonite co-orientation strength is
weak (MUD: 17, Fig. 12.12b) in this portion of the shell. The internal shell layer
consists of nacreous aragonite; the nacre tablets are arranged in columns. In
this shell portion aragonite nanocrystals are significantly more co-oriented
(MUD: 102, Fig. 12.12d).
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Fig. 12.11: EBSD band contrast measurement images visualizing the microstructures of the shell
of the bivalve Mytilus edulis (a, c) and the gastropod Haliotis ovina (b, d). The outer shell layer
of Mytilus edulis consists of co-oriented arrays of calcite fibers (insert in a gives a cross section
through the fibers in higher magnification), the shell layer next to the soft tissue of the animal
consists of nacreous aragonite in “brick-wall” arrangement (c). The outer shell layer of the
gastropod H. ovina consists of irregularly shaped and sized aragonite mineral units (b), the shell
layer next to the soft tissue of the animal consists of nacreous aragonite, with aragonite tablets
forming interdigitating columns (d).

As the comparison of the two EBSD maps, and the corresponding pole figures as well
as MUD values, shows (Figs. 12.11c, d and 12c, 12d), nacreous aragonite in the bivalve
M. edulis is less nanostructured in comparison to that in the shell of H. ovina. Although
the shells of both organisms contain a biomaterial type (nacre) formed with a very similar
basic design principle (aragonite platelet embedded in a thin organic matrix), a large dif-
ference exists in the mode of assembly of both the mesoscale and macroscale structures
and the strength of aragonite co-orientation (MUD of 102 in H. ovina nacre and MUD of
130 in M. edulis nacre). The outer shell layer of M. edulis is formed by parallel stacks of
highly co-oriented calcite fibers (MUD of 331 for the measurement shown in Figs. 12.11a
and 12a and [34, 78]). Here, we even see a strong tendency to a three-dimensional rather
than to a simple cylindrical texture: compare the pole figures in Fig. 12.12a, where both
the c- and a-axes have maxima, to the pole figures in Fig. 12.12b—d, where only the c-axes
show a maximum, and the a-axes scatter on great circles, as it is the case for both shell
layers of H. ovina and the nacreous shell portion of M. edulis.

Figure 12.13 shows the pattern of calcite crystal orientation in the egg shell of
the goose Tadorna ferruginea. The shell is composed of large calcite units (crystals)
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Fig. 12.12: Orientation information of calcite and aragonite mineral units in the shells of Mytilus
edulis and Haliotis ovina visualized with color-coded orientation maps and corresponding pole
figures. MUD values give the strength of carbonate crystal co-orientation of each EBSD map. Note
the marked difference between the four shell layers in the pattern and strength of carbonate crystal
co-orientation.

with irregular shapes (some marked with red letters in Fig. 12.13a). These are highly
misoriented to each other (see the pole figure in Fig. 12.13a), interdigitate in three
dimensions, and form a fractal (dendritic) microstructure (see the colored orientation
map in Fig. 12.13a). For such a random pattern of orientation, an overall MUD value
of 142 (Fig. 12.13a) is high. As Fig. 12.13b visualizes, calcite co-orientation strength
in individual calcite units (crystals) is high and MUD values are well above 500. The
high strength of crystal co-orientation within the individual units causes the high
overall MUD of the measurement shown in Fig. 12.13. The misorientation versus dis-
tance diagrams (Fig. 12.13c) demonstrate that the large calcite units have an internal
mosaic structure. These are composed of some (few) mosaic domains (indicated with
red dashed lines and marked with red numbers in Fig. 12.13c). Misorientation within
the large calcite units is between 3 and 5°, whereas misorientation between mosaic
domains scatters between 1 and 2°.

Fractal morphologies of interdigitating crystals are present in other carbonate
biological hard tissues as well, for example in the outer “primary” layer of modern
brachiopod shells [54], pearl nacre and bivalve calcite.
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Fig. 12.13: Mode of calcite crystal assembly in the egg shell hard tissue of the goose Tadorna
ferruginea visualized with EBSD band contrast measurement, color-coded orientation maps and pole
figures. Note the irregular shape of large calcite units; their three-dimensional interdigitation causes
the fractal microstructure of the hard tissue. However, within individual large calcite units, minerals
are highly co-ordinated and are arranged in a mosaic structure.

12.5 Biomaterial functionalization through carbonate crystal
orientation variation

The soft tissue of shelled organisms is surrounded by a hard and fracture-resistant
skeleton, a material that is best produced when an organic matrix is reinforced by
mineral [2, 35, 53]. In contrast to bioapatite-reinforced matrices (bones, phosphatic
brachiopod shells), where adaptations to different functions are obtained by mineral/
biopolymer content gradations [1, 2, 63], this concept is not applicable to materials

EBSCChost - printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.conlterms-of -use



EBSCChost -

12.5 Biomaterial functionalization through carbonate crystal orientation variation =— 261

containing matrices reinforced by carbonate mineral, e.g. shells, calcitic teeth, and
the exoskeleton of Crustacea. In the three latter biological hard materials, adaptation
to various environments has to occur via other processes: for example, the formation
of different carbonate mineral microstructures and their combination with a variety of
biopolymer matrix fabrics. Hence, the diversification of carbonate hard tissue micro-
structure and the mode of arrangement of mineral units (e.g. grains, laths, fibers,
tablets, columns, prisms) is of major importance for adaptation to various habitats,
and is of evolutionary advantage [35, 49, 54, 79, 80, 81]. We discuss subsequently three
different examples of environment-driven biomaterial adaptation: (1) calcitic teeth
of sea urchins, (2) gastropod and bivalve shells, (3) calcite incorporation into isopod
tergite and mandible cuticle.

12.5.1 Calcitic tooth of the sea urchin P. lividus

The masticator apparatus of a sea urchin has a set of five curved calcitic teeth (the
Aristotle’s lantern), that join at the end where the animal grazes on the sea floor
substrate [82, 83]. Due to grazing, the tips of the teeth are continuously abraded,
such that the teeth must be generated continuously at their posterior ends. The
highly controlled structuring and crystal orientation of the tooth elements [52, 67]
provides a predictable (reproducible) chipping-off at the very tip of the tooth which
guarantees continuous self-sharpening and a constant shape of the five interlock-
ing teeth.

Modern sea urchin teeth are composite materials consisting of calcite, high-Mg
calcite and biopolymers [52, 84-87]. Sea urchin teeth combine two major struc-
tural elements: calcite plates that form the margins of the tooth and assemblages
of high-Mg needles that accumulated mainly in the central tooth portion, the stone
(Fig. 12.8c). Despite a marked ultrastructural and chemical differentiation and a
curved outer morphology, calcite and Mg-calcite crystallites in the tooth are highly
co-oriented; however, the tooth is not a single crystal. The tooth of the sea urchin
P. lividus is a hierarchical multi-composite mesocrystal with calcite having a high
degree of three-dimensional orientational coherence (MUD value of 630 for the
EBSD measurement on the tooth portion shown in Fig. 12.8d, 8e; MUD value of
712 for the EBSD measurement of geogene calcite shown in Fig. 12.8a, [52]). At the
cutting tip of the tooth we see two lattice orientations: one for the calcite plates
and one for the high-Mg-calcite needles of the stone (see yellow and black arrows
in Fig. 12.8d, e). Both orientations join at the tip of the tooth, the plates converg-
ing in a V-shaped manner, the very thin arrays of needles intercalating between
the V-shaped plates. At self-sharpening, the plates are chipped off and the animal
abrades material from the hard substrate with the highly co-oriented assemblage of
high-Mg calcite needles [52, 67].
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12.5.2 Shells of H. ovina and M. edulis

H. ovina lives in marine environments along rocky shores in water depths up to 60 m
and is firmly attached to hard substrates by a powerful muscular foot. M. edulis lives
in a surf environment, and it is attached firmly to rocks with byssal threads secreted
by a mobile foot. Both mollusk species protect their soft tissue with a three-layered
shell consisting of an outer organic layer, the periostracum, and a nacreous shell
portion next to the soft tissue of the animal. Between these two shell layers is a region
that is rigid in H. ovina and ductile in M. edulis. The central shell part of H. ovina
consists of an ~60- to 70- and ~280- to 300-pm-thick layers of prismatic and nacreous
aragonite, respectively. The central shell region of M. edulis comprises ~150 to 160 pm
of fibrous calcite and a subjacent, ~80-pm-thick layer of nacreous aragonite. Thus,
in H. ovina shell, nacreous aragonite prevails, while in the shell of M. edulis, fibrous
calcite forms the major part of the hard tissue.

The outer shell portion of H. ovina with its irregularly shaped and sized aragonite
mineral units being arranged with a low degree of co-orientation (MUD 17, Fig. 12.12b)
provides the necessary high stiffness, while in M. edulis, the highly co-oriented
(MUD 331, Fig. 12.12a) calcite fiber arrangement, with each fiber being sheathed by
biopolymers, providing tensile strength and high ductility. In contrast to that of
H. ovina, the shell of M. edulis is permanently exposed to friction by contact to sand
particles and differences in pressure that are driven by wave motion. The living envi-
ronment of H. ovina is not in the surf region; it is in deeper (subtidal) water levels.
Thus, the different mechanical properties imparted by the mineral-biopolymer
arrangement reflect the border conditions defined by the habitat.

12.5.3 Calcite in the tergite and mandible exocuticula of the isopod species
Porcellio scaber and Tylos europaeus

The common rough woodlouse P. scaber and the sand burrowing species T. europaeus
live in distinct habitats: P. scaber prefers mesic environments and the supralittoral
T. europaeus lives on sandy substrate [88, 89]. Both isopod species incorporate mineral
into their cuticle and reinforce the exocuticle and endocuticle layers with calcite, ACC,
and amorphous calcium phosphate [90, 91]. Figure 12.14a—c visualizes the differ-
ences of calcite incorporation into the exocuticle of P. scaber (Fig. 12.13a) and that of
T. europaeus (Fig. 12.14b, c). The amount of incorporated calcite differs significantly as
well as the pattern of calcite organization. While the calcite layer within the exocuticle
of T. europaeus is thick [90] and consists of a multitude of small calcite domains, which
are highly misoriented to each other (see pole figure in Fig. 12.14b, MUD value of 8),
the calcite in the exocuticle of P. scaber is significantly thinner [79] and is composed of
a few large domains containing highly co-oriented calcite crystallites (see lower pole
figure in Fig. 12.14a, MUD value of 148). The strength of calcite co-orientation increases
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when only one domain is regarded, in particular in P. scaber (upper pole figure in
Fig. 12.14a), but also in T. europaeus (Fig. 12.14c, where as an example four domains,
numbered 1 to 4, are highlighted). The above-described differences in mineral incor-
poration are relatable to function and evolutionary adaptations to the animals habitat
and behavior. The tergite of P. scaber is thin and flexible. As upon predation the animal
either runs away or clings still and firmly to the substrate [92], it needs a lightweight
and highly flexible cuticle. In contrast, the beach-dwelling isopod T. europaeus rolls
into a sphere upon threat, with the animal relying on its thick cuticle for protection of
its soft body tissue [79].

Figure 12.14d and e shows the incorporation of a calcite band into the pars inci-
siva (PI) of the left mandible of the isopod T. europaeus. The beginning of the calcite
layer starts a few hundred micrometers away of the incisive edge and extends into the
corpus of the mandible [93]. It is fairly uniform in extent, is a few micrometers thick,

c-axes a-axes

Fig. 12.14: Calcite crystallite orientation pattern and co-orientation strength variation in the

tergite exocuticle of the terrestrial isopods: Porcellio scaber (a) and Tylos europaeus (b, c). Calcite

in the cuticle of P. scaber is highly co-oriented (MUD: 148), while the calcite within the cuticle

of T. europaeus is in almost random organization (MUD: 8). Incorporation of a calcite layer into
partes incisivae of the mandibles of the isopod Tylos europaeus (d, e). Note the difference in
microstructure, texture, and strength of calcite co-orientation within the intercalated calcite band
that takes place in the hard tissue on short distances, within a few hundred micrometers. For further
details, see [94]. Modified after [94].
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and is subdivided into different domains (Fig. 12.14d, e [94]). The most remarkable
feature of the microstructure and texture of the incorporated calcite is the distinct-
ness in crystal co-orientation or misorientation between the tip of the calcite band
(insert in Fig. 12.14d) and a portion located further to the base of the PI (insert in
Fig. 12.14e). At the tip of the calcite band, calcite crystallites are aligned to each
other in an almost perfect register and the first three mineral domains are graded
mesocrystals (for further explanation see [93, 94]). Further toward the corpus, crys-
talline domains become irregular in shape, are smaller in size and contain calcite
in a single crystalline organization. Misorientation between these calcite domains is
highly increased [94]. It is remarkable that T. europaeus is able to vary calcite crystal
organization not only within the same organism, but also on very small distances,
as required for a particular skeletal functionality. This control of small-scale crystal
organization construction (texture) appears to be intrinsic to isopods as, so far, it has
not yet been observed in other carbonate hard tissues such as shells or calcite teeth.
In addition, in T. europaeus and P. scaber, calcite crystal orientation appears to be
independent of the orientation of organic fibrils of the twisted plywood structure, a
characteristic not yet observed in shell materials where crystallite and mineral unit
orientation and organization is strictly controlled by organic fibrils and membranes.

12.6 Concluding summary

Microstructure is the link between chemistry and technology of materials. In biological
hard tissues, microstructure characteristics, biopolymer occlusion at all scale levels,
and hierarchy are the keys for material optimization for environment adaptation
and survival.

For biological carbonate hard tissues, we observe a vast diversity of microstruc-
ture and texture patterns that range from almost unaligned to highly co-aligned
crystal assemblies (Fig. 12.15). As biological materials are highly evolved by evo-
lution, this suggests that both a high order and a high disorder in crystallographic
and mineral organization can be advantageous for the organism in different cir-
cumstances. In the case of biologically secreted hard materials, and in contrast to
non-biological minerals, both the ordered and the disordered fabrics are tailored by
the organism. In carbonate biological hard materials, we observe all intermediate
stages of texture (Fig. 12.15) that range from three -dimensional to almost aniso-
tropic mineral alignments (Tab. 12.1). The two classical end-members of crystal
arrangement patterns, single crystals with perfect co-orientation and polycrys-
tals with random orientational textures, are never developed. Pure Ca-carbonate
single crystals are prone to brittle mechanical failure. The same is true for pure
Ca-carbonate materials with random texture, where crack propagation is com-
pletely unpredictable. Current diffraction techniques in SEM and TEM prove clearly
that sea urchin teeth, spines, coccolith scale units, and subunits are not single
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crystals but hierarchically structured composite entities (Yin et al., submitted for
publication) [52]. On the other hand, the least textured biological carbonate materi-
als found so far are the skeletons of stony corals (He et al., in preparation) [95] and
calcite within the tergite cuticle of the conglobating isopod species Armadillidium
vulgare and T. europaeus [79]. For conglobating isopods, isotropic properties are of
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Fig. 12.15: Diversification of mineral organization patterns in carbonate biological hard tissues.
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advantage since unexpected high mechanical loads, as exerted during predation,
have no sharp directional preference [79].

EBSD measurements (in SEM and TEM) record the orientation of all crystallographic
axes and prove that carbonate biological hard tissues, with the possible exception of
coccoliths (Yin et al., submitted for publication) [87, 96], are hybrid mesocrystals on
the submicron level, are crystallographically continuous, contain intercalated organic
matrices, are morphologically well-defined in three dimensions, and where organic
membranes define morphology, occur in a higher-order superstructure. This structural
principle enables the biologic tailoring of shape and mechanical or other functional
properties of the biological hard tissue, skeletal element, or tooth [69, 97, 98, 99]. Thus,
mesocrystallinity is a characteristic that is worth to aim for when new synthetic materi-
als or man-made materials for specific applications are developed [100].

Examples (Tab. 12.1) where biomaterial design principles are successfully
transferred into biomimetic material systems are materials based on two- and three-
dimensional colloidal assemblies of nanoparticles (e.g. gem, artificial opals [101-104]),
materials with large and defect-free superstructures with developed orientational
and translational order (maghemite nanocube superlattices [105], PbS nanocrystal

Tab. 12.1: Compilation of characteristic mineral assembly patterns in man-made materials and
biological carbonate hard tissues.
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superlattices [106]), polycrystalline materials that get textured by topotactic growth
onto textured templates (formation of textured hematite from textured goethite
[107]), and formation of nacre-like materials, hybrid and layered organic-inorganic
composites [108, 109]. Contrasting to biological regimes, in synthetic and geologi-
cal materials, single crystallinity and polycrystallinity are of similar importance as
mesocrystalline behavior.
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13.1 Introduction

In October 2014, the Collaborative Research Center (Transregio-SFB) TRR 141 started
its activities under the name “Biological Design and Integrative Structures — Analysis,
Simulation and Implementation in Architecture”. As the name implies, it deals with
a biomimetic approach to study biological role models, which are investigated and
functionally abstracted in order to be potentially implemented in the context of the
building and construction technologies. This includes “reverse biomimetics”, i.e. the
transfer of knowledge from the engineering and architectural sciences to understand
the biological background.

Since the numerous projects are outlined on the website of the center (www.
trr141.de), we will concentrate here on a few aspects of those projects in which applied
mineralogy plays a significant part. Our aim is to show how applied mineralogy is
connected to the materials science of non-metallic inorganic substances and their
composites. We therefore deal with natural mineral-based materials and structures as
well as technical artificial materials and constructions, which are usually addressed
as ceramics and/or building materials such as mortar and concrete. Even though
there are naturally formed phases within these material classes (e.g. the autogenous
binder phases in some Roman buildings [1] or the “natural concrete” found there [2]),
the characteristic phases of concrete have definitely artificial character. Hence,
applied mineralogists often cross the border from traditional mineralogy with its
limitation to naturally occurring materials toward a more general mineralogical
materials science.

Sea urchins may be seen as a bonanza for biomimetics. Looking at 500 million
years of successful survival in the record of life on Earth, they have developed many
particularities, which predestined them as role models. These include the sophisticated
tooth system (“Aristotle’s lantern™), a self-sharpening rock-grinding construction [3, 4],
connective tissues with controllable stress-transfer capacity [5], underwater adhesives
[6], and segmented shell skeletons akin to modern buildings [7].

Naturally, the most prominent feature of sea urchins, their spines, became subject
of interest as well. In our studies, we concentrate on spines of Heterocentrotus mam-
millatus and Phyllacanthus imperialis (Fig. 13.1), because they represent extreme
types in terms of size (adult spines can exceed 10 cm in length and 1 cm in diam-
eter), composition (MgCO,-contents can exceed 13 mol%), habitat (reefs with high
hydrodynamic forces), and other properties discussed below.

https://doi.org/10.1515/9783110497342-013
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Fig. 13.1: Phyllacanthus imperialis
(background) and two Heterocentrotus
mammillatus.

13.2 Properties related to composition and nanostructure

Sea urchin spines are made of biogenic Mg-calcite. The content of MgCO, in the
spine varies between about 2 and 13 mol% among different species, which, on the
one hand, correlates positively with the water temperature of the habitat, but, on
the other hand, varies within the spines, causing variations in the hardness of the
calcite [8]. It is known for quite some time that at least those from some species
possess unusual mechanical strength [9], and it was puzzling that they were
single crystals despite their high porosity [10]. Nowadays, it is known that the
spines are indeed formed by mesocrystals of nanoscale size [11], which are largely
coherent. The slight misfit between individual mesocrystals is evident not only in
transmission electron microscopy (TEM) studies but can be inferred already from
X-ray microdiffraction studies, revealing the degree of misorientation being less
than 2° [12].

This ultrastructural design is typical for biogenically formed minerals of which
many examples of well-oriented crystal growth and its relation to cell biology exist
[13]. However, unlike nacre with several percent of organic matter serving as interface
material [14], sea urchin spines contain much less organic material, usually well below
1 wt% [15]. However, organic phases may play a role in the formation of amorphous
calcium carbonate (ACC), which is much more soluble as calcite and may contain up
to 15 wt% water. ACC is formed during spine growth and repairing processes [16] and
its amounts may suffice to act as an interface material. Furthermore, ACC can develop
by dehydration into a transient phase, transforming to the crystalline calcite near or
even below room temperature [17].

The appearance of ACC in sea urchin spines as a residual interface phase may be a
key factor for another peculiarity of its behavior: fracturing of the spine in compression
or tension is not akin to the fracture behavior of inorganically formed single crystals of
calcite, which fail along their plane of perfect cleavage. The spines have a macroscop-
ically conchoidal fracturing (Fig. 13.2), which has previously been attributed to the
Mg content of the calcite alone [8]. Theoretical reasoning and the observation that a
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dispersion of small secondary phases or defects can cause conchoidal fracturing [18]
lead to the assumption that organic molecules [19] may be responsible for the fracture
mode of spines. However, evidence from HRTEM analysis is mounting that ACC may
in fact play the dominant role [20] and, in case of an interfacial character, could have
a toughening effect similar to nacre. It is interesting to note that another part of the
same sea urchin, their teeth, do possess a toughening mechanism akin to nacre with
fibrous calcite surrounded by organic matrix, which leads to a very tough material
indeed [21].

Fig. 13.2: Conchoidal fracturing of the stereom
in Heterocentrotus mammillatus, both on a
more compact growth line and the trabeculae
of the stereom.

Thus, these nanostructural effects are important for the animal as they empower it to
use the mechanically difficult brittle material calcite for spines and the whole skel-
eton. Even though carbonates have been used as implants or as templates for scaf-
folds converted to apatite [22, 23], calcite is not really viewed as an important source
for biomimetics, because biomimetic materials and constructions will most probably
not be made from a relatively soft carbonate and alternative polycrystalline ceramic
materials do not have the problem of perfect cleavage at all. Thus, here we are rather
addressing the “reverse biomimetics” question, i.e. how nature does turn a poor but
ubiquitous material into a useful one, with which a large number of environments
can be conquered.

The same is probably true if we turn to the chemical composition of the spines.
The fact that they are made mainly of Mg-calcite is favorable for increased hardness
but creates problems of thermal stability. Certainly, a sea urchin will never face the
problem to survive higher temperatures, but a biomimetic building construction may
well have to be qualified to withstand at least a moderate fire.

Therefore, the question of the thermal stability is a “reverse biomimetics” issue
with significance not only for the possibilities of fossil preservation but for basic
chemical and mineralogical research as well. This is because the unusually high level
of Mg in the biogenic calcites points to a debate, which is almost as old as geoscience
is: the problem to explain the low-temperature formation of dolomites and high-Mg
calcites. Even in very modern theoretical and experimental investigations, the
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maximum equilibrium content of MgCO, in calcite at low temperatures is not a well
fixed value, but probably very low below 300°C [24]. Important clues to the problem
come from the investigation of the thermal treatment of sea urchin material [25], sup-
porting other studies, in which the presence, fluctuation, and content of water and
other impurities are identified as key to the stabilization and formation kinetics [26].
Regardless of whether the water content of several percent is located in calcite, ACC,
or another water-bearing carbonate phase: in sea urchin spines, heating to tempera-
tures of 300°C or higher results in pore formation within the calcitic trabeculae. The
consequences of their mechanical properties are currently investigated.

13.3 Properties related to design

The internal design of the sea urchin spines is mainly related to the organization
of porosity. Looking at the cross section of a spine (Fig. 13.3), the porosity can vary
from a low percentage in the growth lines to more than 80% in the central stereom
(“medulla”). Not only the degree of porosity is varying, but also, at close inspection,
an ordering of the trabeculae roughly perpendicular to the growth lines becomes
visible. This goes along with a pore shape change toward elongated pores or chan-
nels. Some consequences are immediately clear: this design makes the construction
light. An overall density of 1 to 1.3 g/cm? helps the animal to have little effort to
carry and move spines in the water despite their length, which keeps predators at
distance. It also makes the construction permeable, because its open porosity, filled
by living tissue (“stroma”), in turn may allow skeleton assembly, re-shaping, and
repair. In some sea urchins, poison is delivered to aid protection. Another strategy
for survival is to hide in reef holes. The two species we consider wedge themselves
in such holes, which protect against hydrodynamic wave activity or water-jet emit-
ting predators like triggerfishes. The attack thus executes mechanical stresses to
the spines, pressing them at high stress rates against the rocks in compressive or
bending modes.

IR T e AT O
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Fig. 13.3: Partial cross section of a spine of
Heterocentrotus mammillatus with relatively dense
growth lines separating a meshwork (“stereom”)
with varying degrees of ordering.

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

13.3 Properties related to design = 277

The unusually high strength of the spines despite the high degree of porosity was noted
quite some time ago [9], but detailed investigation followed only recently [27]. Several
aspects were striking. First, defining the compressive strength as the stress at which
a spine segment loaded in direction of the c-axis (i.e. along the length of the spine)
develops the first large cracks accompanied by a force/stress drop, we find a very
significant increase in a stress-porosity plot relative to other porous calcites (Fig. 13.4).
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Fig. 13.4: Comparison of compressive strength of natural limestones (open circles), chalk (solid
circles), and sea urchin spines (squares) relative to their porosity level. Data sources see text.
The hatched area is the approximate range of values now obtained by the biomimetic material
(IG alumina = ionotropic gelled AL,0.) described in Section 4 of this chapter.

The regression lines in Fig. 13.4, in which the data of Weber [9], Palchik [28], and
Presser [27] were used, follow a general mixing rule model with compressive strength
o and porosity P of the type [29]
Osample = 00 * (1- P)X'

Second, the material is not behaving like an ordinary brittle material with cata-
strophic failure after reaching a critical stress. Instead, it behaves either like a brittle
foam with a characteristic plateau at lower stresses after the first breakdown [30] or
even in a cascading manner, in which the level of compressive stresses are repeatedly
increasing and dropping during compression over a range of several tens of percent
of compression [31] (Fig. 13.5a).

This in turn opens the bionic potential for a crushing zone material, because the
processes depicted in Fig. 13.5a translate into a high energy, which is dissipated in the

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



278 = 13 Sea urchin spines as role models

crushing process (Fig. 13.5b). A most interesting feature is the approximately constant
high level of dissipation, which is a direct engineering figure of merit as it shows how
much energy may be converted by a piece of a certain geometry.
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Fig. 13.5: (a) Typical plots from the compression of sea urchin spine segments from three

specimen segments of Phyllacanthus imperialis (Pl). The deviations are due to natural variations of
the internal microstructure. The 10-mm displacement corresponds here to roughly 50% shrinkage.
(b) Conversion of the data of (a) into specific energy used to conduct the crushing.
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The physical process behind this behavior is difficult to evaluate in these crush-
ing experiments because the samples are destroyed during the test. Therefore, we
have developed another type of experiment, in which a blunt pin penetrates the
stereom in a controlled manner. The advantage of the method is that we are able
to evaluate a cross section through the penetrated path, which reveals the micro-
structure of the penetrated material and at the same time allows following the
forces and displacements in a more restricted volume. This is desirable because
of a plentitude of microstructural variations and inhomogeneities present in the
naturally grown samples.

Figure 13.6 shows an example from such a penetration experiment. The pene-
tration was from the top. The penetration path appears blurred, because it is out-
lined by powdery debris, which, under normal conditions, obviously cannot enter
easily extended lateral areas of the stereom. It tends to cover the first lines of pores
and to hold back the powder. However, just above the growth line, which is a denser
section of the stereom, the debris was piled up and was injected into the stereom after
buildup of sufficient pressure. With further increase in pressure, the breakthrough
eventually occurred.

Fig. 13.6: Penetrated sea urchin spine segment
after removal of the pin and cutting the sample
alongside the indentation. The bright central
line (arrow pointing toward it) is a growth line;
the white dashed lines mark an area of debris
ingression. The pin path has a diameter of 2 mm.

It follows that the mechanism of energy dissipation is related to the formation of
new surfaces. If we know the amount of powder and its grain size, we may compare
the energy from a calculation utilizing the surface energy of calcite (in the order
of 0.3 to 0.8 J/m? [32]) to the mechanical energy input. In detail, the issue will be
more complicated as the mechanical input energy consumption has also a frictional
component and is furthermore complicated by the self-densification beneath the
zone of sample destruction. This is currently under investigation and is discussed
elsewhere [33].

An immediate conclusion is the awareness that a multitude of parameters govern
the process. The diameter of the pores and their connectivity will determine whether
debris is either transported or piled up. The thickness and shape of the trabeculae will
control in which mode they fail (buckling, shearing, bending tension) and hence the
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number of cracks that will form and grow to yield debris of a specific size distribution.
The surface energy of the material at hand and its strength will both contribute to the
energy dissipated.

13.4 Biomimetic materials for energy dissipation

From the aim of the SFB to investigate biomimetic approaches toward use in the
building and construction realm, it is clear that the studies here would not be com-
plete by looking at the natural role models alone. The abstraction and application
of the principles in appropriate materials needs to be part of it. One direction is to
improve classic building materials such as concrete. This effort is headed by partner
groups and discussed elsewhere [34]. Here, we describe only briefly the studies aimed
at developing technical ceramic materials based on the principles discovered in the
organisms dealt with.

In order to do so, there are two main tasks: (i) to create a material with porosity
exceeding or at least approaching that of the natural role models and (ii) to be able
to control the porosity distribution (gradation, layering, anisotropy, etc.). In Tiibin-
gen, this is done on the basis of alumina, because both surface energy (effective
values between 2 and 4 J/m? [35]) and compressive strength of alumina are much
higher than those of calcite, and well-characterized powders are commercially
available.

In earlier studies, we have shown that a simple stacking of layers of different
porosity by slip casting techniques can already be successful to reproduce a “grace-
ful failure” mode [36]. In order to come much closer to our role models in terms of
pore diameter, porosity level and channel-like pore geometries, we have combined
the technique of freeze casting and ionotropic gelation similar to the approach by Xue
et al. [37].

Ionotropic gelation uses alginates that form gels with channels in the
10- to 500-pm diameter range by a self-ordering process when crosslinked by
ions of appropriate size and valence [38]. Self-organization within a slurry of
ceramic powder forces the particles into the walls of the porous gel structure
[39]. After a strengthening step with gluconolactone, the preforms can be freeze-
dried, keeping the delicate channel structure intact and creating intra-channel
porosity.

Figure 13.7 shows a product of the process after sintering at high temperatures.
These ceramics have a compressive strength of about 5 to 20 MPa at a porosity exceed-
ing 80%, which compares well with values obtained by Xue et al. [37]. This is indeed
a strength level for this porosity grade, which is higher than that of natural spines as
indicated by the hatched region in Fig. 13.4.
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Fig. 13.7: Fracture surface of an alumina with approximate 80% porosity produced via a freeze
drying/ionotropic gelation process.

13.5 Conclusions and outlook

The biomimetic approach to materials science and applied mineralogy includes the
investigation of natural organisms to discover the principles behind their properties
and attempt to convert them to materials and constructions of economic, ecologic,
or technical interest. Sea urchin spines of H. mammillatus and P. imperialis, which
live in environments where high forces are exerted on these parts, are biomimetic
role models for energy-dissipating mechanisms of failure under compression in
overload or impact events. The principle behind an astonishingly graceful failure
behavior of such spines under compression is the layer-by-layer dissection of a
porous structure into a powder, thus dissipating mechanical energy. It rests on the
stress distribution obtained by their porous microstructure, enhanced by the orien-
tation and gradation of their pores. In biogenic calcitic structures, this mechanism
does only work because they are constructed of mesocrystals with amorphous and
organic interfaces.

By combining ionotropic gelation and freeze-drying, we are able to manufac-
ture highly porous anisotropic ceramics, which serve as models for materials imple-
menting the effect. Efforts to implement this behavior in technical ceramics and
concrete show promising results as indicated in Fig. 13.4 and described in Toader
et al. [40], where we demonstrate that a functionally graded concrete containing
several layers of high porosity already could carry loads after a shrinkage of up to
10% and dissipated energy at least 8 to 10 times the amount an ordinary concrete of
normal density could.

For implementation in building constructions, a number of steps have to
follow, in particular, upscaling of selected materials to appropriate sizes and
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developing processing methods to introduce this type of porosity in classic build-
ing materials. We see good chances to implement further advantages of this con-
struction, e.g. for improving heat insulation, utilizing it for media transport or
noise dampening.
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14 Nacre: a biomineral, a natural biomaterial,
and a source of bio-inspiration

14.1 Introduction

Nacre, or mother of pearl, is a calcium carbonate structure produced by bivalves,
gastropods, and cephalopods as an internal part of the shell. Because of its highly
organized and hierarchical structure, chemical complexity, mechanical properties,
and optical effects, which create a characteristic and beautiful luster, the formation
of nacre is among the best-studied examples of calcium carbonate biomineraliza-
tion. In this chapter, we will detail the composition and structure of nacre and its
potential as biomaterial. We will summarize the recent studies of new materials
inspired by nacre.

14.2 Nacre: a biomineral
14.2.1 Composition of nacre

Nacre is an organo-mineral composite. The mineral part is mainly calcium
carbonate as aragonite form. For the inorganic fraction (about 95-97%), various
elements are detected in Pinctada nacre [1, 2]. Despite the presence of Ca and Na,
most elements exist usually as a trace element and show temporal and spatial
variations [3]. Although it is established that the doubly charged ions Mn, Ti, Zn,
and particularly Mg take part in the regulation of aragonite-calcite polymorphism
and even favor the precipitation of CaCO, as aragonite rather than the more stable
calcite [4]. Sr contents in nacreous layer and prismatic layer are similar, indicat-
ing the strong biological control of the biomineralization process [2]. The water
in nacre is measured at 0.34 wt% [1] and contributes significantly to nacre’s
viscoelasticity [5].

For organic fraction (about 3-5%), it is a mixture of proteins, peptides, glycopro-
teins, chitin, polysaccharides, lipids, pigments, and many other small molecules lower
than 1000 Da [6, 7], and most of the known organic molecules has been reviewed [8]. To
date, more than 50 proteins and 50 peptides from nacre have been identified (UniProt
protein database, see www.uniprot.org). The organic molecules can be extracted with
aqueous and organic solvents [9]. The remarkable bioactive properties of nacre may
relate to the abundant diffusible factors.

https://doi.org/10.1515/9783110497342-014
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Fig. 14.1: The characteristic brick and mortar structure of the nacreous layer of Pinctada. AFM picture

in Phase Contrast (1 x 1 um?). At the nanometer (nm) length scale, the aragonite component inside
individual tablets is embedded in a crystallographically oriented foam-like structure of intra-crystalline
organic materials in which the mean size of individual aragonite domains is around 50 nm.

14.2.2 Multiscale structure of an iridescent biomineral

The interdigitating brickwork array of nacre tablets (Fig. 14.1), specifically in bivalves
(“sheet nacre”), is not the only interesting aspect of nacre structure. Nacre is an
organo-mineral composite at microscale and nanoscales. The biocrystal itself is a
composite. The primary structural component is a pseudohexagonal tablet, about
0.5 pm thick and about 5 to 10 pm in width, consisting primarily (97%) of aragonite, a
polymorph of CaCO,, and of organics (3%).

Transmission electron microscopy performed in the dark-field mode evidences
that a highly crystallized intracrystalline matrix. The organic matrix is continuous
inside the tablet, and mineral phase is thus finely divided but behaves at the same
time as a single crystal [10].

The tablet of nacre, the biocrystal, diffracts as a crystal but is made up of a
continuous organic matrix (intracrystalline organic matrix) which breaks the mineral
up into coherent nanograins (~45 nm mean size, flat-on) which share the same
crystallographic orientation. The single crystal-like mineral orientation of the tablet
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is supposedly created by the heteroepitaxy of the intracrystalline organic matrix.
This is a strong hypothesis because this work demonstrates at the same time that this
intracrystalline matrix is well crystallized (i.e. periodic) and diffracts as a “crystal”
too (dark-field TEM mode). However, these “organic crystals” do not show the same
orientation in adjacent tablets.

Neighboring tablets above and below can maintain a common orientation, which
again raises the issue of the transmission of mineral orientation from one row to the
next. Bridges are well identified in Pinctada between successive rows in the pile. This
implies that an organic template is controlling the orientation of the aragonite [11].

Intermittent-contact atomic force microscopy with phase detection imaging
reveals a nanostructure within the tablet (Fig. 14.1B). A continuous organic frame-
work divides each tablet into nanograins. Their mean extension is 45 nm. It is
proposed that each tablet results from the coherent aggregation of nanograins
keeping strictly the same crystallographic orientation, owing to a heteroepitaxy
mechanism [11, 12].

It is well known for almost 10 years that biological carbonates are mesocrystals.
This has been shown for Mytilus edulis nacre [13], as well as for Paracentrotus lividus
teeth and spine [14] and red corals [15].

14.2.3 Nacre tablet formation

Bevelander and Nakahara [16] introduced decisive insights to establish the compart-
ment theory. During mollusk shell formation, the mineral phase forms within an
organic matrix composed of -chitin, silk-like proteins, and acidic glycoproteins rich
in aspartic acid. The matrix is widely assumed to play an important role in controlling
mineralization [17]. Nacre tablets do not form in the presence of an aqueous solution,
but in a hydrated gel-like medium [18]. The ESEM and cryo-SEM results are consistent
with this space-filling material being the silk-like proteins that create the appropriate
microenvironment where nacre tablets form.

The nacre of gastropod molluscs is intriguingly stacked in towers. It is covered
by a surface membrane, which protects the growing nacre surface from damage when
the animal withdraws into its shell. The surface membrane is supplied by vesicles
that adhere to it on its mantle side and secretes interlamellar membranes from the
nacre side [19].

14.3 Nacre: a natural biomaterial
A major breakthrough was done in 1992, when Lopez et al. [20] discovered that
nacre from the pearl oyster Pinctada maxima is simultaneously biocompatible and

osteoinductive. Nacre shows osteogenic activity after implantation in human bone
environment [21]. Raw nacre pieces designed for large bone defects were used as

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

288 —— 14 Nacre: a biomineral, a natural biomaterial, and a source of bio-inspiration

replacement bone devices in the femur of sheep. Over a period of 12 months, the
nacre blocks show persistence without alteration of the implant shape. A com-
plete sequence of osteogenesis resulted from direct contact between newly formed
bone and the nacre, anchoring the nacre implant [22]. Furthermore, when nacre is
implanted in bone, new bone formation occurs, without any inflammatory reaction or
fibrous formation. We observed an osteoprogenitor cellular layer lining the implant,
resulting in a complete sequence of new bone formation (Fig. 14.2). Results showed
calcium and phosphate ions lining the nacre within the osteoprogenitor tissue [23].

Fig. 14.2: Nacre pieces: assays on sheep model bone regeneration induced in vivo by nacre:
A. Nacre piece (N) grafted in the sheep thighbone (Radiography) original magnification x2
B. Interface bone/nacre. (N)(optical microscopy x 350). [23, 24]

Osteogenesis is thought to begin with the recruitment of mesenchymal stem cells,
which differentiate and form osteoblasts in response to one or more osteogenic
factors. Previous studies [21, 24], as reviewed by Westbroek and Marin [25], has been
shown through in vivo and in vitro experiments that the nacre can attract and activate
bone marrow stem cells and osteoblasts.

Other authors have demonstrated the same activity of nacre. Liao et al., in 2000 [26],
have published results on the implantation of nacre pieces from the shell of the fresh-
water Margaritifera to the back muscles and femurs of rats. They concluded that their
nacre was biocompatible, biodegradable, and osteoconductive. They confirmed the
results obtained with Pinctada nacre.

14.3.1 Nacre implant
Inspired by the nacre teeth found in Mayan skulls, nacre, as a bone graft substi-

tute, was first designed many centuries later to restore dental defects in dogs and
humans [27]. For the last 20 years, nacre has been designed more ingeniously and
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tested, in vivo, at various implantation sites for different uses (Fig. 14.2). New bone
formation stimulated by nacre has been observed in humans, rats, sheep, rabbits,
and pigs, as reviewed by Zhang et al. [28].

14.3.2 Nacre powder

A process of nacre powder preparation has been developed. The obtained nacre
powder has been experimented in injectable form in vertebral and maxillary sites of
sheep [29, 30]. This work has demonstrated that nacre powder is resorbable and that
this resorption induced the formation of normal bone. The nacre powder filled the
whole experimental cavity 1 week post-surgery. There was no inflammatory or foreign
body reaction in the cavity area. Samples taken at 8 weeks after injection showed
dissolution of the nacre within the cavity. Angiogenesis had begun by that time and
the cavity was invaded by a network of capillaries. The cavity contained newly formed
woven bone (Fig. 14.3). The vertebral bone adjacent to the cavities contained inter-
connected bone lamellae. They were also bone remodeling units with central lacunae
rich in bone marrow. This new formed bone was functional as normal bone.

Fig. 14.3: Injection of nacre powder in endo-osseous vertebral site in sheep original magnification
x25 for all three images:

A: vertebral cavity and trabecular bone (Microradiography).

B: vertebral cavity filled with nacre powder (N) (polarised light).

C: vertebral cavity and new formed bone after three months (Microradiography) [21-22].

Based on the studies done on nacre bioactivity on bone, development of medical devices
made of nacre for bone repair in orthopedic surgery, for example, appears possible.

14.4 Nacre: a source of bio-inspiration for new materials

Materials scientists have done many studies on the mechanical behavior of nacre
such as its strength and ductility [31]. Nacre is characterized by a layered structure
consisting of strong platelets embedded in a soft, ductile organic matrix. Despite the
inherently weak inorganic constituents (here, calcium carbonate in aragonite form),
the high strength of the inorganic building blocks is ensured by limiting at least one
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of their dimensions to the nanoscale [10]. These tiny building blocks are organized
into a hierarchical structure spanning over various length scales. Using principles
found in natural composites such as nacre, materials scientists have, in the last 10
years, tried to improve the mechanical properties of polymers and composites.

14.4.1 Layered structure

Some material scientists have chosen to mimic the layered structure. Guided by
bio-design principles, Bonderer et al. [32] have selected inorganic platelets and an
organic polymer with features that should lead to artificial hybrid materials exhibit-
ing high strength and ductility. Alumina platelets with estimated tensile strength of 2
GPa and a chitosan polymer with a yield shear strength around 40 MPa were chosen.
The combination of these materials should lead to strength values higher than that of
nacre while ensuring that fracture occurs by platelet pull-out. In order to maximize
strength without impairing the polymer’s ductility, 200-nm-thick platelets were used
(Fig. 14.4). The use of high-strength artificial platelets as mechanical reinforcement
imposes less stringent microstructural requirements to the composites in comparison
to the natural hybrid structures. Artificial composites reinforced with strong platelets
show remarkable mechanical properties despite their less elaborate microstructure.

y § ™
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water
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Fig. 14.4: Bottom-up colloidal assembly of multilayered hybrid films. Surface modified platelets
are assembled at the air-water interface to produce a highly oriented layer of platelets after
ultrasonication. The 2D assembled platelets are transferred to a flat substrate and afterwards
covered with a polymer layer by conventional spin-coating [25].
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Bai et al. [33] used ice-templated assembly and UV-initiated cryopolymerization to
fabricate a novel kind of composite hydrogel which has both aligned macroporous
structure at micrometer scale and a nacre-like layered structure at nanoscale. Such
hydrogels are macroporous, are thermoresponsive, and exhibit excellent mechanical
performance (i.e. they are tough and highly stretchable). They have successfully
fabricated a novel type of macroporous composite hydrogel (composed of poly
(N-isopropylacrylamide) and clay platelets) (Fig. 14.5).

) UV-initiated in-situ 3 i
a Freeze-casting cryo.polyme,izaﬁom Nacre-inspired nanocomposite
TN e template . ™

\

= NIPAAm

Fig. 14.5: (a) Schematic illustration of the fabrication method of macroporous composite hydrogels by
freeze-casting. A solution, composed of monomer (NIPAAm), initiator (DEAP), and cross-linker (clay
platelet) at a given concentration was placed on a coldfinger connected to a liquid nitrogen reservoir.
During the cooling process, ice crystals grew from the coldfinger and templated the assembly of
monomer and clay platelets into a nacre-like layered nanocomposite. After freezing, the sample was
placed under UV light to initiate cryopolymerization. The as-prepared nanocomposite hydrogels have
an anisotropically aligned structure at micrometer scale, as shown by the SEM images in both the

(b) parallel and (c) perpendicular directions to the temperature gradient (AT). In the wall of the
aligned structure, clay platelets and PNIPAAm are assembled into nacre-like layered nanocomposites,
as shown by (d) SEM and (e) TEM images [26].

The process used by Bouville et al. [34] is based on ice-templating. However, they
did not rely on ice crystals to form the elementary bricks, but instead took advan-
tage of their growth as a driving force for the local self-assembly of anisotropic par-
ticles (platelets, Figs. 14.6-14.8). Those particles have the same dimensions as nacre
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Fig. 14.6: Design strategy describing the control at multiple scales of structural self-organization, and
densification strategy. (a) Self-organization of all the structural features occurs during the freezing
stage. The growth of ordered-ice crystals triggers the local alignment of platelets. Alumina nanoparticles
and liquid-phase precursors are entrapped between the platelets. (b) Schematic representation of the
densification scenario. (c) The linear shrinkage rate illustrates that the densification of the composition
comprising either one of the building blocks (3 vol.% nanoparticles or 5 vol.% liquid phase) occurs at
different temperatures. In the composition comprising all the building blocks, the densification starts at
a temperature between the two other compositions (liquid phase only and nanoparticles only), showing
an interaction between nanoparticles and liquid-phase precursors [27].

platelets (500 nm thickness, 7 um diameter) and constitute the elementary building
blocks of the structure. Alumina nanoparticles (100 nm) incorporated in the initial
suspension serve as a source of both inorganic bridges between the platelets and the
nanoasperities at the surface of platelets, similar to that observed in nacre. Finally,
smaller nanoparticles (20 nm) of liquid-phase precursors (silica and calcia) are added
to aid filling the remaining gaps during the sintering stage. The entire process thus
consists of three steps: preparation of an aqueous colloidal suspension containing
all the required building blocks and processing additives, ice templation of this
suspension, and a pressure-assisted sintering step at 1,500°C. The bioinspired,
material-independent design presented by the study of Bouville et al. [34] is a specific
but relevant example of a strong, tough, and stiff material, in great need for struc-
tural, transportation, and energy-related applications where catastrophic failure is
not an option.
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Fig. 14.7: Comparison of microstructures. Panels (a-c) correspond to nacre; panels (d-f) to nacre-like
alumina. (a,d) SEM micrographs showing the short- and long-range order of platelets. The nacre-like
alumina shows relatively high organization of the platelets. (b,e) Local stacking of platelets. A liquid-
phase film is present even when the platelets are close, mimicking the protein layer in the nacre
structure. (c,f) Closer views of the platelet interface, revealing the presence of the inorganic bridges and
nano-asperities along with the glassy (f), or organic (c), phase filling the space between adjacent
platelets. Some residual pores are also visible. Scale bars, 10 pm (a,d); 500 nm (b,e); 250 nm (c,f) [27].
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Fig. 14.8: Comparison of the relative materials performance. (a) The conflict between strength and
toughness: fracture toughness versus flexural strength for alumina-based materials. Improvements in
toughness are obtained by the introduction of a ductile phase, such as a metallic phase, a polymer, or
carbon reinforcements such as graphene, carbon nanotubes, or whiskers. Improvements in strength
are achieved through a texturation of the grains, hot isostatic pressing or the addition of strong
reinforcements. (b) Ashby diagram of specific strength versus specific toughness for a range of
engineering and natural materials. The nacre-like aluminas have specific strength/toughness
properties similar to those of titanium or magnesium metallic alloys. CFRP, carbon-fibre-reinforced
polymers; GRFP, glass-fibre-reinforced polymers; PEEK, polyether ether ketone [27].
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14.4.2 Interfacial/interlocking structure

Most current synthetic composites have not exhibited their full potential of
property enhancement compared to the natural prototypes they are mimicking. One
of the key issues is the weak junctions between stiff and compliant phases, which
need to be optimized according to the intended functions of the composite material.
Motivated by the geometrically interlocking designs of natural biomaterials, Zhang
et al. [35] propose an interfacial strengthening strategy by introducing geometrical
interlockers on the interfaces between compliant and stiff phases (Fig. 14.9). The
tensile strength of the composites with proper interlocker design can reach up to
70% of the ideal value.

Using a new compositing route, we replicated nacre’s three-dimensional (3D)
interlocking selection in engineering composites. The interlocked and mutually
supported skeleton architecture consists of well-arranged ceramic bridges between
parallel Al,O, lamellae. Such ALO,-CE composite (25 vol% A1203) with 3D interlock-
ing skeleton (3D IL) possesses the specific strength of 162 MPa/(g/cm3), the highest
among ALO, composites, while reducing the weight by more than 25% and 50%
compared to nacre and other nacre-like composites, respectively; this ceramic com-
posite achieved a high flexural strength of 300 MPa and failure strain of 5%. With the
unique 3D interlocking skeleton, the composite has exceptionally high shock resis-
tance (Fig. 14.10) [36].

14.4.3 Innovative methods

Of the processing techniques employed to date, freezecasting (ice-templating) of
aqueous suspensions of ceramic powders to produce unidirectional lamellar scaffolds
has shown most success; subsequent cold pressing of the scaffolds to create brick-
like structures, followed by infiltration of a polymer or metallic compliant (“mortar™)
phase, has generated several nacre-like ceramic hybrid materials with exceptional
damage-tolerant properties. The advantage of freeze-casting is that it can produce
bulk material, whereas most “bottom-up” approaches, e.g., layer-by-layer deposi-
tion and self-assembly, are incapable of processing macroscopic samples. However,
because of the void space necessary for complete infiltration, ice-templating
cannot achieve high ceramic volume fractions (typically >80%), resulting in too
much mortar phase for optimum properties. Additionally, most results have involved
polymeric mortars, whereas theoretical modeling suggests that metallic mortars
can realize better combinations of strength and toughness. However, infiltrating
metal into ceramic scaffolds is inherently difficult due to poor wetting between
most ceramic-metal combinations. Correspondingly, fine-scale, “nacre-like” brick-
and-mortar structures with high ceramic content and a metallic compliant phase,
which are predicted to display optimal damage tolerance, have yet to be made
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Fig. 14.9: Interfacial interlocking designs adopted in natural and synthetic B-and-M composites.

(@) The interfacial interlocking designs at different length scales in natural materials. Top: the
nanoasperities on aragonite surface in nacre; middle: the organic layer surface exposed after
removal of the adjacent mineral layer by etching; bottom: the bumpy interface in a layered synthetic
composite; (b) Schematics of the original (plain) B-and-M model (top), modified B-and-M structure
with interfacial interlocker (middle), and modified B-and-M structure with fractal interfacial
interlocker designs (bottom) [28].

using freeze-casting techniques. Freeze-casting, as a method for the development of
bioinspired materials, is well developed, described, and used as a technique by
Wegst and her group [37, 38].

Wilkerson et al. [39] present an alternative bulk processing technique, that of coex-
trusion, to make bioinspired, brick-and-mortar structures comprising high (=90 vol%)
ceramic volume fractions with a metallic compliant phase. A feed rod of material is
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original shock

Fig. 14.10: Reinforcing mechanisms of 3D interlocking in composites. (a) SEM images taken from

in situ three-point bending tests. (b,c) Enlarged images taken, respectively, from the red boxed area
and the blue boxed area in (a), showing long-range crack deflection, multiple cracks, crack bridging,
and the sliding between lamellae. (d) Schematic illustration of crack propagation. (e) Strain rate
sensitivity in 3D composites. SEM images taken from samples dynamically loaded by SHPB at the
strain rates of (f) 4000 s-1, (g) 7300 s-1, (h) 9700 s-1, and (i) 12000 s-1, respectively [29].

produced with specific core and shell diameters; this aspect ratio is preserved during
extrusion as the rod’s cross section is reduced down to a filament (Fig. 14.11). The fil-
ament is then sectioned into individual pieces, representing individual “bricks” in a
brick-and-mortar structure (Fig. 14.11). Coextrusion allows the bricks to be individually
coated with mortar with precise volume control, such that high-ceramic/low-mortar
volume fractions can be attained. The mechanical properties of their compliant-phase
ceramics were either comparable or superior to traditional ceramic-metal composites.
Mao et al. [40] describe a mesoscale “assembly and mineralization” approach
inspired by the natural process in mollusks to fabricate bulk synthetic nacre that
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Fig. 14.11: (A) Schematic of the coextrusion assembly used to produce the NiO-coated AlL,0,
filament. A feed rod is extruded through a heated spinneret to reduce the viscosity of the polymeric
binder. The final filament has a diameter of *300 pm and is collected on a spool as it is extruded.
(B) Coextruded filaments are chopped into short sections and laminated with heat and pressure

in a die; this allows the filaments to deform laterally and become more brick-like before they are
bonded together to form a “brick-and-mortar” architecture. Optical microscopy images of the
resulting Al,0,/10Ni metal compliant-phase ceramics: (C~E) Single-pass coextrusions to 300 ym,
specifically the Sp-chop structure (chopped and laminated in constrained die), SP-lam (chopped and
pre-laminated into sheets), and SP-45 (oriented filament laminated into sheets and consecutively
offset 45°from the previous layer); (F-H) multipass coextrusions counterparts MP-chop, MP-lam,
and MP-45, that were extruded to 6 mm, then bound together and extruded again to 300 pm. The
brighter phases are nickel metal while darker phases are the alumina ceramic [30].

highly resembles both the chemical composition and the hierarchical structure of
natural nacre (Fig. 14.12). The millimeter-thick synthetic nacre consists of alternat-
ing organic layers and aragonite platelet layers (91 wt%) and exhibits good ultimate
strength and fracture toughness. This predesigned matrix-directed mineralization
method represents a rational strategy for the preparation of robust composite materi-
als with hierarchically ordered structures, where various constituents are adaptable,
including brittle and heat-labile materials.
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Fig. 14.12: Fabrication scheme of the synthetic nacre. (A) Starting solution, chitosan/acetic acid
solution. (B) Freeze-casted laminated chitosan matrix. (C) Matrix after acetylation where chitosan

is converted to B-chitin. (D) Mineralization of the matrix. Fresh mineralizing solution is pumped to
flow through the space between the layers in the matrix, bringing in Ca?*, Mg?*, HCO; and PAA for
mineralization, and taking out excess CO,. CaCO, precipitates onto the layers and CO2 diffuses into
the air through the pin holes in the paraffin film. (E) Laminated synthetic nacre is obtained after silk
fibroin-infiltration and hot-pressing [31].

14.5 Conclusion

Nature has created beautiful skeletal structures with the help of biominerals, such as
nacre. Such biominerals are an unlimited source of inspiration for biomaterials and
materials with improved mechanical properties.
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Robert B. Heimann
15 Hydroxylapatite coatings: applied mineralogy
research in the bioceramics field

15.1 Introduction

Bioceramics are inorganic non-metallic compounds designed to replace a part or a
function of the human body in a safe, reliable, economic, and physiologically and
aesthetically acceptable manner. During the last decades, bioceramic materials have
developed into a powerful driver of advanced ceramics, and thus, are an important
arena of activity in the field of applied mineralogy today. As result of intense scientific
endeavor, bioceramics, both bioinert materials, such as alumina and zirconia, and
bioactive materials such as hydroxylapatite (HAp), tricalcium phosphate (TCP), and
tetracalcium phosphate (TTCP), are being applied successfully in the clinical practice.
Nevertheless, considering the complexity of their interaction with living tissue and
their inherent socio-economic importance, there is still much need of fundamental
research.

It is not surprising then that development of novel and optimization of existing
bioceramics are the vanguard of health-related research effort in many countries
worldwide. Large proportions of an aging population rely increasingly on repair or
replacement of body parts, or restoration of lost body functions. These applications
range from artificial dental roots, to alveolar ridge, iliac crest and cheek augmenta-
tion, to spinal implants, hip and knee endoprostheses, to ocular implants.

Consequently, the number of patients in need of receiving large-joint reconstruc-
tive hip and knee implants to repair the ambulatory knee-hip kinematic are constantly
increasing. In addition, dental, small-joint, and spine implants are target areas of
biomedical implantology today. Presently, the worldwide sales of hip and knee ortho-
pedic surgical joint replacement products are US$ 16.7 billion, anticipated to double
by reaching US$ 33 billion in 2022 [1].

15.2 Geological HAp vs. biological HAp

Calcium phosphates, in particular HAp, are of overwhelming importance to sustain
life. HAp constitutes the inorganic component of the biocomposite materials “bone”
and “tooth”, designed by nature to provide the mechanical strength and resilience
of the gravity-defying bony skeletons as well as the resistance of teeth to masticatory
stresses of all vertebrates. In 1926, De Jong [2] was first to identify the structure
of the calcium phosphate phase in bone as being akin to geological apatite. The
biological HAp-collagen composites provide not only strength but also flexibility,

https://doi.org/10.1515/9783110497342-015
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their porous structure allowing exchange of essential nutrients and a biologically
compatible resorption and precipitation behavior under appropriate physical and
chemical conditions that control the build-up of bony matter by osteoblasts and its
resorption by osteoclasts in response to varying stress levels. In addition, bone-like,
i.e. calcium-deficient defect HAp is a reservoir of phosphorus that can be delivered to
the body on demand.

15.2.1 Structure of geological HAp

HAp, Ca, (PO,),(OH),is a member of a large group of chemically different but struc-
turally identical compounds, many of them found as minerals. Their general formula
isM,(20,) X,, whereby M = Ca, Pb, Cd, Sr, La, Ce, K, Na; Z=P, V, As, Cr, Si, C, Al S;
X=0H, CL, F, CO,, H,0, [, obeying the hexagonal space group P63/m. Ca polyhedra
share faces to form chains parallel to the crystallographic c-axis [00.1]. These chains
are linked into a hexagonal array by sharing edges and corners with [PO 4] tetrahe-
dra. The OH- ions are located in wide hexagonal channels parallel to the 6, screw
axis [3]. Since the 16 OH- positions in the unit cell are statistically occupied to only
50%, there exist on average 8 vacancies/unit cell along the c-axis. Hence, there are
direction-dependent differences in the mobility of OH- ions that are extremely rel-
evant when considering structural transformation from amorphous calcium phos-
phate (ACP) to crystalline HAp as well as stepwise dehydroxylation of HAp to form
oxyapatite (OAp) (see Section 15.2.4.2). OAp, Ca,O(PO,), is the product of complete
dehydroxylation of HAp. In its structure, there exists a linear chain of 0% ions par-
allel to the c-axis, each one followed by a vacancy. This means that the character
of the crystallographic c-axis changes from a screw axis 6,to a polar axis 6, thus
lowering the overall symmetry.

15.2.2 Structure of biological apatite

Although the structure of geological HAp is well known, it is much less so for
biological apatite. Natural bone is a composite material, the water-free substance
of which consists of about 70 mass% apatite and 30 mass% collagen I. The apatite
platelets of about 40 x 25 x 3 nm?size are orderly arranged along the triple-helical
strands of collagen I. Hence, this abundant protein acts as a structural template for
crystallization of nano-HAp, presumably mediated by carboxylate terminal groups
and osteocalcin. Because of its open channel structure, HAp is able to incorporate
other ions by substituting Ca* cations as well as OH™ and PO,> anions without large
distortion of the lattice. In biological apatite, some Ca* is substituted by Na*, Mg,
Sr*, K* and some trace elements such as Pb*, Ba*, Zn** and Fe*. The PO,* groups
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are being partially replaced by CO,>, whereas CO,*, CI-, 0> and, in particular F~ can
substitute for OH-. This compositional variability of HAp is the root cause of its high
biocompatibility and osteoconductivity.

The substitution by other ions reduces the theoretical stoichiometric Ca/P ratio of
biological HAp from 1.67 to values as low as 1.4 [4]. The non-stoichiometry of biologi-
cal apatite can be described by the approximate formula:

Ca,, (HPO,) (PO,), (OH,0,CLECO,, O), -nH,0;0<x<1n=0-25.

The fact that the OH- positions can be occupied by mobile O* ions and vacancies [ is
of vital importance for understanding the kinetics of the dehydroxylation reaction of
HAp to oxyhydroxyapatite (OHAp) and OAp, respectively that occurs during plasma-
spraying (see Section 15.2.4.2).

While the behavior of OH- ions in the HAp lattice has been recognized and widely
studied in natural and synthetic inorganic materials, it came as a complete surprise
that biological apatite was found to be essentially free of hydroxyl ions [5]. Hence,
contrary to the general medical nomenclature, bone-like apatite appears to be non-
hydroxylated. There are suggestions that the specific state of atomic order, imposed
biochemically by the body, is essential for cell metabolism and the ability of the body
to carry out tissue-specific functions. Since the lack of hydroxyl ions causes a high
density of vacancies lined up along the c-axis, high mobility of Schottky-type defects
may influence HAp solubility and thus may provide a mechanism for fast and efficient
bone reorganization by dissolution (osteoclastesis) and precipitation (osteoblastesis)
during bone reconstruction in response to changing stress and load levels controlled
by Wolff’s law [6].

15.2.3 Biocompatibility of bioceramics

Any artificial material incorporated into the human organism has to abide by certain
properties that will assure that there are no negative interactions with living tissue.
Consequently, one of the key properties of bioceramics is biocompatibility. Biocom-
patibility is not an individual property per se but relates to the various interactions the
inorganic material is part of at the cell and tissue levels. Hence, a systemic approach is
required. According to modern view, biocompatibility refers to the ability of a material
to perform with an appropriate host response, in a specific application [7]. The interac-
tion of biomaterials with living tissue can be defined by the increasing degree of bio-
compatibility, ranging from incompatible, biotolerant (e.g. austenitic stainless steel,
polymethylmethacrylate), bioinert (e.g. titanium alloys, alumina, zirconia, titania,
diamond-like carbon) to bioactive (e.g. calcium phosphates, bioglasses) materials [8].

In contrast to bioinert materials, bioactive materials show positive interaction
with living tissue. This interaction can be characterized by two system-relevant
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terms: osseoconductivity and osseoinductivity. On the one hand, osteoconductivity
is the ability of a material to foster the in-growth of bone cells, blood capillaries, and
perivascular tissue into the gap between implant and existing bone. On the other
hand, osteoinductivity refers to the transformation of undifferentiated mesenchymal
precursor stem cells into osseoprogenitor cells preceding enchondral ossification.
There is chemical bonding to the bone along the interface triggered by the adsorp-
tion of bone growth-mediating proteins at the biomaterial surface. Hence, there will
be a biochemically mediated strong bonding osteogenesis. The bioactivity of calcium
phosphates is associated with the formation of hydroxyl carbonate apatite, similar to
biological, i.e. bone-like apatite [9].

The clinical applications of bioceramics range from bioinert structural ceram-
ics such as alumina and zirconia [10-13] for femoral balls and insets of acetabular
cups of total hip endoprosthesis systems [14] to bioactive (osseoconducting) bone
growth-stimulating ceramics such as HAp and TCP applied as coatings to the metallic
stem of hip endoprostheses and dental root implants [15, 16]. The state of the art of
applying HAp coatings is still atmospheric plasma spraying (APS) [17, 18], despite the
fact that HAp melts incongruently and thus decomposes in the extremely hot plasma
jet into TCP, TTCP, and cytotoxic CaO. To alleviate this problem, low-temperature tech-
niques are being explored to deposit HAp or other calcium phosphates on suitable
implant substrates without decomposition. Such techniques include electrochemical
deposition (ECD), plasma electrolytic oxidation, electrophoretic deposition, pulsed
laser deposition, and ion-beam assisted deposition [19], as well as biomimetic treat-
ment of titanium surfaces with alkalis and acids at elevated temperature [20].

15.2.4 Workin the area of bioceramics

The work of my research group focused on four issues related to the improvement of

the performance of plasma-sprayed bioceramic coatings for medical implants. These

were

— strengthening the adhesion of coatings to the metallic stem of endoprosthetic
implants by designing appropriate adhesion-mediating bond coats;

— exploring the reactions HAp undergoes during exposure to the extremely hot
plasma jet;

— studying the alteration of the chemistry and morphology of HAp coatings during
exposure to simulated body fluid in vitro;

— understanding the development and distribution of residual coating stresses.

Most of the following will relate to the development of bond coats as well as the
thermal decomposition of HAp during plasma spraying.

My own involvement with bioceramics started in the early 1990s at a time when
I acted as co-supervisor of a master’s thesis [21] on plasma-sprayed HAp coatings,
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conducted at the University of Alberta in Edmonton, Alberta, Canada. The goal of this
work was to strengthen the notoriously weak adhesion of HAp to Ti alloy substrates
by designing appropriate bond coats [22].

Later, at the Department of Mineralogy, Technische Universitat Bergakademie
Freiberg, this work continued with my students and co-workers. We recognized the
need to improve the adhesion of plasma-sprayed osseoconductive HAp coatings to a
Ti alloy implant surface. This research program was based on the awareness that in
an alarmingly high number of clinical cases, coating failure occurred by chipping,
spalling, delamination, and dissolution, observed on explanted hip endoprostheses
consistently close to the implant/coating interface. This effect could be attributed to
the existence of a thin layer of amorphous calcium phosphate (ACP) adjacent to the
Ti/coating interface, formed by rapid quenching of molten droplets of calcium phos-
phate with extremely high cooling rates typical for plasma-sprayed coatings [17, 23].
We thought that such a continuous ACP layer (Fig. 15.1A, B) might act as a low-energy
fracture path, guiding the propagation of an incipient crack along the interface. ACP
will preferentially dissolve in vivo on contact with body fluid thus further weakening
the mechanical integrity of the interface.

Our medical research partners working at the university hospitals in Essen and
Aachen confirmed by clinical studies of retrieved hip endoprostheses coated with
HAp that micromorphological features of plasma-sprayed coatings might play a deci-
sive role in implant longevity. Micromorphology critically influences adhesion, crack
initiation and propagation and, eventually fragmentation of the coatings, dissolution
of the amorphous phase of the coatings in areas of high loading as well as osteoclas-
tic resorption. In particular, failure of coating adhesion to the implant metal causes
formation of a gap into which acellular connective tissue will inevitably invade. This
pliable tissue layer formed to encapsulate the foreign implant will prevent solid
attachment of the latter to the cortical bone tissue; eventually causing aseptic loosen-
ing that in many cases will require a remediation operation. Hence, this deleterious
gap formation must be counteracted to guarantee long-term functionality and perfor-
mance of the biomedical implant.

15.2.4.1 Role of adhesion-mediating bond coats
One way to achieve better coating adhesion is the application of mechanically and
thermodynamically stable bioinert bond coats. Bond coats are workhorses of thermal
spray technology and thus, well documented in the relevant literature [17, 24, 25]. An
ideal bioinert bond coat should have several key characteristics that include uncom-
promised biocompatibility, good adhesion to both the metal substrate underneath
and the osseoconductive HAp top coat, matching coefficient of thermal expansion,
and a well-defined melting point to allow application by thermal spray technology.
In addition, such bond coats prevent direct contact between metal and HAp since
there is experimental evidence that the metal catalyzes thermal decomposition of

printed on 2/13/2023 4:51 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

306 — 15 Hydroxylapatite coatings

the latter [4]. Furthermore, it should prevent the release of metal ions from the Ti
alloy substrate to the surrounding living tissue. Such ion release has been found to
cause massive hepatic degeneration in animals as well as impaired development of
human osteoblasts. Heavy metal ions, in particular vanadium, are thought to affect
negatively the transcription of RNA in cell nuclei and, in addition, influence the activ-
ity of enzymes by replacing Ca or Mg ions at binding sites. The metabolic action of
aluminum and vanadium ions released from the implant and their interference with
normal biochemical functions of the human body are important intervention to con-
sider. Today, developments are on the way to replace Ti6Al4V by low modulus (E < 50
GPa) B-type Zr-containing alloys such as Ti13Nb13Zr.

Moreover, the bond coat will reduce the thermal gradient at the substrate/coating
interface induced by the rapid quenching of the molten particle splats. This fast
quenching leads to deposition of amorphous calcium phosphate (ACP) with an asso-
ciated decrease in resorption resistance [26] and hence, reduced in vivo performance,
i.e. reduced longevity of the implants. Reduction of the interfacial thermal gradient
will work towards prevention of formation of ACP and will impede thermal decompo-
sition of HAp.

Furthermore, it may also cushion damage to the coating initiated by cyclic micro-
motions of the implant during movement of the patient in the initial phase of osse-
ointegration [27].

Considering all these requirements, my research team embarked on a series of
studies to design thermally sprayed HAp-bond coat systems that should have most, if
not all the desired properties.

15.2.4.1.1 Calcium silicate bond coats

Studies by Lamy et al. [22] had confirmed that applying calcium silicate-based bond
coats enhanced considerably the adhesion strength and resorption resistance of the
bioceramic HAp top coat. In accord with expectations, these bond coats ought to be
biocompatible since calcium silicate bioglasses and ceramics have been found to bond
easily to living bone, and to form, by a biomimetic process, an apatite surface layer
when exposed to simulated body fluid (SBF). The cyclic silicate trimer (Si,0,)*" group
of pseudowollastonite is thought to act as an active site for heterogeneous, stereo-
chemically promoted nucleation of HAp in simulated body fluid. In addition, earlier
histological investigation had provided evidence that silicon may be allied to the ini-
tiation of mineralization of pre-osseous tissue in periosteal or endochondral ossifica-
tion [28], presumably through functional Si-OH (silanol) groups that are known to
induce apatite nucleation, and to provide bonding sites for cation-specific osteonec-
tin attachment complexes on progenitor cells. We found that the advantageous com-
bination of a dicalcium silicate bond coat with a HAp top coat yielded an as-sprayed
adhesion strength of 32 MPa, which, however, on immersion in protein-free SBF at
37°C for 7 days decreased to 21 MPa [29], outside the limit of 35 MPa stipulated by
Wintermantel and Ha [8]. This large decrease is presumably the outcome of a hydrolysis
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reaction of B-dicalcium silicate (larnite) formed during plasma spraying from the
y-dicalcium silicate with olivine structure (shannonite) of the initial spray powder.
In addition, dicalcium silicate has an exceptionally large coefficient of thermal
expansion (CTE) of 13 x 10¢ K. Since the CTEs of titanium and HAp are both lower
at 8.5 x 10~° and 11 x 10~° K7, respectively, there is a rather good match causing the
residual coating stresses to be significantly minimized.

15.2.4.1.2 Titania bond coats

Previous research by other authors has revealed that even uncoated titanium alloy
implants show reasonable bone integration, pointing to a strong bioactive nature of the
otherwise bioinert titanium metal surface. This is thought to be caused by the only a few
nanometers thick native titanium oxide layer that lend to titanium passivity and protec-
tion against environmental influences such as corrosion in biofluid. This oxide layer forms
during partial hydrolysis of Ti-OH surface groups that can act as docking sites for bone
growth-supporting proteins, similar to the function of Si-OH groups mentioned above.

These considerations provided for our research group a strong incentive to further
study the microstructure of TiO,/HAp coatings and their interface, respectively.
A string of papers emerged, partly in cooperation with colleagues from the Univer-
sity of British Columbia, Vancouver, and University of Alberta, Edmonton [26, 30-34].
Among the results of investigation of cross sections of titania-HAp “duplex” coatings
with 2D-SIMS imaging was the realization that plasma spraying induced diffusional
processes at the coating interfaces as well as the variation of spatial distribution of
minor and trace elements across the coating cross sections [33]. Although the SIMS
images revealed very little chemical interaction of the titania bond coat with both the
Ti6Al4V substrate and the calcium phosphate top coat, they showed that the bond
coat still provided substantially increased adhesive bond strength.

Furthermore, the very thin layer of amorphous calcium phosphate (ACP), formed
at the immediate interface to the solid substrate by rapid quenching of the outermost
melt layer with heat transfer rates beyond 10° K/s, takes on a special significance, as
its relatively high solubility in body fluid may be one of the leading causes of coating
delamination [23].

Figure 15.1A shows a scanning transmission electron microscope (STEM) image of
a cross section of a plasma-sprayed titania bond coat separating the Ti6Al4V substrate
(right) from the innermost calcium phosphate layer consisting of ACP (left). Figure 15.1B
provides an enlarged bright-field STEM image of the interface of the polycrystalline
titania bond coat and the ACP layer. This image suggests a columnar deposit of elon-
gated, partly twinned titania crystals that by selected area electron diffraction (SAED)
imaging were found to consist of brookite, the metastable orthorhombic polymorph of
titania. This brookite phase is entirely unexpected since conventional wisdom has it that
substoichiometric Magnéli-type Ti O, ., phases should form. However, brookite forma-
tion may be the result of a process akin to Oswald’s rule of steps, whereby the steep tem-
perature gradient attained during plasma spraying may cause the preferential formation
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Fig. 15.1: A: STEM image of a cross section of a plasma-sprayed titania (brookite) bond coat-
hydroxylapatite topcoat assembly. The sample was prepared by focused ion beam (FIB) cutting with
Ga ions to conserve the true geometry of the coating interfaces. B: Bright field STEM image of the
interface of a columnar polycrystalline titania (brookite) bond coat (left) and an amorphous calcium
phosphate (ACP) top coat (right). The insets show the electron diffraction pattern of both phases
[23]. C: Bright field STEM image of the interface bond coat/Ti6Al4V substrate. D: Dark field STEM
image of C. © With permission from Elsevier.

of metastable phases. The columnar structure of the brookite layer (Figs. 15.1C, D) offers
clues to the mechanism of bonding as the interdigitation of its finger-like columns with
the nanocrystalline HAp may provide strengthening of the mechanical performance by
increased resistance against shearing.

15.2.4.2 Thermal alteration of HAp during plasma spraying
The extremely high temperature in a plasma jet in excess of 15,000 K leads, even
during the very short residence time of the HAp particles (hundreds of microseconds
to few milliseconds, depending on particle density and size), to dehydroxylation and
thermal decomposition by incongruent melting (Fig. 15.2A). This thermal decomposi-
tion of HAp in the hot plasma jet occurs in four consecutive steps (Tab. 15.1).

Based on this decomposition sequence, Grafimann and Heimann [35] developed
a simple model of the in-flight evolution of individual calcium phosphate phases as
shown schematically in Fig. 15.2B. During the short residence time of the particle in
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Tab. 15.1: Thermal decomposition sequence of HAp.

Step 1: Ca, (PO,),(OH), > Ca(PO),OH), OO  + xH,0
HAp OHAp
Step 2: Ca,(P0,),(OH), .00, > Ca,(P0),00, + (1-XH,0
OHAp OAp
Step 3: Ca,,(PO,),0,00, > 2Ca,(PO)), + Ca,0(PO,),
OAp TCP TTCP
Step 4a: Ca,(PO,),>3Ca0 +P,0,
Step 4b: Ca,0(P0,), > 4 Ca0 +P0,

Liquid +Ca0O
1700 | aCP+L
L Liquid TCP + TTCP
S - CiP + D\is7ooc
< 0C,P + C,P 1550°C
v oC5P)
3 1500 C,‘P +HA
o + 4759 \
g Ca0+C,P| HA
£ — aCsP+L
st oC,P)
1360°C  |+HA
1300
CaO+HA oCsP +
I . . GP,
70 65 60 HAGP 50
A < Ca0 (Wt%)

Fig. 15.2: A: Phase diagram of the quasi-ternary system Ca0-P,0,-(H,0) at a water partial
pressure of 65.5 kPa. B: Schematic GraBmann-Heimann model [35] of the thermal decomposition
of a spherical hydroxylapatite particle subjected to high temperature in a plasma jet [15].

the hot plasma jet, the innermost core is still at a temperature below 1550°C owing
to the low thermal diffusivity of HAp. Hence, HAp and OHAp/OAp are the only stable
phases (Tab. 15.1, steps 1 and 2).

The second shell, heated to a temperature above the incongruent melting point
of HAp (1570°C), consists of a molten mixture of TCP and TTCP (Tab. 15.1, step 3). The
outermost spherical shell of the particle comprises solid CaO + melt since evapora-
tion of P,0, shifts the composition along the liquidus (Fig. 15.2A) towards CaO-richer
phases (Tab. 15.1, step 4). The temperature increases to well beyond 1730°C, and the
only unmelted composition is CaO.

Among the thermally altered calcium phosphate phases observed during
plasma spraying of HAp, the OAp phase takes on a special significance. OAp,
Ca,,0(PO,),, is the product of complete dehydroxylation of HAp but is known to be
able to convert back to more or less stoichiometric HAp in the presence of water
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either during cooling of the as-sprayed coating in moist air or by reaction with bio-
fluid in vivo. However, it should not be concealed that the existence of OAp as a
thermodynamically stable compound has been subject to controversy, reaching as
far back as the 1930s. To address this “OAp problem”, work was performed that
resulted in a recent paper in American Mineralogist [36]. Among other analytical
techniques, in this contribution, I provided information on the phase content of
plasma-sprayed HAp gained from nuclear magnetic resonance (NMR) spectroscopy.
Figure 15.3 shows cross-polarized (CP) magic angle spinning NMR spectra of protons
(Fig. 15.3A) and PO, tetrahedral groups (Fig. 15.3B) of typical plasma-sprayed HAp
coatings. The assignment of individual bands is tentative, based on earlier work
by myself [37] and one of my former PhD students [38]. The isotropically shifted L*
band of the 'H-NMR spectrum, shown in Fig. 15.3A, may be an, admittedly, weak
signal of the existence of oxy- and/or OHAp-like conformations. More profitable is
the 3P-NMR spectrum shown in Fig. 15.3B.

Besides the A signal of well-ordered and highly crystalline HAp, apparently
unchanged from its original composition, there are C and D signals that are thought
to be related to PO,> groups with strongly to very strongly distorted oxygen envi-
ronments and few or no associated OH- groups, typical for OHAp and OAp, respec-
tively. The B signal is assigned to strongly distorted PO, tetrahedral groups without
neighboring OH- groups, indicating the presence of TCP and/or TTCP. Support-
ing CP2D-'H/*'P heteronuclear correlation NMR spectroscopy confirmed that the D
band might indeed be a signal of OAp [39]. Since its chemical shift is identical to that
of TTCP, we concluded that with increasing dehydroxylation of HAp the coating
composition eventually approaches that of structurally closely related TTCP, in accord
with the dehydroxylation sequence HAp - OHAp - OAp - TTCP shown in Tab. 15.1

15.2.4.3 Interaction of coatings with simulated body fluid and residual stresses
In addition to work mentioned above, my research group had studied in much detail
the alteration of HAp coatings in contact with simulated body fluid (SBF) [16, 40-50].

T T T

T T T T T T T f
-15 -10 -5 0 +5 +10 +15ppm -4 -2 0 +2 +4 +6 +8ppm

Fig. 15.3: CP-MAS-NMR spectra of an as-sprayed hydroxylapatite coating. A: 'H-CP-MAS NMR
spectrum (L: well ordered HAp; L*: OAp/OHAp: G: water). B: 3!P-CP-MAS NMR spectrum (A: well-
ordered HAp: B: TCP/TTCP; C: OHAp; D: OAp) [36]. The insets show the spectra of phase-pure
stoichiometric hydroxylapatite as a reference.
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We also investigated the stress distribution in plasma-sprayed HAp coatings in
cooperation with the Department of Physics, University of Cape Town, South Africa
[51-56]. We also did some exploratory work on the in vivo osseoconductive perfor-
mance of plasma-sprayed HAp coatings, without and with bond coats, in animal
studies with a sheep model at the Universitiat Duisburg-Essen [57] and a dog model at
Chulalongkorn University in Bangkok, Thailand [58, 59].

15.2.4.4 Other work

Although plasma-sprayed HAp coatings are still considered the gold standard of
osseoconductive coatings, experiments were performed with plasma-sprayed tran-
sition metal-substituted calcium hexaorthophosphates of the type Ca(Ti Zr, )(PO,),,
members of the NaSiCON (Na superionic conductor) structural family [60]. These
ceramics show solubility in SBF at least one order of magnitude lower than that of
other calcium orthophosphates including HAp and, in particular f-TCP and TTCP.
Among their advantageous properties is weak solid-state ion conductivity that in the
future may be utilized to design fourth-generation biomaterials (see Section 15.2.5).

Plasma-sprayed coatings of transition metal-substituted calcium hexaorthophos-
phates display sufficiently strong adhesion to Ti6Al4V implant substrates, with reason-
able shear strength. Although considerable thermal decomposition due to incongruent
melting occurred, there is some evidence that these bioinert decomposition products
may lead to particle-mediated reinforcement of the coating microstructure thus improv-
ing their cohesive strength [61-63].

Cooperation with a major supplier of advanced ceramic medical products, CeramTec
GmbH in Plochingen, has resulted in a study of the effect of sterilization with ionizing radi-
ation on femoral heads of hip endoprostheses fashioned from Y-stabilized zirconia and
alumina. It has been observed that irradiation with ionizing y-radiation introduces color
centers in Y-stabilized zirconia. Whereas this effect compromises neither the mechanical
nor the biological performance of the femoral head, it has caused some concern among
orthopedic surgeons. Indeed, irradiated and thus, bluish- or brownish-tinged zirconia
femoral heads are known to have been rejected by orthopedic surgeons under suspicion
of deleterious contamination. To get insight into the origin of the coloration and hence,
to alleviate concerns of the surgeons, we irradiated alumina and zirconia femoral heads
with both X-rays and y-rays, and recorded and explained their color change using optical
absorption spectroscopy, electron spin resonance spectroscopy, as well as thermolumi-
nescence spectroscopy [64, 65].

15.2.5 Outlook on future developments and further research requirements
Progress in developing and applying novel or improved bioceramic coatings is uniquely

connected to man’s innate ability and need to learn from nature. However, whereas
biology can inform technology at all procedural levels, i.e. materials, structures,
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mechanisms, machines, and control, there is still a gap between biology and its tech-

nological realization that remains to be bridged.
Looking back, biomaterials including bioceramics have conceptually evolved

through three different generations. These are

— first-generation bioinert materials, which only have mechanical functions, such
as alumina and zirconia, or highly crystalline HAp,

— second-generation bioactive and biodegradable materials, which have osseocon-
ductive function, such as bone-like HAp or TCP, and

— third-generation biomaterials, which were designed to have osseoinductive func-
tion by stimulating specific cell responses at the molecular level such a HAp
implanted with bone-growth stimulating agents [66].

Computational modeling is being applied for correlating gene expression profiling
(genomics) with combinatorial material design strategies (materiomics) [67]. This
effort also includes recognition that immune cells play a vital role in regulating bone
dynamics. Hence, recently a paradigmatic shift was proposed [68] from traditional
bone biomaterials to osteoimmunomodulatory materials. Along the same lines, incor-
poration into HAp coatings of bone-growth stimulating non-collagenous proteins
such as recombinant human bone morphogenetic proteins (rhBMPs), osteocalcin,
osteonectin, or silylated glycoproteins offer a wide field of novel research endeavor.

Recently, the idea of fourth-generation biomaterials was suggested [69], based on
integrating electronic systems with the human body to provide powerful diagnostic
as well as therapeutic tools for basic research and clinical use. The functionalities
of such biomaterial systems include manipulating cellular bioelectric responses for
tissue regeneration as well as monitoring cellular responses with the aim to commu-
nicate with host tissues via bioelectric signals. We anticipate that plasma-sprayed
transition metal-substituted calcium orthophosphates with NaSiCON structure [60]
will play a commanding role in the endeavor to develop and clinically test such novel
fourth-generation bioceramics. Their elevated solid-state ionic conductivity may
transmit signals adapted to this task. Consequently, future research should focus on
development of a composite TiO,-CaTiZr,(PO,) ~HAp coating system for implants with
the equivalent circuit of a “bio”-capacitor that by appropriate poling could store neg-
ative electrical charges close to the interface with the growing bone, thus enhancing
bone apposition rate and bone density.

Notwithstanding the shortcomings of APS HAp coatings that include thermal
decomposition, line-of-sight limitation, insufficient control of porosity, lack of
load-carrying capability, and the inability to deposit coatings of less than about
20 pm thickness, plasma spraying is still the method of choice to apply coatings to
the metallic parts of commercially supplied hip and knee endoprostheses as well
as dental root implants. Currently, APS of HAp powder particles with diameters of
tens to hundreds of micrometers is the most popular and the only Food and Drug
Administration—-approved method to coat implant surfaces for clinical use. However,
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novel promising deposition techniques include suspension plasma spraying [70, 71],
solution precursor plasma spraying [72], and others [15].

However, even though deposition of HAp coatings by APS comes across as a
mature and well research-supported technique, there is still need to address several
problem areas. Consequently, during the past decades, many attempts have been
made to optimize essential properties of osseoconductive bioceramic coatings. These
properties include coating cohesion and adhesion, phase composition, homogeneous
phase distribution, crystallinity, porosity and surface roughness, nano-structured
surface morphology, residual coating stresses, and not in the least, coating thickness.
Novel applications are about to emerge, including HAp-based targeted drug delivery
vehicles, novel bone graft substitutes, and multifunctional nanoscopic bioceramic
materials. However, despite these advances, the success story of calcium phosphates
was somewhat downplayed in comparison with other achievements in the area of
biomaterials. As pointed out clearly by Habraken et al. [73], this does not do justice
to the enormous, yet still not fully exploited potential calcium phosphates possess in
the area of biomineralization including coatings for biomedical implants.

In conclusion, despite much achievement in the field of bioceramics, there is
still room for embarking on rewarding research designed to improving the deposi-
tion techniques as well as the mechanical, chemical, microstructural, and biological
properties of bioceramic, most notably, HAp coatings.
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16 A procedure to apply spectroscopic techniques
in the investigation of silica-bearing industrial
materials

16.1 Introduction

A substantial number of mineralogy and geochemistry studies have paid attention
to the health issues related to crystalline silica (CS) [1-4]. Among them, silicosis, the
most ancient professional disease ever recognized [5], and lung cancer, which has been
assessed after the analysis of more than 30 years of clinical, epidemiological, and labo-
ratory research by the International Agency for the Research on Cancer (IARC) [6] under
the statement “Crystalline silica in the form of quartz or cristobalite dust is carcinogenic
to humans”, (page 396). This general interest about CS, a term including all the crystal-
line polymorphs of SiO,, is due to the ubiquitous diffusion of SiO, in the earth’s crust, in
most of the industrial production processes, and in everyday environment [7].

In 2013, the world production of industrial sand and gravel was estimated to be
142 Mt, a massive amount compared, for instance, with the 77 Mt of Portland cement
[8]. This large amount of CS is mainly used in the ceramics and glass productions
(where CS is processed as a raw material) and in the metal foundry (where CS has a
side use). Recently, a significant demand of CS has been coming also from hydrocar-
bon extraction by hydraulic fracturing (fracking) from low-porosity rocks and from
sand blasting [8].

Workers operating in these industrial sectors are thus potentially exposed to
CS, as well as those involved in mining and constructions. Estimating the number
of potentially exposed workers is not straightforward. A study published in 2000
reveals that in EU, exposure to CS involves 3.2 million people (~2.3% of the total
employed workers) [9]. In Europe, occupational pneumoconiosis causes almost 7200
deaths every year, while occupational lung disease prevalence is about 300/100,000
inhabitants. In China, state-of-the-art data on silicosis point to 440,000 workers with
ascertained health consequences, a number probably underestimated, and to a trend
of 10,000 new cases per year [10]. Nowadays, the problem of CS exposure concerns
emerging countries, where high exposures, linked to the traditional ways of produc-
tion, induce typical silicotigen effects with heavy or even deadly prognosis, as well as
economically advanced countries. In the working sectors less affected by technology
development, such as building, extraction, and manufacturing of stones, exposures
are still higher than those set by the limiting values [11]. Moreover, clusters of silicosis
related to less-known exposures can be revealed; one can cite for instance the cases
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of workers in casting, in jewellery, and, more recently, in sanding of jeans cloths, in
manufacturing of “artificial stone” (a conglomerate made up by a fine intermixing of
quartz microcrystals and polyester resins [12]), and in floor throwing, where quartz
powders are used [13].

From review studies [1-4], the main findings obtained through a laboratory
approach in the characterization of the effects of CS on human health are (i) the
molecular scale of the interaction with the lung tissues, (ii) the surface nature of this
interaction, (iii) the prevailing role played by radicals and by metal ions impurities in
activating and modulating the toxicity (a schematic summary is presented in Tab. 16.1),
and (iv) the grinding or mechanical activation immediately before the exposure (veri-
fied in “cell-free” tests [14], cell cultures [15-16], and test animals [17]). Thermal treat-
ments can induce conflicting effects. On the one hand, they can favor the transition
from quartz to cristobalite, which is very stable at high temperatures. On the other
hand, they can progressively decrease the amount of surface radicals, thus favoring a
decrease of their cytotoxic effects [18] and of their transforming potencies [19].

This variety of factors can conceivably be the reason for the large variability of
CS risk [20]. In the last 15 years, some studies tried to overcome the lack of informa-
tion on the physical, chemical, and toxicological properties of industrial CS-bearing
materials [7, 21-35]. Here, one has to outline two important general results: (1) the
prevailing role played by differences (even subtle ones) in the level of contaminants
(e.g. aluminum, iron), in CS surface properties, grinding procedure, particle shape,
and thermal treatment; apparently, these differences originate in the genetic history
of each particular CS material considered; (b) the significant variability of the physico-
chemical features undergone by CS in each of the studied industrial processes are
functions of its role (processed material, side material).

From the above considerations, the characterization of the physico-chemical fea-
tures circumstantially related to the CS in the industrial processes is of paramount
importance; indeed, the investigation of the actual dust breathed by the workers
is crucial. The aim of the present study is to describe and discuss an investigation

Tab. 16.1: Species involved in toxicity: schematic summary.

Contaminant Effect Reference

Al-bearing compounds Inhibition of severe effects [52]

(e.g. clays)

Carbon powders Decreased induction of fibrotic damage (in rats) [53-54]
Decreased generation of free radicals and decreased [371]
cytotoxic effects in lung cells

Fe In traces, increased induction of acute inflammation [55]

In traces, increased generation of free radicals [56]

If concentrated, increased in inhibition of cytotoxicity and [57]
cell transformation
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procedure that can provide information on most of the cited circumstantial differ-
ences. Several examples showing the relevance of a detailed definition of the miner-
alogical properties of the industrial samples with their spectroscopic features are also
discussed.

16.2 Activating factors in industrial CS-bearing materials:
examples

The determination of the factors affecting the physico-chemical (and toxicological)
properties of CS bearing materials is a not easy task. Indeed, they are numerous and
often interrelated [4]. In the following examples, we want to bring into focus the
CS-activating factors that can be studied independently of the particular production
line. All the reported examples deal with powders coming from different industrial
settings. The main aim of this section is to show that the use of several, mainly spectro-
scopic, techniques allows one to get information on the transformations undergone by
CS-bearing materials in industrial processes. Comments on the importance of these
transformations for the human health are also inserted.

16.2.1 Size distribution

Changes in size distribution and in the morphology of the crystals/particles may

occur as a result of various processes, including grinding or thermal stress (Fig. 16.1).

Several examples may be found in the literature that put in evidence the reduction

of the particle size in CS-bearing materials during processing in association with

thermal stress and/or mild mechanical activation [32, 36], different modes of physical
aggregation among particles [21-37], and in the presence of natural or artificial coat-
ings [28, 36]. All these features are generally not related to an experimentally evident
change in the mineralogical composition nor in the total CS content.

The knowledge of the changes in size distribution and morphology of particles is

important for four main reasons, i.e.:

1. There is an apparent correlation between the size distribution and the develop-
ment of new surfaces. These, in turn, are related to an increased cytotoxicity
under laboratory conditions [4, 27, 38]. The role of new surfaces, in fact, is consi-
dered one of the most significant in CS toxicity, as it has been pointed out in the
IARC recommendation [6].

2. The larger the number of small-size particles, the higher the reactivity that they
can finally experience. This fact is related to observed changes in both the chemi-
cal and radical speciation and the surface chemistry of CS particles.

3. It is largely demonstrated [39] that the particle size of bulk materials closely
determines the amount of suspended dust in an indoor environment and thus the
workers’ exposure.
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4. Studies report on some relationship among particle size, shape, crystallinity, and
health effects, which could go beyond the simple dose considerations [40—41]. These
relationships appear even more significant when nanosized particles are considered.

Fig. 16.1: Exemplar micrographs (magnification x 1000) exhibiting the variety of CS-bearing
industrial materials: (a) quartz and cristobalite, mixed with gypsum for gold micro-casting process;
(b) sands for blasting procedures; (c) sands for casting of non-ferrous alloys; (d) quartz mixed with
kaolinite and feldspars in a raw ceramic mixture.

16.2.2 Speciation of inorganic radicals

The change in the population of long living inorganic radicals can be considered as
one of the best markers of the reactivity occurring in CS-bearing materials. Numerous
studies (e.g. [42] and references therein) pointed out, in fact, that almost all quartz-bear-
ing geomaterials (i.e. those including most of the CS-bearing raw materials for industry)
contain variable amounts of radiogenic radicals. These radicals are very stable (their
half-life time being > 1 Ma; [42]) and recent studies [31] have pointed out that they can
persist also after robust mechanical treatment, as e.g. crystal crushing and grinding.
This radical speciation can be detected by conventional EPR experiments carried out
at T < 70 K: above this temperature, delocalization effects broaden the signal [42]. The
EPR signals of radiogenic radicals are observed in almost all the quartz-bearing materials
immediately before their inlet in a production process [39], because the quartz used in
the industrial production has a natural origin, i.e. is obtained by sands or gravels [8].
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During the production process, the radical speciation of the material, in general, and
of quartz in particular, can be modified or not, which depends on the type and strength
of the intervening treatment. The lineage of the radical speciation related to the surface
properties of CS could then be analytically followed by conventional EPR spectros-
copy. Three typical situations can be envisaged (Fig. 16.2): (i) the radical species do not
change (in raw materials after a robust milling under laboratory conditions [31]; in
concrete production; in some stone manufacturing laboratories [39]); (ii) new radicals
are added, but the radiogenic radicals persist (e.g. in ceramic production line [35]);
(iii) the original radical speciation is depleted below the detection limit, and new radi-
cals appear (e.g. in ceramic and cast iron productions [35-36]).

Y

Intensity (a.u.)

330 335 340 345 350

Processed CS

Intensity (a.u.) .
Intensity (a.u.)
Intensity (a.u.)

330 335 340 345 350 330 335 340 345 350 330 335 340 345 350
B (mT) B (mT) B (mT)

Fig. 16.2: Scheme of the possible changes undergone by radicals in CS, as detected by EPR spectra:
(A) a raw industrial quartz (modified from [31]); (B1) a mechanically activated (under laboratory
conditions) quartz powder (modified from [31]); (B2) a processed ceramic sample (modified from
[35]); (B3) a quartz sand processed in the cast iron production line (modified from [36]). All spectra
are registered at 35 K. Magnetic field values are expressed in millitesla.
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The knowledge of the relationship between the radical and its structural neighborhood
is necessary to detail the newly developed species. This information is in general not
easily achievable by continuous-wave EPR. The inorganic radicals associated to quartz
and CS-bearing materials often exhibit complex line patterns in their EPR spectra [43].
Conversely, once detected, the EPR spectrum of a specific radical, the investigation of
the sample by means of pulsed EPR techniques (i.e. electron spin echo spectroscopy,
ESE) allows one to get additional information on the nature, number, and geometrical
arrangement of magnetic nuclei in the neighborhood of the radical. Although limited
to a certain number of ESE-active nuclei such as H, C, Al, Na, Mn, and V, the informa-
tion provided by this technique can give significant details concerning the type and
stability of radicals. Successful results of this approach were obtained by Romanelli
etal., who detailed the structure of the h, radicals (Fig. 16.3) [31] and who obtained the
discrimination of the spectral features of h, and kaolinite radicals through the study of
three-pulse ESE nuclear envelope modulation of the investigated samples [35].

16.2.3 Chemical and mineralogical contamination

In its more general consideration, the relationship between contaminants and CS
activation can involve both the chemical and mineralogical species associated to CS
[24-25, 27-29, 31, 34-35].

Fig. 16.3: Structural model of the h, radicals as described by Romanelli et al. [31]. Red, white, blue,
and cyan show the O, H, Si and Al atoms, respectively.
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Considering the chemical contaminants, straightforward methods to determine the
change in the amount of minor and trace elements include spectrometric analyses
[27, 31, 35], performed after the dissolution of the sample, and/or X-ray fluorescence
spectroscopy [21, 25, 30]. This information, although valuable, lacks in the defini-
tion of the mineralogical phase in which the trace elements are occurring. Thus, an
analytical approach associated to microscopic inspection should be preferred [28].
The determination through a single particle analysis, available in scanning electron
microscopy (SEM) experimental set-up, appears particularly fruitful in this case. In
Fig. 16.4a, the occurrence of residual detritus of Ir-bearing phases during the polish-
ing of the artificial stone is shown. In this context, the contamination by Ir is certainly
due to the use of reinforced steels, which often contain Ir as hardener. This example
clearly shows how the identification of the mineralogical context of the contaminant
allows one to relate it to its probable source in the processing line.

Spectroscopic investigations obtain information about the presence of contami-
nation by redox active species. An example that can be considered is the identifica-
tion of a Mn(Il) contamination occurring when the material undergoes wet polishing
during the processing of the artificial stone, as determined by cw EPR spectroscopy
at 35 K (Fig. 16.4b) [34].

The complex relationship between CS and its chemical and mineralogical con-
taminants can be exemplified by the Fe speciation associated to raw industrial mate-
rials [33]. The Fe speciation in raw CS for industrial production was found to consist
of at least three species (Fig. 16.5): besides crystalline Fe(III) oxide, which is the more
obvious contaminant, metallic Fe and amorphous Fe(III) oxide were also detected.
These two species suggest a variability of the redox properties of the CS materials
(powders and sands), when properly activated in an industrial process. Elemental

Intensity (a.u.)
—
=

-
=

Fig. 16.4: (a) SEM back-scattered electron micrograph of the powders obtained by dry polishing of
artificial stone: the fragment of an Ir-bearing phase is visible in light gray color; (b) cw EPR spectrum
of the powders obtained by wet polishing of artificial stone: 5 of the 6 hyperfine lines of Mn(ll) sextet
as well as 8 of the 10 forbidden lines are clearly observable [58]; the narrow line at 346 mT is related
to the inorganic radicals. Spectrum registered at 35 K, and magnetic field values are in millitesla.
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Fe, in fact, is thermodynamically unstable in ordinary atmospheric condition and
moisture >50% [44], whereas amorphous Fe(IIl) oxide could represent a metastable
product prone to undergo to further reactions. Moreover, this species is supposed to
activate silica, due to the fact that the coordination sphere of Fe is incomplete [45].
A further example of Fe reactivity in CS samples is provided by [46], who proved
that tetrahedral Fe(IIl) replacing Si(IV) in quartz is almost completely removed after
mechanical activation.

bulk : surface : suspended dusts
5 R
a @
s j Fe(lll)o_,
| = h
,
()

Fig. 16.5: Schematic representation of the main Fe species contributing to its speciation in relation
to CS. In the bulk materials, Fe is internal to the CS structure, (a) tetrahedrally and (b) octahedrally
coordinated, respectively [59]; at the CS surface, (c) hematite-like particles, (d) amorphous Fe(lll)
oxide with unsaturated first coordination shell, (e) elemental Fe; in the suspended dusts: (f), (g),
and (h) suspended particles of CS, (c) and (d), respectively. In the suspended dusts, Fe occurs also
as (i) wustite-like particles, which possibly originated from an external source, or by reaction of (e),
which does not occur in this fraction [33].

16.2.4 Species selection in suspended dusts

Investigating the detailed nature of the CS-bearing materials involved in the industrial
production does not satisfy the need to identify and characterize the dusts to which
the workers are potentially exposed. As anticipated, most of the industrial samples
have a particle size distribution with a reduced, or in few cases negligible, breathable
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fraction. Generally speaking, all the spectroscopic signatures determined in an indus-
trial material are not necessarily preserved in its respirable fraction. Thus, it is worth
to also investigate the suspended dusts. For this kind of samples, the proposal of a
multianalytical procedure (see the next section) appears particularly suitable, as the
total amount of dusts obtainable under conventional sampling procedures is very low
(usually <1 mg of dusts over 8 sampling hours). Airborne dust samples exhibit specific
concerns about representativeness and reproducibility; moreover, both environmen-
tal and personal samplings are not exclusively linked to a specific critical working
place. Despite these drawbacks, the spectroscopic investigation of suspended dusts
resulted to be an effective method in highlighting general changes in the Fe specia-
tion with respect to the coarse dusts [33]. The XAS characterization performed by the
authors of this article, in fact, evidenced the presence of at least two reactive species
in the breathable dusts, i.e. Fe(II) oxide and the amorphous Fe(III) oxide, containing
Fe with an unsaturated coordination sphere, that are not present in the bulk materials
(Fig. 16.5). The latter species can be likely adsorbed at the quartz surface. Moreover,
the same investigation allowed the exclusion of the presence of metallic Fe in the
suspended dusts.

16.3 Procedure: sampling and investigation techniques

The study of industrial materials requires a proper design both in the sampling cam-
paign and in the number and type of involved laboratory techniques. A paramount
role is thus played by spectroscopic methods [47]. The basic assumption, in agree-
ment with the IARC conclusions [6], is the fact that sampling the CS-bearing materials
only at the beginning of the line cannot capture the whole variability of physical and
chemical situations of the whole line. Thus, the identification of specific points along
the production line where CS surface properties can be modified (hereafter labeled
“critical locations”) is mandatory. In order to capture the variability of workers’ expo-
sure to CS completely, a minimum of two different kinds of samples along a generic
industrial line process should be taken (Fig. 16.6):

1. bulk materials directly processed/involved in the production and/or coarse dust,
emerging from the production line and accumulated onto flat surfaces; these
materials should be sampled before and after a critical location;

2. suspended dust, i.e. the fraction of dust that has the highest probability to be
breathed by the workers.

The sampling campaign should take into account any available knowledge about the
production process, including technical details (number, localization and nature of
the thermal, chemical and mechanical processes involving CS) and hygiene surveil-
lance details (ways and amount of the exposure to CS, distribution of the dust within
the firm, results of the epidemiological surveillance). We want to emphasize that the
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Fig. 16.6: Scheme of the possible design of a sampling campaign around a critical location (as
defined in the text). Two stages of the industrial production line are identified, and corresponding
bulk and suspended dusts are sampled.

choice of sampling bulk materials, i.e. materials having granulometric features that
prevent their inhalation, is fundamental in providing information on the physical and
chemical changes occurring to CS downstream along the production line. This infor-
mation is then used for comparison with data obtained on suspended dust [33].

The details of the sampling of suspended dusts fraction are described elsewhere
(see e.g. the NIOSH or the NIS guidelines provided by [48-49]). Here is useful to recall
some general considerations:
i. The sampling procedures, which involve the use of personal pumps with cyclone

impactors, should be realized as closest as possible to the conditions applied for

surveillance operations, to get data comparable to the actual exposures measu-

red in place.

ii. Only the breathable fraction (i.e. the fraction of dusts having a mean particle size
<4 pm) should be sampled.
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iii. Only polycarbonate filters should be used, because they are not interfering with
the investigation techniques cited in the following. The drawbacks of the above
investigation scheme must be also discussed. First, the amount of dusts effec-
tively sampled onto the filter is very low (< 1 mg), thus generating problems with
the detection limits of many techniques. Second, the sampling of a solid/gas solu-
tion is often non-ideal, and statistical representativeness is difficult to achieve.
Accordingly, the choice of the sampler and its location in the working place are
parameters to be optimized [50-51].

Numerous techniques can be applied in the physical and chemical characterization

of CS-bearing materials to develop a deep knowledge of the fate of CS in the industrial

process. Since inorganic radicals, hetero-ions (namely Fe, because of its recognized
activity of modulation of the health effects of CS [6]) and/or associated minerals at the

CS surface, and surface morphology can be considered the most critical agents from

a toxicological point of view, a useful analytical procedure can be divided into three

kinds of characterization (Tab. 16.2):

1. Minero-chemical characterization, carried out through X-ray powder diffraction
(XRPD), SEM, and EDS microanalysis. This activity is aimed to provide informa-
tion about the presence and amount of CS, the type and amount of mineralogical
associated phases, the chemical composition of the material, the particle mor-
phology, and the occurrence of fresh fracturing of the particles.

2. Characterization of the long-living radical species, carried out through EPR and
ESE techniques [41]. This activity enables to detect markers of occurred reactivity
before and after a selected critical location along the industrial line.

3. Characterization of the Fe speciation through EPR and XAS. This activity allows
to trace the distribution of Fe among the observed mineralogical species and
especially in relation to CS. Moreover, the total amount of Fe and the valence
state of Fe species through the production line can be monitored.

Tab. 16.2: Characterization procedure: proposed techniques and expected results.

Technique Expected results

Morphology and size of the particles, microchemical analysis,
inclusions of microscale contaminants

Phase composition, quantitative CS determination,

average particle size

Radical speciation, Fe(lll) speciation, selected transition element
determination

3 XAS (C) Total Fe speciation, (possible) speciation of relevant ions.

SEM/EDX (A)
XRPD (B)

2 EPR/ESE (C)

A = destructive; B = partially destructive, the sample is modified by homogenization and, if needed,
grinding; C = not destructive.
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One of the advantages of choosing such a multianalytical procedure resides in
the fact that an a priori knowledge of the changes occurred to the surface features of
CS cannot be properly envisaged. Changes could be numerous and different in type
and also concurrent [36]. Moreover, it appears appropriate to pursue a multianalytical
approach able to couple the micromorphological characterization with the investiga-
tion of the sample at the “molecular level”, at which the pathogenic effect is proposed
to be operating [1-4].

A concluding methodological remark relates to the applicability of the present
procedure. Apparently, the coupling of designed sampling strategy and multianalyti-
cal approach has a general application in the study of all kind of industrial CS-bearing
material. However, the generalization of the results arising from different production
lines (the comparison of results obtained in e.g. the ceramic and sand blasting pro-
cesses) is basically hindered [39]. In our opinion, this multianalytical procedure could
also be applied to characterize other toxic particulates, as asbestiform minerals and
urban particulate matter.

16.4 Conclusions

The peculiar procedure proposed here points to the application of specific analyti-
cal techniques that can investigate chemical, physical, structural features, as well
as radical speciation, to get information on the nature of the materials during the
production process. More precisely, changes undergone by CS in the production pro-
cesses can be fully characterized. The results can help in determining the critical
location in the line productions where key factors are active. Namely, the comparison
between data from bulk material and corresponding suspended dusts is important;
indeed, it can contribute to clarify the reasons of the variability of manifestations of
human diseases. We want to stress the necessity to address the future research on this
subject as closest as possible to the dusts effectively breathed by the workers, sorting
out the specificities of the most relevant production processes. Studies finalized to the
investigation on the interaction between activated CS-bearing materials and biologi-
cal materials need to be continued. The study of the molecular interactions between
the inhaled material and biological fluids, cellular components, and tissues represent
a further step for a comprehensive definition of the pathogenic mechanisms.
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