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Abstract

This dissertation is concerned with the morphogenesis of self-assembled silica-carbonate
composite materials, referred to here as biomorphs. The synthesis of these materials
involves very simple precursors; an alkaline barium-rich sodium silicate solution. The
absorption of carbon dioxide from the air promotes precipitation of these complex
materials within hours. Biomorphs are self-assembled composite structures, com-
posed of nano-crystalline barium carbonate and amorphous silicate. A characteristic
of these aggregates is their hierarchical structure at different length scales. On the
nano-scale, they consist of elongated silica coated carbonate crystallites exhibiting ori-
entational ordering. Although this ordering varies between morphologies, in most
cases the witherite c-axis is aligned along the growth direction of the aggregate. The
exceptions include ‘bands’ and ‘palm trees’, morphologies synthesised at elevated
temperatures, in which the c-axis is perpendicular to the growth direction. Palm trees
are, in contrast to other morphologies analysed, not polycrystalline, and are therefore
a special case of carbonate growth in the presence of silicate. Helical morphologies
are in most cases surrounded by a nm-thick silica skin, which is retained as a hollow
cast after dissolution of the carbonate entity. On the micron-scale, a wide variety of
morphologies are observed depending on reaction conditions. This dissertation ex-
amines their morphogenesis, and the effect of synthesis conditions on morphologies,
by employing a range of techniques; particularly electron microscopy and crystallo-
graphic analysis. Detailed analysis of the biomorphs result by varying temperature,
pH, sodium silicate and barium chloride concentration is outlined. The morphological
change observed with a change in reaction conditions suggests that the formation of
these complex morphologies is believed to be coupled to both crystallographic and
reaction-diffusion relationships. Silica effectively poisons the growth of witherite,
which results in nano-sized crystals encapsulated in silica and epitaxial relationships
between the carbonate crystallites results in partial orientational ordering among the
crystals

Biomorphs demonstrate that inorganic abiotic materials are not only restricted to
classical crystallographic morphologies with angular facets, but can display a wide
range of curved, helical intricate morphologies which are normally considered to
be exclusive to the biological world. In all cases the biomorphs studied here are
composed of nanocrystalline barium carbonate when a sufficient amount of sodium
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silicate is present in the solution.

The very life-like morphologies exhibited by biomorphs have further implications
to the identification of the earliest of life forms. With the aim of testing the criteria
for the identification of early life, this dissertation examines biomorphs as potential
pseudofossils. Biomorphs may display both chemical and morphological resemblance
to some of the oldest microfossils on Earth and, as such, raise a number of problems
in how we distinguish abiotic from biotic material; obviously a crucial element in
the identification of fossilised microorganisms. Abiotic fossil-like biomorphs, with a
kerogenous exterior, are produced from the adsorption and condensation of simple
hydrocarbons. Such kerogenous biomorphs fulfil all currently accepted criteria for
ancient microfossil identification. Geochemical investigations of a carbonate-chert
rock from the Dresser formation, dating from the Archean, indicates that the chem-
ical conditions giving rise to biomorphs could have been unavoidable in Archean
times. As such, one can argue that biombrphs confuse the distinction between bona
fide microfossils and abiogenic artifacts. However, if it can be shown that the pre-
vailing geochemical conditions of microfossil localities are not consistent with the
requirements for biomorph precipitation (high pH, barium, strontium, or calcium-rich
siliceous environment), then biomorphs can be excluded as pseudofossils.
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Chapter 1

Introduction

1.1 Abiotic vs. biotic morphology

The elaborate skeletal structural designs displayed in many biominerals have long
fascinated both the everyday shell collector as well as the research community. In the
year 1872, Pieter Harting (1812-1885) published a landmark paper (Harting, 1872a),
which would become one of the first of many in the emerging science of biominerali-
sation. Harting realised that the ability of an organism to produce intricate functional
structures lies in the intimate interaction between organic and inorganic matter. By
combining inorganic salts (calcium, magnesium salts, and carbonates, phosphates)
with biological organic matter, such as blood, albumin, and chopped oyster meat, a
great variety of structures were produced. Harting named these calcium carbonate-
based abiological precipitates calcospherites, structures that indeed look very similar to
certain biominerals (see Figure 1.1 A) (Harting, 1872a; Olivier et al., 1995). Harting’s
calcospherites were indeed abiotic, but nevertheless precipitated in the presence of
biotic organic matter. It soon became clear that organic material is not necessary for
producing life-like structures. In the late 19th century, Alfonso L. Herrera (1868-1942)
and others, studied specifically alkaline earth carbonates and phosphates precipitated
in silica as an experimental model for the origin of life. As in Harting’s experiments,
but without the influence of organic matter, Herrera observed an amazing morpho-
logical variety among the precipitates produced, a system very similar to the one
analysed in this dissertation (see Figure 1.1 B) (Herrera, 1912). Moore and Evans
(1915), and Moore (1915) also observed peculiar structures that grew from metastable
colloidal solutions containing silica with and without colloidal ferric hydrate. These
precipitates show filamentous morphologies, that in some cases branch and form a
three-dimensional network of interlinked fibers. The very life-like character of these
abiotic structures convinced histologists at the time that cotton filaments had contam-
inated the solution. However, chemical examination of the structures proved they
were not made of organic material (Moore and Evans, 1915). This serves as an early
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Figure 1.1: P. Harting’s drawings of calcospherites (A) and A. Herrera’s drawings of unusual
calcium and barium carbonates and phosphates grown in concentrated silica solutions (B).
Adapted from Harting (1872b) and Herrera (1912).

example of the difficulty in establishing the origin of a structure based on morphology
alone. Even though it is not always explicitly stated, there is a common misconception
that inorganic matter always adopts facetted and euhedral morphologies (Garcia-Ruiz
etal., 2002). However, inorganic abiological structures can display morphologies very
similar to biological counterparts, and the distinction between inanimate and animate
structures is therefore not so clear. The ability to differentiate between biological and
abiological matter is especially crucial within the field of palaeontology, where fossils
are identified largely based on comparative morphology and chemistry of the struc-
ture (see Chapter 5). It is then interesting to note, that even though it was realised
early on that morphological identification can be dubious, it is still one of the main
tools for identifying fossils, especially of microorganisms. Identification is made more
difficult by the fact that the carbonaceous chemistry of such microstructures can be
mimicked by inorganic reactions indifferent to the presence of biology. This was also
realised very early on. Moore and Webster (1913) showed experimentally that simple
organics can be produced from inorganic precursors, in this case from dilute solutions
of ferric or uranic hydroxides using sunlight as energy source. Moore, and coauthors,
had then shown that both complex morphology and organic chemistry is not indica-
tive of life, and this was at the beginning of the 20th century! Unfortunately, this
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Figure 1.2: Design of cells used for silica gel experiments producing biomorphs.

knowledge seems to have been largely forgotten within the palaeontology community
until recently, when Archean microfossils, claimed to be the earliest traces of life, as
well as reports of microfossils found in a martian meteorite, were up for scrutiny. The
earliest traces of life, enclosed in ancient sediments, are most often characterised as
remnants of living organisms based on comparative morphology to modern biota. In
particular ancient rocks, where the chemical and geological history is not obvious,
such identification tools are problematic.

The close morphological resemblance of abiotic inorganic precipitates to ancient
microfossils is at the heart of this dissertation. Self-assembled silica-carbonate struc-
tures, called biomorphs, show great morphological diversity depending on the reac-
tion conditions used during synthesis (see front page of this dissertation for examples
of biomorphs). These structures serve as a modern example of how difficult it can
be to distinguish between a bona fide microfossil and abiotic structures. From the
material science point of view, these self-assembled silica-carbonate structures are
fascinating as they can serve as a laboratory model for biomimetic chemistry; chem-
istry, inspired by biomineralisation, to synthesise new ceramics and materials with
hierarchical structure and complex form.

1.2 Biomorphs: A brief review

What are biomorphs? For the purpose of this study, biomorphs are self-assembled
silica-carbonate composite structures that display a wide range of life-like morpholo-
gies depending on reaction conditions.

In the late 1970s, during his doctoral studies, Juan Manuel Garcia-Ruiz discovered
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Figure 1.3: The change in morphology with pH observed for gel grown biomorphs (Baird
et al., 1992).

these peculiar carbonate aggregates grown in silica gels, similar to the ones described
by Herrera almost 70 years earlier (Baird et al., 1992). Again, an amazing morpholog-
ical variety was observed in these gels. Twisted ribbons, worms, sheets, and globular
structures, to name a few, were encountered in this system (Garcfa-Ruiz and Amarés,
1981). The precipitation technique used to synthesise biomorphs is envisioned in Fig-
ure 1.2, where counter diffusion of an alkaline earth metal (Ca, Ba or Sr) solution with a
carbonate solution through a silica gel give rise to biomorphic aggregates (Garcfa-Ruiz
and Moreno, 1985). As the diffusion progress through the gel, pH is locally reduced
and precipitation of different silica-carbonate biomorphs take place at different loca-
tions throughout the gel. However, biomorphs can also be precipitated in alkaline
barium- or strontium-rich silica solution, where the absorption of carbon dioxide from
the air promotes the carbonate precipitation (Garcfa-Ruiz, 1998, 2000). This technique
will be used throughout this dissertation.

A characteristic of biomorphic aggregates is their hierarchal arrangement at differ-
ent length scales. On the micron scale, widely different morphologies can be produced
depending on the reaction conditions. In the barium or strontium carbonate case, us-
ing a 0.5 M BaCl; or SrCl; solution at pH >10.2 in a silica gel, some of the aggregates
show twisted, braid-like morphologies that can grow up to millimetres in length. It
was originally observed that only left-handed twisted structures developed during
growth (Garcia-Ruiz and Amarés, 1981), however, later equal numbers of right- and
left-handed twisted structures were acknowledged. Baird et al. (1992) investigated
the effect of pH, ionic strength, and gel-media (agarose, silica, and silica-agarose) on
morphogenesis of the aggregates, using agarose made nominally with 0.5 M BaCl.
In all experiments conducted, the first precipitates were observed within 3 hours, and
continued to grow for up to 5 days. Generally, larger and more elongated aggregates
were formed in the direction away from the interface between the gel and the BaCl,.
In agarose gel, dendritic BaCO; grew at pH below 9.5, whereas higher pH resulted in



Figure 1.4: FESEM images of the three principle twisted aggregates; Twisted ribbons (A),
double helix (B), and worm (C). Insets show very basic sketches of the cross-section. Note: the
sketches are not drawn on a relative scale.

spherulitic BaCO;. The reason for this morphological change was assigned to elevated
concentrations of carbonate ions at this pH. In gels prepared with silica, regardless
whether it was mixed with agarose or not, spectacular biomorphic morphologies, typ-
ical for silica-gels, were observed. The morphological change observed with change
in pH in this system can be seen in Figure 1.3. It is noted that complex biomorphic
aggregates are only obtained at high pH. Sheets and spirals often grow from a glob-
ular starting point, sometimes from the same aggregate, however, spirals were also
observed growing from the tip of sheets (Baird et al., 1992). The sheets can vary in
curvature, from trumpet-like to flat, although, the somewhat saddle-shaped sheets are
most commonly observed. Most sheets are heart-shaped, and grow radially outward
from the rim of the sheet. In some instances this rim curls around on itself, and when
two such ‘lips’ curl in opposite directions, a twisted ribbon can grow outward from the
meeting point of these lips (Garcia-Ruiz et al., 2002). Three types of twisted structures
have been observed, which can be classified according to the size of the lip-curling,
and the extent of overlapping of successive twists (see Figure 1.4). Twisted ribbons are
characterised by a small degree of lip-curling, whereas double helices have larger lips,
and look like tightly wound ropes. In worms, on the other hand, no typical scrolling
is observed, and a single helix is seen with a large degree of overlapping between
successive layers (Garcfa-Ruiz et al., 2002). The degree of overlap can vary within a
single twisted aggregate (Garcia-Ruiz and Amarés, 1981), and at times a continuous
development from twisted ribbon to double helix to worm can be seen (Garcia-Ruiz
et al., 2002).

Additives, such as ethylene glycol, did not have any effect at all on the morphol-
ogy produced, sodium chloride however did. Addition of NaCl, or more specifically,
using HCI to lower the pH before gelling instead of an ion exchange resin, facili-
tated the precipitation of complex morphologies at lower pH, where normally only
dendritic structures are observed (Baird et al., 1992). For instance, Garcia-Ruiz and
Moreno (1997) showed that twisted ribbons could be grown in silica gels at pH 9.5,
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and a constant average growth rate of 20-50 ym per minute was observed for such
filaments. Increasing the temperature to 55 °C resulted in longer and thinner fila-
mentous structures compared to room temperature. Several twisted ribbons, around
1 ym in diameter, emerged from a central cluster and grew, from a central point, up
to 10 mm in length. The temperature dependence on the size of the twisted ribbons
was suggested to be associated with a lower concentration of dissolved carbonate
and a faster silicate polymerisation at higher temperature (Garcia-Ruiz and Moreno,
1997). Increasing the carbonate concentration results in longer (up to 50 mm) and
wider (> 0.2 mm) filaments, structures that has a double twist and coils around itself
(Garcia-Ruiz and Moreno, 1985). Reyes-Grajeda et al. (2002) showed that the addition
of L-aminoacids also have an effect on the morphology produced.

On the nano-scale, these amazing aggregates consist of nanometer sized elongated
carbonate crystals that show strong orientational ordering within a silica matrix. These
rod-like crystals are stacked in a twisted way to build up the polycrystalline interior
of the aggregate, that is then covered by an outer silica skin. Viewed under crossed
polarisers, these sheets show contours of birefringence colours (Maltese crosses) in-
dicative of a high degree of orientational ordering of the crystallites, such that the
fast axis (c-axis) radiate outward from the centre of the sheet. This observation has
been confirmed with SEM analysis of these sheets, showing that they are composed
of crystals radiating from the centre of the aggregate, aligned parallel to the c-axis
(Garcfa-Ruiz and Moreno, 1985; Baird et al., 1992). By dissolution of the carbonate
entity with a weak acid, the silica skin can easily be seen as a perfect hollow cast of the
original structure (Garcfa-Ruiz and Amarés, 1981).

Terada et al. (2003) investigated strontium carbonate biomorphs grown in silica gel
with various carbonate concentrations (0.001-1.0 M) and pH (7.0-10.5), using a 1.0 M
strontium chloride solution, and hydrochloric acid to gel the silica sol. Again, it was
shown that the morphology changed depending on pH. At pH between 7.5 and 10.0,
spherical aggregates consisting of pseudo-hexagonal aragonite-type clusters, that at
the higher pH end also displayed platy fibrous subunits. At pH 10.5 petals, consisting
of intertwined sheets, which often showed helical morphologies at the top of these
sheets, were formed. The morphological evolution recorded with time can be seen in
Figure 1.5, where the first precipitate showed dumbbell-like morphologies that with
time closed up into spherical aggregates. Further growth resulted in pitted aggregates,
and preferential growth at the tip of the ‘veins’ resulted in petals with sheet-like mor-
phology. In the final stages of growth helical morphologies were produced at the tip of
the petals. These petal-like aggregates were found in silica gels containing relatively
low carbonate concentrations between 0.001-0.1 M. Using higher concentrations (1.0
M) produced dendritic and dense-branching morphologies. It was shown by TEM
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D

Figure 1.5: SEM images showing the morphological evolution of strontium carbonate
biomorphs grown in silica gel at pH 10.5 with time; A05h; B2 h; C6 h; and D 9 h. he-
lical morphologies often grew from the tip of the petals (E), and acid treatment of such an
aggregate leaves the 3-D silica structure intact (F). Adapted after Terada et al. (2003).

analysis, that the sheets of the petals consist of elongated subunits with a diameter
between 40-60 nm, which in turn have crystalline carbonate centres, 10-20 nm in di-
ameter, aligned along the c-axis. Each individual carbonate crystallite was covered
in an amorphous phase. Furthermore, it was shown that the c-axis and possibly also
the b-axis were parallel to the surface of the sheets. Analysis of the change in subunit
size and aggregate composition with pH showed that subunit diameter decreased,
and was followed by an increase in Si/Sr atomic ratio, with an increase in pH. These
changes occurred rapidly around pH 10, where these complex morphologies grow. For
instance, at pH 10.5 the subunits had a diameter of between 40-60 nm as mentioned
before, and the aggregate a Si/Sr atomic ratio of around 0.55, whereas at pH 10, the size
were just slightly larger, ~ 70 nm, and the Si/Sr atomic ratio was reduced to around 0.1.
In contrast to earlier reports (Garcia-Ruiz and Amaroés, 1981; Garcia-Ruiz and Moreno,
1985; Baird et al., 1992; Garcia-Ruiz, 1998), the twisted aggregates showed, upon dis-
solution of the crystalline carbonate entity, a gel-like silica structure that retained the
3-D morphology of the aggregate, but was devoid of an outer colloidal silica skin (see
Figure 1.5 F).

Calcium carbonate biomorphs show quite different morphologies compared to
their barium or strontium counterparts. At a pH of 10 and CaCl; of 0.5 M, aggregates
with sheaf of wheat morphologies are obtained (see Figure 1.6 A), as well as finger-like
structures (Garcia-Ruiz and Moreno, 1985; Dominguez Bella and Garcia-Ruiz, 1986,
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Figure 1.6: SEM image of a CaCO; biomorphs with banded sheaf of wheat morphology (A).
Different kind of fibre design observed in banded (far left) and non-banded sheaf of wheat
aggregates. Adapted from Dominguez Bella and Garcfa-Ruiz (1986).

1987). In the sheaf of wheat structures, three different textural crystal arrangement
have been found; structures with concentric banding, and structures without banding
that can adopt two different fibre types. The banding of some structures is due to
the presence of radially arranged micro-sheaf of wheat particles, composed of calcite
rhombohedra with the c-axis aligned along the fibre length (see Figure 1.6 B). The
presence of calcite crystals without physical contact in these fibres suggests a silica-
mediated growth. It has also been shown that these banded structures have a growth
rate between 33.4 and 111 um/day, which is very much higher than single crystals
of calcite precipitated in a tetramethoxysilane gel. It was therefore suggested that
the silicate has a catalytic effect on nucleation and growth, which affects the final
morphology of the aggregate (Dominguez Bella and Garcia-Ruiz, 1987). The sheaf of
wheat structures without banding, on the other hand, are also built up by fibres but
with a quite different morphology and arrangement of crystals. In this case, the fibres
possess a 3-fold symmetry element, where each ‘rib’ contains calcite crystals arranged
along the c-axis (see Figurel.6 B).

Imai et al. (2002) and Imai et al. (2003) found quite different CaCO3 morpholo-
gies prepared with 1.0 M CaCl; in gels with [Na;COs] ranging from 0.001-1.0M.
At low pH (~ 8), rhombohedral calcite was the main product, however, clusters of
pseudo-hexagonal aragonite crystals were also precipitated. With an increase in pH,
the aragonite aggregates became more and more complex, displaying porous and
coral-like morphology at pH 10.5 (see Figure 1.7 A-D). These porous structures were
composed of platy aragonite subunits, estimated to be around 30-80 nm in size from
XRD patterns. It was also shown that the morphological change that occurred with
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Figure 1.7: SEM images of CaCO3; biomorphs with coral-like morphology (A, C), produced
at pH 10.5. Images B and D show the porous and platy nature of the aragonite biomorphs
in A and C respectively. Adapted from Imai et al. (2002). SEM images of the morphological
evolution of calcitic three-pointed stars, from classical rhombohedral calcite observed after 1h
(E), to a roughening of the {11-40} surface by growing edges perpendicular to the c-axis, and
parallel to the {11-20} planes, observed after 12h (F), to large three-pointed stars, observed
after 72 h (G). The fractal-like hierarchical behaviour of the calcitic stars is seen in G, where
the overall morphology is composed of smaller, 1-5 um stars, which in turn are composed of
even smaller, 0.1-0.5 um, stars. Adapted from Imai et al. (2003).

an increase in pH also resulted in smaller subunits with a higher silicon content. By
dissolving the CaCOj3 content with 0.1 M HCI, the full 3-D morphology of the silica
within the aggregate was revealed. Surprisingly no outer silica membrane was ob-
served. The precipitation of these aragonite structures were accompanied by a large
amount of calcite. However, using aragonite needles as crystallisation seeds, only the
porous aragonite structures were produced. Interestingly, the calcite produced was
also affected by the presence of silicate. Imai et al. (2003) described the progressive
evolution of calcite rhombohedra to three-pointed stars (see Figure 1.7 E-G) as an effect
of the increased silicate to carbonate ratio during crystal growth. At the early stages
of growth, when the carbonate concentration was high, calcite rhombohedra formed,
displaying classical {10-14} faces. As the carbonate concentration decreased during
growth, the presence of silicate anions showed increasingly suppressive growth on the
{11-20} planes, inducing the morphological evolution of three-ponted stars. Although,
silicon was detected on the surface of these structures, no silicate encapsulation of the
calcite crystals was observed, as was the case with the porous aragonite structures
produced in the same experiment.

Compared to gel-derived biomorphs, relatively little has been written about such

aggregates grown in silica solution. It has been noted that the same morphological
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Figure 1.8: The change in morphology with pH observed for sol grown biomorphs. Scale bar
in A50 yum, B5 ym, C 10 um, and D 20 ym (Garcia-Ruiz, 1998).

sequence can be obtained in the two systems. In the gel, larger morphological variety
is observed in a single experiment as the diffusion of the metal chloride through the gel
gradually changes the reactions conditions. In the sol based system, the morphologies
observed can be traced in a line across the gel (Garcia-Ruiz, 2000).

Changing the pH in silica sol-based experiments also gave rise to different mor-
phologies (see Figure 1.8) (Garcia-Ruiz, 1998, 2000). Using a 250 ppm silica solution
Garcia-Ruiz (1998) systematically analysed the change in morphology with pH, al-
though, no specific BaCl; concentration was given. At pH below 9.5 no precipitation
was observed, due to the low carbonate concentration in equilibrium with the atmo-
sphere. However, at higher pH between 9.2-10.0, globular aggregates consisting of
radiating crystals from a single crystal core, are observed. Between pH 10.0 and 10.3
large vesicles developed, with time, into ‘encapsulations’, rosettes, sheets and helical
aggregates. These aggregates were described as hollow, having a wall of tenths of
microns thick which in turn was characterised by a silica rich inner part, and carbon-
ate rich phase on the outside. At even higher pH precipitation is observed within 5
minutes, yielding the very same morphologies having, but with a much smaller size
of around 5 um. It was also indicated that increasing the silica concentration would
result in the same morphological evolution, but at slightly lower pH (Garcia-Ruiz,
1998).
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Mechanism of biomorph formation?

Since the ‘rediscovery’ of these strange and beautiful structures by Juan Manuel Garcia-
Ruiz in the 70s, the morphological origin of such spectacular growths has been, to say
the least, puzzling. Essentially two models have been proposed for the formation of the
complex morphologies observed in silica-carbonate systems. The first one, referred
to as the ‘top-down’ model, suggests that the overall morphology is derived from
the presence of the outer silica skin, that in turn determines the structural ordering
of the carbonate crystallites within. The second one, referred to as the ‘bottom-up’
model, describes the 3-D morphology as originating from the self-assembly of the silica
encapsulated carbonate crystallites (Hyde et al., 2004). In both cases, the formation of
biomorphs is a result of a close interaction between silica and carbonate precipitation.

The top-down model has primarily been advocated in the early work by Garcia-
Ruiz and coauthors, as a silica skin was apparent on their precipitates. Garcfa-Ruiz
and Amarés (1981) argued that the sheer presence of this membrane, easily seen upon
dissolution of the carbonate interior, was indicative of the power of this membrane
to control the crystallites” ordering, and therefore the global morphology. It was
further suggested that the skin was formed by the catalytic effect of carbonate groups
on metal silicate hydration, which induce the arrangement of the simultaneously
growing carbonate crystals (Garcfa-Ruiz and Moreno, 1985). Baird et al. (1992) also
noted that the tip of the growing helical aggregates is devoid of silica , and came to the
conclusion that the development of the twist could be accounted for by the induced
strain between the skin and its interior.

The chemical similarity between chemical gardens (see Section 2.3.3) and biomorphs
led Garcfa-Ruiz and Moreno (1985) to suggest that the same formation mechanism
must be in place, i.e. an osmotic pressure driven chemical reaction. As it has been
noted that, in some cases, twisted aggregates can grow from the gel into the overlying
BaCl; solution, sustaining constant geometrical morphology, this was interpreted as
an indication that the growth of these aggregates is not due to the formation of dis-
sipative structures caused by fluid instabilities (Garcia-Ruiz and Moreno, 1997; Hyde
et al., 2004).

Imai et al. (2002) and Terada et al. (2003) proposed a very different formation mech-
anism for biomorphic growth, as no external silicate membranes were ever observed
in their systems. Terada et al. (2003) suggested that the complex morphologies arise
as a consequence of the high solubility of silica at high pH, which are enabled to
absorb on preferentially high anionic sites instead of carbonate anions, when silicate
ions are the most dominant species of the two. That is to say, the morphology is con-
trolled by the silicate to carbonate molar ratio. They identified three possible modes
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Figure 1.9: Schematic drawing of the aragonite-type (001) plane, showing three modes having
high anionic sites, where silicate can absorb. Adapted from Terada et al. (2003).

of adsorption of silicate, envisioned in Figure 1.9. Mode C, which involves linearly
arranged carbonate ions on the {110} planes, was determined to be the preferred mode
of adsorption, since the other two are stressed as they adopt a zig-zag fit. However,
depending on the carbonate in question, Modes A and B can be more or less probable
to adsorb soluble silicate. As the a/b-axes ratio varies between the aragonite-type
carbonates (CaCOj 0.622, BaCOs3 0.597, SrCOj3 0.607), it indicates that in BaCO3 and
SrCO3 Mode B is more stressed, and Mode A less so, compared to the CaCO; case. For
BaCOj3 and SrCOj3 then, Modes A and C are active, and adsorption of silicate at these
sites induce polymerisation through dehydration reactions, thereby suppressing the
growth in the a-direction while some growth along the b-direction was envisioned.
This was the case observed for the SrCOj sheet-like structures, where the c-axis was
elongated and the b-axis was parallel to the growth direction of the sheets. The overall
morphology of the aggregates was attributed to instabilities on the growing surface
of the initial spherulites, in which pitting of the surface occurred. The growth of the
sheets were envisioned as a self-catalytic mechanism in a diffusion field, from which the
sheets adapted their thickness from the width of the pits on the surface (Terada et al.,
2003). A similar mechanism was thought to have caused the formation of the porous
coral-like aragonite aggregates. In the CaCOj case, silicate anions preferentially ad-
sorb to {110} planes (Mode A in Figure 1.9) and thereby inhibit growth, resulting in
elongated crystals along the {110} and c-axis directions. Completely silica-covered
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crystals then show platy appearance, with random branching, that self-assemble to
produce the final 3-D porous structure (Imai et al., 2002).

Data collected during this dissertation allows more refined consideration for or
against competing models of formation.

Naturally produced biomorphs and relations to early life detection?

As was mentioned earlier (see Section 1.1), non-facetted morphology is not exclusive
to life. Or as Garcia-Ruiz (1994) put it:

"The existence of these kinds of inorganic precipitates clearly shows that
the distinction between “inorganic and organic symmetry” cannot be con-
sidered to have a sound basis.”

Garcfa-Ruiz (1994) further pointed out the morphological similarity between biomorphs
and microfossils, and concluded that these kind of abiological structures should be
taken into account when deducing the origin of a microfossil-like structure. Geochem-
ically, all that is needed to produce biomorphs is an alkaline silica rich environment
(gel or sol) and a source of barium, strontium, or calcium. These conditions are
quite rare on modern Earth, but were possibly wide-spread in Precambrian times (see
Chapter 5). Naturally produced biomorphs could therefore have been inevitable, and
would be preserved in chert, just as microfossils most commonly are. Even though no
accounts of naturally produced barium or strontium carbonate biomorphs exist, some
indication of silica-modified carbonate precipitates are known in the form of calcite
herringbone textures. Calcite herringbone is a chemical precipitate similar in texture
to the sheaf of wheat structures described in previous section (see Figure 1.6), and
were apparently common in Archean times (Sumner and Grotzinger, 1996b,a).

‘Biomorph”: its origin and use

Since there has been some commotion over the use of the term biomorph for these
silica-carbonate aggregates (Hofmann, 2004), it is appropriate to give an explanation
for why this is. Juan Manuel Garcia-Ruiz named these growths ‘biomorphs’! after
Richard Dawkins work, due to their life-like morphology. Dawkins used the term
in his book ‘The Blind Watchmaker’ to describe life-like structures developed by
his computer sofware (Dawkins, 1988). These structures represent the simulation of
evolution, where the user plays the role of natural selection, on a set of 16 genes
applied to stick models. Indeed, various insects, trees and other life-like structures

!Biomorphs were, however, previously called induced morphology crystal aggregates (IMCAs), but will
hereafter be termed biomorphs (Garcia-Ruiz, 1994).
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canbe produced (Dawkins, 1988). The word ‘biomorph’ (from Greek Bios life + Morphe
form) was, according to Dawkins, first coined by author and artist Desmond Morris
who used this word to describe life-like shapes in his surrealist paintings. They
are called biomorphs because they are ‘biological in concept, but not representing
a specific animal’. According to Morris the structures evolve in his mind and it is
possible to follow their development in successive paintings (see Fig 1.10) (Morris,
1987). Although Dawkins claims that Morris coined the word, it appears in earlier
publications. In 1895 A.C. Haddon describes the term as follows (Haddon, 1895):

‘The biomorph is the representation of anything living in contradistiction
to the skeuomorph, which...is the representation of anything made, or of
the physicomorph which is the representation of an object or operation in
the physical world.’

The Oxford English Dictionary? describes biomorph as ‘a decorative form repre-
senting a living object’. A similar definition of the word biomorph is given on two

other web-based dictionaries? as;

‘A nonrepresentational form or pattern that resembles a living organism in
shape or appearance’

A definition of the adjective biomorphic is given on Britannica Online as ‘resembling
or suggesting the forms of living organisms™. So, biomorphs per se are viewed as
‘resemblances of biological form’.

There has been some dispute over the use of the term biomorph applied to the silica-
carbonate structures. Hofmann (2004) suggested the term ‘abiomorphs’ for abiotic
precipitates resembling biological morphologies, but failed to give a reason for this
terminology change. Since the word biomorph has solely been used to describe non-
living creations with morphologies similar to biological forms there is, in my opinion,
no reason to stop using biomorph as a name for our silica-carbonate aggregates.

1.3 Organisation of this dissertation

This dissertation investigates the morphogenesis of biomorphs using the sol-based
synthesis under different initial conditions. The aim is to acquire further experimental

2dictionary.oed.com/cgi/entry/50022354?single=1&query_type=word&queryword=biomorph&
first=1&max_to_show=10, Urldate: 2005-08-18

3www.thefreedictionary.com/biomorph, www.answerbag.com/t_view.php/428}, Urldate: 2005-08-
18

‘www.britannica.com/dictionary?book=Dictionary&va=biomorphic&query=biomorphic, Url-
date: 2005-08-18
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Figure 1.10: Desmond Morris’ surrealist painting of biomorphs Disturbance in the colony.
Adapted, with permission from the artist, from www.desmond-morris.com/index.php.

evidence of how such variations arises, which could aid the development of formation
mechanisms, or support the ones described in this chapter. This dissertation is also
concerned with questions regarding how such life-like structures can influence the
identification of ancient microfossils. Is it possible to distinguish between bona fide
Archean microfossils and silica-carbonate biomorphs?

The thesis essentially consists of two parts; Chapters 2 - 4 are concerned with
the theory and characterisation of biomorphs, whereas Chapters 5 and 6 investigate
the morphological and chemical similarity of biomorphs to some of the world’s most
ancient microfossils.

In Chapter 2 a review of carbonate and silica chemistry is given, where the crys-
tallinity, solubility, and precipitation of such materials are discussed. Specifically, the
interference of foreign substances on the morphogenesis is of most particular inter-
est in relation to biomorphs. Self-assembly theory is briefly encountered, as well as
biomineralisation.

Chapter 3 presents experimental results of the various morphologies thatarise from
different synthesis conditions. Chapter 4 presents a discussion on different models
that can account for such morphological variety.

In Chapter 5 the Archean environment, in terms of ocean and atmosphere com-
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position, is discussed. The nature and identification techniques used to characterise
early life is also presented, which will be compared to biomorphs in Chapter 6.
Conclusions and suggestion for further work are presented in Chapter 7.



Chapter 2

Self-assembly in silicate-carbonate
systems

2.1 Introduction

This chapter includes an overview of crystal structure and formation of the common
carbonates, especially witherite, strontianite and the calcium carbonates. Silica chem-
istry is also discussed with particular focus on polymerisation and colloidal chemistry.
This chapter also outlines self-assembly in general, and its relation to biomineralisa-
tion and biomorph precipitation. This will provide valuable information in subsequent
chapters when trying to determine the origin of the morphology of biomorphs and
theories of their formation.

2.2 Carbonate chemistry

As carbonate chemistry is an intricate part of precipitation of biomorphs, this section
will give an introduction to carbonate crystal structure, dissolution and precipitation
behaviour. Chapters 5 and 6 will discuss geochemical scenarios for biomorph precipi-
tation, and relate to the geochemical analysis of an Archean carbonate-chert rock. The
modification of crystal habit by the use of additives will also be reviewed.

2.2.1 Crystal structures of calcium carbonates

The crystal structures of the common MCO; carbonate minerals belong to the calcite-,
aragonite- and dolomite-type (Chang et al., 1998), and each of these structures will
be presented in this section. Calcium carbonate has several crystalline polymorphs,
but calcite, aragonite and vaterite are the only ones that occur naturally (Carlson,
1983). Amorphous calcium carbonate is also known in biological and synthetic sys-
tems, where it most often acts as a precursor for crystallisation (Aizenberg et al.,
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Cell dimensions (A)

Name Formula | Specific gravity a c

Calcite CaCO;3 2.71 4989 17.061
Magnesite MgCO3 3.00 4.632 15.012
Siderite FeCOs 3.97 4.691 15.379
Rhodochrosite | MnCO3 3.70 4.768 15.635
Smithsonite ZnCO3 443 4.652 15.025
Otavite CdCO;s 496 4923 16.787
Gaspéite NiCOs 4.39 4.608 14.805

Table 2.1: The calcite-type carbonate minerals and their crystallographic data. Adapted after
Chang et al. (1998)

1996). Most biomorphs studied in this thesis contain crystalline barium carbonate
(witherite)(identified using electron diffraction in Chapter 3). This material is isostruc-
tural with the aragonite form of CaCO3. The dolomite-type carbonates, which occur
in the Pilbara cherts (Chapter 6) are also discussed below. Furthermore, the origin and
depositional environments of all these carbonates are also mentioned.

Calcite

The calcite structure belongs to the thombohedral carbonates (space group R3c), which
can be described using both the rhombohedral and hexagonal crystal axes. As the
hexagonal system is now standard, this system will be used here to describe the calcite
structure. The unit cell contains 6 CaCO3 units and is a thombohedrally-centered
hexagonal unit cell with the a-axis being 4.99 A and the c-axis 17.06 A (Reeder, 1983).
As can be seen in Figure 2.1 A, layers of Ca atoms alternate with layers of carbonate
groups along the c-axis. The calcium atoms are in a rthombohedrally compressed
version of a cubic closed-packed array, so Ca atoms can be represented as a stacking of
hexagonal layers with three possible offsets, in the sequence ABCABC etc (see Figure
2.1 A). All carbonate groups within each layer have the same orientation, but going
from one carbonate layer to the next, the groups are rotated 180°. This crystal structure
allows calcium atoms to coordinate to 6 oxygen atoms, all from different carbonate
groups (see Figure 2.1 F). Each oxygen atom is coordinated to two calcium atoms and
one carbon atom. One way to visualise the calcite structure is the construction of an
octahedron with one calcium atom at each vertex (see Figure 2.1 B and E). Then, each
of the octahedra contain one carbonate group. In Table 2.1 a list of the other metal
carbonates that crystallise with the calcite-type structure is given.
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Figure 2.1: The crystal structure of calcite viewed along the <100> (A-B), [001] (C) and [0.237
2.398 0.125] (D-F) directions. Black octahedra in B and E contain one carbonate group each,
and these polyhedra are sometimes used to describe the crystal structure of calcite. Green
octahedra in F shows the 6-fold coordination of calcium atoms. Models were made with
CrystalMaker software, using crystallographic data from the CrystalMaker Library.
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Cell dimensions (A)
Name Formula | Specific gravity 4 b c
Aragonite | CaCOg3 295 4960 7964 5.738
Strontianite | SrCO3 3.7 5.090 8.358 5.997
Witherite BaCOs 43 5312 8.896 6.428
Cerussite PbCO3 6.55 5.180 8.492 6.134

Table 2.2: The aragonite-type carbonate minerals and their crystallographic data. Adapted
after Chang et al. (1998)

Aragonite

The second most common polymorph of calcium carbonate is aragonite, which is
stable only at high pressures (~3.5-10% Pa) at room temperature (Alam et al., 1990),
or elevated temperatures. The space group for the aragonite structure is Pmcn; the
structure can be described as successive layers stacked on each other along the 4-axis
in the following way; AC;BC2AC;BC; etc, where A and B are layers with hexagonally
closed packed Ca®* atoms, and C are the CO2™ (Speer, 1983). As can be seen in Figure
2.2 A, there are two separate layers of carbonate groups (C; and C3). As with calcite,
one can construct octahedra with one calcium atom at each vertex to explain the
crystal structure of aragonite. It can then be noted that each octahedron contains one
carbonate group, which is placed at different heights in neighbouring octahedra, and
the direction of the octahedra alters between successive layers. This structure gives
rise to Ca atoms that are coordinated to 9 oxygen atoms from 6 different carbonate
groups (see Figure 2.2 E). Aragonite and isostructural carbonates are listed in Table
22.

Vaterite

The least stable natural crystalline CaCOs polymorph is vaterite. Both orthorhombic
and hexagonal cells have been reported for vaterite (Carlson, 1983; Dupont et al.,
1997). The reason for this discrepancy is most likely due to the difficulty in producing
large stable crystals for diffraction work. Vaterite is often polycrystalline and forms
spherical aggregates composed of nanosized crystals. However, recently a method
for stabilising the vaterite structure using polymers produced hexagonal platelets that
showed very good crystallinity (Dupont et al., 1997). The orthorhomic vaterite crystal
structure with an g-axis of 4.13, b-axis 7.15, and the c-axis 8.48 A can be seen in Figure
2.3 (Meyer, 1960). In contrast to the other carbonate crystal types, the carbonate groups
lie parallel to the c-axis, and each calcium atom is coordinated to 8 oxygens.
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Figure 2.2: The crystal structure of aragonite viewed along the [100] (A, C), [010] (B), and
[001] (E) directions. Black octahedra in C and F contain one carbonate group each, placed at
different heights in neighbouring octahedra. In D and E Ca is shown to be coordinated to 9
oxygen atoms from 6 different carbonate groups. Models were made with CrystalMaker, using
crystallographic data from the CrystalMaker Library.

Dolomite

There are many carbonate minerals based on the calcite-type structure containing
more than one type of cation, of which dolomite will be discussed in this section. The
dolomite structure is closely related to that of calcite; every other layer of Ca atoms
is substituted by Mg atoms (see Figure 2.4). The space group is R3, and the unit cell
contains 3(CaMg(COs);) (Reeder, 1983). Each cation is coordinated to 6 oxygens from
different carbonate groups, and each oxygen is coordinated to one Mg and one Ca
cation. Carbonates other than dolomite that have the same crystallographic structure
and belong to this group are ankerite, kutnahorite, and minrecordite (see Table 2.3).
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Figure 2.3: The crystal structure of vaterite viewed along the [100], [010], [001] and [2.144
-0.12 0.185] directions. In the bottom right corner one Ca atom is shown to be coordinated
to 8 oxygen atoms from 6 different carbonate groups. Models were made with CrystalMaker,
using crystallographic data from ICSD (code 27827, reference Meyer (1960)).

These carbonates are all double metal carbonates. There are also other carbonates
with more than one type of cation that do not belong to the dolomite group, such as
norsethite (BaMg(CO3);), and alstonite (BaCa(COs)3).

It is interesting to note that biomorphs have so far only been produced with car-
bonates having the aragonite crystal structure, which suggests that structure-specific
factors may be responsible in part for the morphologies seen in this system. In Chapter
4 further discussion regarding the theories of biomorph formation is given.
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Figure 2.4: The crystal structure of dolomite viewed along the [100], [010], [001] and [1.8 2.5
0.2] directions. Each projection contains four unit cells marked with white lines. Each unit cell
contain 3CaMg(COs);. The polyhedra in the bottom right corner shows the 6-fold coordination
of Mg atom to 6 oxygen atoms, each from different carbonate groups. Models were made with
CrystalMaker (Palmer, 2005).
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Cell dimensions (A)
Name Formula Specific gravity 2 b
Dolomite CaMg(COs); 2.85 4.807 16.003
Ankerite Ca(Mg, Fe)(CO3), 3.01 4411 16.042
Kutnahorite | CaMn(COs3), 3.12 4.873 16.349
Minrecordite | CaZn(COs), 3.45 4818 16.029

Table 2.3: The dolomite-type carbonate minerals and their crystallographic data. Adapted
after Chang et al. (1998)

2.2.2 Polymorphism and solid solutions among the common carbonates

In addition to the naturally occuring calcium carbonate polymorphs, calcite, arago-
nite, and vaterite, a variety of polymorphs can be synthesised at high temperature
and pressures (see Figure 2.5). However, these phases are not relevant to biomorph
formation and will not be discussed any further here.

Aragonite is a high pressure phase, and is metastable at room temperature and
pressure, where it transforms into calcite (see Figure 2.5). The transformations be-
tween calcite and aragonite can occur in both the solid state and via dissolution/re-
precipitation reactions in the aqueous phase. Other factors govern this transition as
well. For example, calcite is known to undergo a transition to aragonite at high tem-
perature and pressures, during grinding (Burns and Bredig, 1956; Dachille and Roy,
1960), and during exposure to short pulses of CO, laser beam (Alam et al., 1990).
Aragonite can, however, be synthesised at low temperature and pressures when such
a transition is inhibited by specific additives (see Section 2.2.4.2). Similarly, vaterite,
which has low density, is metastable with respect to both aragonite and calcite, but can
be synthesised at high temperature when transformation to the more stable phases
is inhibited (Carlson, 1983). The reason for the wide variety of calcium carbonate
polymorphs is the size of the calcium ion. As was described in Section 2.2.1, calcite
has 6-fold coordinated calcium ions, whereas in aragonite they are coordinated to 9
oxygen atoms each. The size of the calcium ion is at the larger end for the calcite-type
structure, and at the lower limit for the aragonite-type structure.

The preference for the calcite-type structure for carbonates with smaller cations
than Ca?* over the aragonite-type structure is due to the size of the cation. Small
cations, such as Mg, are too small to bond stably to 9 oxygens. Conversely, large
cations,such as Ba, are too large to fit in the 6-coordinated state the calcite structure
(Reeder, 1983). The large size of the barium, strontium and lead cations in single
carbonates therefore forces the carbonate to adopt the orthorhombic crystal structure.
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Figure 2.5: Phase relations between the calcium carbonate polymorphs. Metastable equilibria
are represented by dashed lines, A stands for aragonite and I-V represent calcite and different
calcite-like modifications. Diagram adapted from Carlson (1980).

Both BaCOj3 and SrCOs also have rhombohedral and cubic polymorphs, but these
only form at very high temperature and pressures and will therefore not be further
discussed (Weinbruch et al., 1992; Chang et al., 1998).

Classical crystal habit

The equilibrium shape of crystals is governed by the individual growth rates of differ-
ent crystallographic faces. The most slowly growing faces develop the largest faces, a
phenomenon related to the surface free energy and therefore the packing of the atoms at
this interface. Generally, the most energetically favourable faces have densely packed
atoms (low Miller indices), and the developing habit always has the same symmetry
as the unit cell (Hartman, 1973; Mann, 2001). Common crystal morphologies of calcite
and aragonite are respectively rhombohedral and needle-like.

Calcite crystals can adopt a wide range of morphologies; more than 300 crystal
forms have been identified. The two most common crystal habits are the rhombohe-
dral, which give rise to blocky crystals whith noticeable rhombohedral faces, and the
prismatic-scalenohedral, which produce crystals with prismatic- and scalenohedral
faces, crystals that are often referred to as ‘dog-tooth spar’ (Chang et al., 1998).

As with calcite, aragonite can form a great variety of crystal morphologies. The
most common needle-like habit contains pseudo-hexagonal columns that are produced
by twinning, discussed below (Chang et al., 1998). Strontium carbonate (strontianite)
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commonly occurs as needle-like and fibrous crystals, which are elongated along the
c-axis, and columnar crystals that are often cyclically twinned like aragonite and
witherite. As has been mentioned previously, vaterite tends to form polycrystalline
spherical aggregates, however other morphologies have been reported. Examples of
aragonite needles, rhombohedral calcite, and a flower-like type of vaterite can be seen
in Figure 2.10.

Twinning

During the crystallisation of orthorhombic carbonates, twinning often occurs on the
(110) plane, i.e. the orientational order of the carbonate groups changes within a
layer. Twinning in aragonite gives rise to a 60° rotation of the crystal 4- and b-axes
(see Figure 2.6 A). This often results in cyclic twins, or trillings, that have a pseudo-
hexagonal morphology (Speer, 1983). Witherite occurs as white or grey, to brown
or green crystals that are always twinned on {110}, which give rise to a bipyramid
pseudo-hexagonal crystal morphology (see Figure 2.6 B) (Chang et al., 1998). Faces
present are {010}, {021}, and {012}. An interpretation of the crystal habit of witherite
and the faces present can be seen in Figure 2.6. It is clear from the high frequency of
twinning that twinning boundary energies are very low in this structure.

Solid solutions

Depending on the conditions of the crystallising medium, the compositions of the
precipitated carbonates can vary. The degree of solubility between the common car-
bonates largely depend on crystallographic relationships and the temperature and
pressure of the system. In this section some of the common solid solutions are de-
scribed, which will relate to the geochemical analyses presented in Chapter 6, as well
as to biomorph synthesis experiments described in Chapter 3.

End-member carbonates that have a calcite-type structure include those of Mg, Fe,
Cd, Mn, Zn, Co and Ni, which all have a smaller unit cell than calcite (see Table 2.1)
(Reeder, 1983). Solid solution of these carbonates are more or less restricted depending
on the size difference between the cations. Generally, smaller size differences give
larger miscibility. Carbonates with cations larger than Ca are forced into the aragonite
structure.

The most common ions that can substitute for calcium in calcite include magne-
sium, manganese, and ferrous iron. Magnesian calcites with up to 30 mol% MgCOs in
skeletons of marine organisms and carbonate cements have been reported, and calcite
containing 48 mol% magnesium has been found in deep-sea sediments. However, cal-
cite with more than ~4% Mg is known to be metastable at low temperatures (see Figure
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Figure 2.6: Schematic model of the (110) twinning which is very common in aragonite-type
carbonates (A). The green circles represent calcium ions, and the different shades of grey
represent carbonate groups at different heights (compare Fig 2.2 A). A witherite cyclic twin,
displaying pseudohexagonal crystal structure (B).. In C and D the crystal faces on a schematic
columnar crystal of witherite can be seen. Note that the crystal faces in C and D are not drawn
to relative scale. A is redrawn from (Speer, 1983)

2.7). The Mg concentration in magnesian calcites is related to temperature, as well as
Mg?*/Ca?* ratio and the CO3~ concentration of the associated water (Mackenzie et al.,
1983). In the CaCO; -~ FeCO; system, no pure end-member CaFe(CO3); compound
exists, and this system therefor shows limited solubility between the end members.
Solid solutions with Fe>Mg are common, however. Natural calcite commonly contain
2-3 % ferrous iron, however, higher concentrations, up to 12 %, have been reported
for specific geological locations (See Figure 2.7). Barium and strontium can also be
incorporated into calcite, but only at very small amounts (ppm range) (Chang et al.,
1998).
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Figure 2.7: Phase diagrams of solid solutions within the CaCO3-MgCO3-FeCOj3 system. The
experimentally solved binary system from calcite to magnesite shows limited solubility of
Mg in calcite, and vice versa, and solubility increases with temperature (top left). Increasing
temperature also increases Fe solubility in calcite (top right). The ternary phase diagram of Mg,
Ca, and Fe containing carbonates at 450 °C is composed of seven different fields, differentiated
by the presence of various phases: 1) calcite solid solution; 2) dolomite solid solution; 3)
magnesite-siderite solid solution; 4) calcite solid solution + magnesite-siderite solid solution;
5) calcite solid solution + dolomite solid solution; 6) dolomite solid solution + magnesite-
siderite solid solution; 7) calcite solid solution + dolomite solid solution + magnesite-siderite
solid solution. Adapter from Chang et al. (1998).
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Natural witherite containing up to 11 mol% Sr have been reported (Baldasari and
Speer, 1979), and a complete solid solution between witherite and strontianite does oc-
cur atvery high temperatures (above ~ 400°C) (Chang, 1965; Chang et al., 1998). Caand
Mg can also substitute for Ba, but only in very small amounts. Chang (1965) showed
the phase relations between BaCO3 — SrCO3, SrCO3; — CaCO3 and BaCOs3; — CaCO:s.
At 400°C BaCOj3 can incorporate ~ 3.5 mol% Ca, but no significant Ba exists in CaCO3
below 600°C. However, above 850°C a complete solid solution series exists in a disor-
dered rhombohedral form between CaCO3 and BaCOs. Pb does not substitute for Ba
in witherite at ambient conditions, but at very high temperatures it has been experi-
mentally shown that cerussite and witherite form a solid solution (Bostréom et al., 1969;
Chang and Brice, 1972; Chang et al., 1998). Several double carbonates with Ba occur,
such as barytocalcite (CaBa(COs),), alstonite (CaBa(COz3)), paralstonite (CaBa(COs)z),
and norsethite (MgBa(CO3);).  Substitutions for strontium in strontianite include
Ca, Ba and Pb. Natural strontianite can contain up to 10 wt% Ca, and at high temper-
ature and pressures the CaCO3 — SrCO3 system forms a complete solid solution. Pb
and Ba may also substitute for strontium but to a much lesser degree than Ca (Chang
et al., 1998). As was mentioned before, a complete solid solution system exists be-
tween BaCO3 — SrCO; at elevated temperatures. Furthermore, at 15 kbar and 550 °C,
a complete solid solution exist between BaCOs, SrCO3, and CaCO; in the aragonite
structure (Chang et al., 1998).

Dolomite rarely occurs as pure CaMg(CO3), (Warren, 2000), and the Mg cation
can be substituted for Fe, Mn and Zn. Dolomite forms a complete solution into the
ankerite field. As was mentioned earlier, end-member CaFe(CO3); has so far not been
found in nature nor has it ever been experimentally produced (Chang et al., 1998).

2.2.3 Geological occurrences of carbonates

The natural carbonates show a large variation in composition, age and place of oc-
currence. Sedimentary carbonates account for 20 to 25 % of all sedimentary rocks
(Boggs Jr., 2001). The most common natural carbonates are calcite and dolomite
((Ca,Mg)(CO3)2); they account for more than 90 % of all naturally produced car-
bonates (Reeder, 1983). Rocks that are mostly composed of calcite is referred to as
limestones, and rocks with predominantly dolomite are confusingly called dolomite
(or sometimes dolostones).

Calcite occurs in all three main rock types; sedimentary, metamorphic, and ig-
neous rocks. Furthermore, it can also be found in hydrothermal deposits (Chang et al.,
1998). Sedimentary calcite comprises both biologically produced materials, such as
shells of marine organisms, and abiological calcite precipitated from solution. Calcitic
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biominerals will be discussed in Section 2.4. Sedimentary calcite occurs as fine grains
in marl and calcareous shale, cementing material in detrital sediments, as stalagmites
and stalactites in caves, and sometimes as large crystals in vugs and geodes. Large
calcareous ‘towers’ can precipitate form hot springs and streams, as well as alkaline
lakes (Chang et al., 1998; Kazmierczak et al., 2004). Natural calcite is normally quite
pure, but substitution of calcium by magnesium, manganese and ferrous iron is rel-
atively common. This is the case for calcite occurring in the ‘zebra-rock’ for which
analytical data is presented in Chapter 6. Although the presence of strontium and
barium in calcite is rare, calcite occurring in igneous rocks (carbonatite) are enriched
in strontium and barium.

Aragonite is the most common natural carbonate among the aragonite-structure
minerals (Speer, 1983). This is because aragonite is a common biomineral in many
invertebrates. In addition, aragonite occurs in recent marine sediments as needles or
ooliths (spherical forms with a radial internal structure), and is also present in many
evaporites and also in high pressure (blueschist facies) metamorphic rocks (Speer,
1983; Chang et al., 1998). Extensive aragonite precipitation has been proposed to have
occurred in the 1.9-billion-year-old Rocknest Formation, Canada, as well preserved
primary fabrics are preserved in these rocks. The aragonite was later replaced with
dolomite and silica (Grotzinger and Reed, 1983). Most orthorhombic carbonates are
formed as replacement minerals formed in low/temperature pressure fluids in sedi-
mentary, metamorphic, and igneous rocks as well as ore deposits (Reeder, 1983).

Witherite generally occur as a relatively pure form of BaCOg3, but significant sub-
stitution of Sr can occur. Witherite is an uncommon mineral, but the second most
common barium mineral after barite (BaSOj). It occurs as deposits in low-temperature
hydrothermal veins, and often in association with barite. It is generally believed that
witherite is produced by alteration of barite with carbonated waters (Baldasari and
Speer, 1979; Chang et al., 1998).

Strontianite commonly occurs as a low-temperature hydrothermal mineral in veins,
cavities and concretions in calcarous clays and limestones. It is often associated with
celestite SrSOy, barite BaSO,, calcite or gypsum (CaSOy - 2H;0) (Chang et al., 1998).
In many cases it can be seen that the strontianite was formed as a alteration product of
celestite. Sudrez-Ordiina et al. (2004) experimentally showed that natural celestite will
convert to strontianite under alkaline hydrothermal conditions with the concomitant
release of Ba originally present in the celestite. The overall morphology of the crystal
did not change during this treatment, but a new porous texture developed in response
to the crystallographic dimensional change.

Dolomite is quite a rare mineral in modern rocks, a fact that has bewildered sci-
entists for decades, as the surface waters are supersaturated with respect to dolomite.
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However, dolomite is a common constituent of ancient rocks (Baker and Kastner, 1981;
Arvidson and Mackenzie, 1999). Dolomite can form as a primary mineral, a secondary
replacement, or as a hydrothermal/metamorphic mineral, but very rarely occurs as the
ideal composition CaMg(CO3),. Known compositions range from Cagg9sMg1.04(CO3)2
to Cay.16Mgo.94(CO3),, and often contain Fe, Mn, and Zn (Warren, 2000). However,
most of the dolomite present in the geological record is generally believed to have
formed from diagenic replacement of limestone, through process(es) termed dolomi-
tisation. Several different models have been proposed to explain the dolomitisation
process, but the mechanism is still not completely understood. Generally, it is be-
lieved that dolomite evolves as magnesium rich pore fluids re-equilibriate with the
parent rock through dissolution/precipitation reactions. Dolomitisation is seen as a
potentially continuous process that is only limited by the fluid flow in the rock matrix
(Warren, 2000).

It should be noted that much of the present day calcite and aragonite is in fact
biogenic. Broken pieces of these biominerals form clasts in sedimentary rocks. They
also occur in biologically mediated sedimentary structures, called stromatolites (see
Section 5.3.4).

2.24 Precipitation and growth of carbonates

This section will discuss the conditions that allow for carbonate dissolution and precip-
itation, as well as crystal morphogenesis under different conditions. Carbonates can
be precipitated by both biological and abiological physio-chemical processes (Braith-
waite, 2005). Asbiogenically produced carbonates will be discussed in Section 2.4, only
the abiogenic ones will be discussed here. The precipitation and growth behaviour of
carbonates are functions of the aqueous carbonate chemistry. The equilibrium reac-
tions controlling the types of carbonate ions present will first be discussed, followed
by a section on the precipitation and dissolution of carbonates. In addition, examples
of precipitated carbonates under varying conditions will serve as examples of how
morphology, chemistry, and crystal growth are intertwined in regards to size and
shape of the crystals formed. Combined, it is hoped that these sections will provide a
base for elucidating biomorph morphogenesis.

2.24.1 The carbonate system

Atmospheric carbon dioxide dissolves in water, forming aqueous carbonate species as
it is combined with H,O. Carbon dioxide exists in three different forms in aqueous
systems; as aqueous carbon dioxide (CO»(aq)), as bicarbonate ions (HCO3) and as
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carbonate ions (CO3"), related by the equilibria:
CO,(aq) + H,O = H,CO; = HCO; + H* = CO%™ + 2H* (2.1)

The concentration of HyCO3 is very low compared to CO,(aq) ([CO2(aq)] ~ 650[H2CO3]
at 25°C) so these neutral species are normally denoted by CO, (see Equation 2.2).
The concentration of dissolved CO; is given by Henry’s law, [CO2] = Ko(T,S) - pco,),
which states that the concentration of a soluble gas in solution is directly proportional
to the partial pressure of the gas above the solution. Ko(T,S) is the temperature and
salinity dependent solubility coefficient of CO; in seawater. An increase in temper-
ature results in a decrease in Ko(T,S) at constant salinity, and a decrease in salinity
at constant temperature will cause an increase in Ko(T,S): thus CO; is more solu-
ble at low temperatures and salinities. For instance, Ko(25°C,5=35)=0.0284, whereas
Ko(25°C,5=0)=0.0341 (see Equation A.3) (Zeebe and Wolf-Gladrow, 2001).

CO, + H,0 2 HCO; + H* 2 COZ™ + 2H" 2.2)

In Equation 2.2, K; and K; represent the thermodynamic equilibrium constants and
are normally referred to as the first and second dissociation constants of carbonic acid.
These constants related to the activities of the chemical species:

_ (HCOzHH"}
1T Tico) 9
(COZHH"}
K, = ~HCoT (2.4)

where the activities of a given chemical species {CO37} is related to its concentration
[CO37] as {CO57} = Yoz [COZ"]. The term Ycoe- is the activity coefficient of the
carbonate ion, which can be approximated using the extended Debye-Hiickel equation
(see Equation A.1). For example, at low ionic strengths (0.1 mM), Ycor = 0.96, whereas
at an ionic strength of 50 mM Yooz = 0.46. In diluted systems one can use the
stoichimetric equilibrium constants, denoted by * as K] and K, which are related to
the concentration of the individual chemical species:

_ [HCO;][H']
K] = —cod (2.5)
“1(H*
K; = _[C_O§M (2.6)

[HCO;]
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T°C[ S | P (atm) | pK, | pK;
25 [35] 1 |586] 892
25 [0 1 |635]1033

35| 1 |611] 938

0 [35] 300 [5.96] 929

()

Table 2.4: Values of the stoichiometric equilibrium constants for carbonate system at various
temperatures and salinities. Adapted after Zeebe and Wolf-Gladrow (2001).

The stoichiometric equilibrium constants K] and K, are dependent on temperature
(T), pressure (P) and salinity (S). A decrease in either temperature or salinity results in
an decrease in the equilibrium constants, whereas the opposite applies to an increase
in pressure (see Table 2.4). Another important quantity for carbonate systems the total
dissolved inorganic carbon (Ct) which is defined as:

Cr = [CO,]+[HCO;]+[CO%] 2.7)

Two models that are commonly used to characterise the carbonate system are the
‘closed” and the ‘open’ systems. In the closed system the solution is closed to the
atmosphere and aqueous CO, is treated as a non-volatile species, i.e. the system is
characterised by a constant Ct. By plotting the logarithm of concentrations of the
individual carbonate species against pH at constant Cr, a so called Bjerrum plot is
obtained (see Figure 2.8 A, and Appendix A.1.1). In Figure 2.8 A it is evident that
CO3™ is the dominant carbonate species at high pH, i.e. above pK. Furthermore,
the shape of the Bjerrum plot is independent of Ct. However, the plot will move
down vertically with decreasing Cr (pK] and pK} are constant). As the equilibrium
constants are dependent on temperature, salinity, and pressure, the Bjerrum plot
will shift horizontally with a change in these parameters. pK;, is more sensitive to
such changes than pKj, so the equivalence points (pH=pK) will shift relative to each
other (Zeebe and Wolf-Gladrow, 2001). The closed system is useful when considering
a system that does not equilibrate with the atmosphere, such as during acid-base
titrations of a water sample in the laboratory or water in groundwater systems (Stumm
and Morgan, 1996).

In the open system, the solution is allowed to equilibrate with a constant pco,
(atmospheric pco, is 365 patm). At equilibrium, [CO,] is independent of pH as it is
only determined by pco,. Then, the logarithmic concentrations of the other carbonate
species are linear with respect to pH (see Figure 2.8 B, and Apeendix A.1.2). As can
be seen in Figure 2.8 B, systems in equilibrium with the atmosphere at high pH ac-
commodate higher Ct than at low pH, as the carbonate equilibria reactions are shifted
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to the right (see Equation 2.2). The open system is useful when considering aque-
ous systems in contact with the atmosphere (Stumm and Morgan, 1996). Biomorph
precipitation experiments are such systems. An alkaline solution open to equilibri-
ate with atmospheric CO, will absorb CO,, thereby lowering the pH, till equilibrium
conditions are reached. In the presence of Ca%*, or other cations that can precipi-
tate as carbonates, CO, will continue to absorb into the solution till it has reached
supersaturation and solid carbonate will precipitate. This is the case for biomorph
precipitation experiments, as the reaction mixture contains BaCl, and silica at high
pH. Continuous absorption of CO; from the air produces CO3~ and HCO; at high pH,
CO; + OH™ — HCO; — CO3 — +H' (Pinsent et al., 1956), and throughout the exper-
iment pH is lowered as more and more CO; is absorbed. Eventually, supersaturation
is reached and barium carbonate precipitates.

2.24.2 Dissolution and precipitation of carbonates

This section will discuss the factors controlling dissolution and precipitation of calcite,
aragonite, vaterite, witherite, and strontianite.

The solubility equilibrium of calcium carbonate, its stoichiometric solubility prod-
uct, K;p, and the saturation state are defined as:

CaCOs(s) = Ca?" +CO; (2.8)
Kp = [Ca*lsat- [COF Lsat 29)
PKsp = PKgp —log(yea - Yeor) (2.10)

[Ca?*]-[COS]
Q = % (2.11)

As discussed in previous section, for exact calculations the activities should be used
instead of concentrations as displayed in Equation 2.8, 2.9, and 2.11. Again, this is due
to ion pairing in solutions with high ionic strength. The relationship between pKg,
and pKyp can be seen in Equation 2.10. The concentrations used in the stoichiometric
solubility products are the total concentrations, i.e. both ‘free’ and ‘ion-paired’ ions.
The saturation state Q defines a specific situation as undersaturated if Q < 1, which
will lead to dissolution of the mineral, and supersaturated if Q > 1, which will lead
to precipitation if all conditions permit. Some degree of supersaturation is needed for
nucleation to occur. The degree of saturation is one of the main factors controlling the
rate of reaction. Generally, the rate of dissolution or precipitation is faster with the
system is far from equilibrium (Morse, 1983). Furthermore, the rate of precipitation ex-
erts a strong influence on which CaCOj3 is produced. High precipitation rates favours
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Figure 2.8: Two models, closed (A) and open (B) systems, that graphically characterise the
aqueous carbonate system. For a detailed description of the construction of such graphs, see
Appendix A.

the formation of aragonite, even though calcite is the most thermodynamically stable
phase. Specifically, if the flux of COZ™ is high, aragonite will be the favoured CaCO;
phase (Meldrum and Hyde, 2001). The solubility product is dependent on temper-
ature, salinity, and pressure, as other equilibrium constants are. All orthorhombic
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carbonates show decreased solubility at higher temperatures (Helz and Holland, 1965;
Busenberg and Plummer, 1986) (see Figure 2.9 A, Appendix A.2 with Table A.1).

The solubility product of calcite has been determined under a variety of conditions,
including variation in temperature, pressure, and in the presence of other ionic species
(Miller, 1952; Ellis, 1959; Segnit et al., 1962; Plummer and Busenberg, 1982; Millero etal.,
1984). The solubility of calcite decreases at higher temperatures and constant pressure
(see Figure 2.9 A). An increase in pco, results in an decrease in calcite solubility, as
higher [CO37] is established at equilibrium. The effect of other ionic species on the
solubility of calcite has shown to increase the solubility, even though CO, is less soluble
in solutions with high ionic strength. Miller (1952) presumed that this phenomenon
could be explained by the ‘salting-in” effect described by the Debye-Hiickel theory.
The activity coefficient will decrease with an increase in ionic strength (see Equation
A.1 and A.2), leading to a higher required concentration at equilibrium. The presence
of additional electrolytes decrease the number of collisions on the crystal surface
that lead to solubilised ionic species, so an increase in concentration is necessary to
maintain equilibrium. However, the type of salt used is of great importance to this
behaviour. The solubility of calcite in a closed system with various amount of CO,
has also shown to increase with a decrease in pH (see De Visscher and Vanderdeelen
(2003) and references therein).

In contrast to calcium carbonates, studies of the solubility of barium and strontium
carbonate is not as frequent in the literature. Busenberg and Plummer (1986) were the
first to determine the temperature dependance of the solubility product of BaCO3. As
in the case of calcium carbonates, it is important to include the ion pairs BaHCO] and
BaCOj when characterising the aqueous model of BaCO3. Helz and Holland (1965)
determined the solubility of strontianite at 50, 100 and 200 °C at pCO; between 1 and
50 atm. They found that strontianite is more soluble at higher pressures at constant
temperature, but the solubility decreases at higher temperatures at constant pressure.
So cooling of a solution in equilibrium with stronitianite at constant pressure will
dissolve the mineral (Helz and Holland, 1965). In Figure 2.9 A the thermodynamic
solubility products for calcite, aragonite, vaterite, witherite and stronitanite are plotted
against temperature. Strontianite is the least soluble carbonate of the ones analysed
in this figure, and witherite is comparatively much more soluble than strontianite in
water. Aragonite, on the other hand, is more soluble than calcite, which is believed
to aid the aragonite to calcite transformation. Vaterite, which is unstable at room
temperature and pressure, is the most soluble calcium carbonate polymorph. Even
though calcite is the only thermodynamically stable calcium carbonate phase at room
temperature and pressure, aragonite and vaterite can be precipitated from aqueous
solutions under these conditions if calcite precipitation is sufficiently slow.
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Figure 2.9: The solubility of witherite, strontianite, calcite, aragonite, and vaterite as a function
of temperature (A). The solubility equations used to plot this graph were taken from Plummer
and Busenberg (1982) for the aragonite, calcite, and vaterite, Busenberg and Plummer (1986)
for witherite, and Busenberg et al. (1984) for strontianite (see Appendix A.2). The equilibrium
concentrations of Ca®* of calcite, aragonite and vaterite, Ba®* of witherite, and Sr** of stron-
tianite in equilibrium with an open carbonate system (B). See Figure 2.9 and Appendix A for
a description of aqueous carbonate in equilibrium with the atmosphere.
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By combining the open system aqueous carbonate model (see Figure 2.9 B) with the
carbonate solubility products at 25 °C, the equilibrium concentrations of Ca?* from
calcite, aragonite, and vaterite, BaZ* from witherite, and Sr?* from strontianite can
be plotted against pH (see Figure 2.9 B). It is evident in Figure 2.9 B that carbonate
solubility strongly depend on pH.

Precipitation of carbonates can be conducted in a number of ways, using differ-
ent starting materials, temperature, additives, and mixing conditions. By controlling
these parameters specific phases, crystals, and aggregate morphologies can be ob-
tained. Wray and Daniels (1957) showed that by changing temperature and ageing
time, one can produce pure calcite, aragonite, and vaterite phases as well as the inter-
mixed phases from mixtures of Ca(NO3), and NayCOj3 solutions. At 30 °C the dom-
inant polymorph is vaterite at short ageing times. However, this vaterite transforms
completely into the more stable calcite after 18 hours of ageing time. No aragonite
was formed during these conditions. By raising the temperature, mixtures of calcite
and aragonite were formed, and at 70 °C the only phase produced was aragonite.
As drying the precipitated carbonate will prevent phase transitions, it is possible to
obtain any ratio of the desired calcium carbonate phases by varying basically time,
temperature, and pH. Formation of aragonite is also promoted by the presence of Sr?*,
Ba?*, and Pb?* at high pH. These cations are larger than the calcium ion and force the
structure into the aragonite-type even at very low concentrations (Wray and Daniels,
1957). The direct inorganic precipitation described by Wray and Daniels (1957) was
slightly modified by Katz et al. (1972) who added strontium to the solutions to favour
aragonite precipitation. Preheated solutions of mixed CaCl; - 2H,O and SrCl, - 6H,0O,
and Na;CO3 produced high purity less than ym sized aragonite needles. Further-
more, adsorbed ions can also influence which phase is crystallised. It has been shown
that the presence of dissolved Mg?* favours the precipitation of aragonite over calcite
(Morse, 1983). Temperature has also a great influence on the phase precipitated. High
temperatures favours precipitation of the aragonite phase. Using especially Ba?*, Sr?*,
or Pb?* carbonate seeds during the crystallisation favours the formation of aragonite
(Zhou and Zheng, 1998).

Several additives, including anions like phosphates and sulfates (Mucci et al.,
1989), cations like Mg?* and Fe?* (Reddy and Wang, 1980; Pokrovskiy and Savenko,
1995; Gutjahr et al., 1996), and various organic compounds (Kitano and Hood, 1965;
Meldrum and Hyde, 2001) have shown to have a inhibiting effect on the crystallisation
of calcite. The presence of additional ions can effect the precipitation and dissolution
rates in two ways. They can adsorb to the crystal surface, especially at high energy
sites that are more exposed to the solution, such as kinks and steps. These sites are
also preferred during crystal growth and dissolution (Morse, 1983). This decrease
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in crystallisation rate of calcite in the presence of additional ions is believed to be
caused by such a mechanism (Gutjahr et al., 1996). Furthermore, the addition of
foreign ions can also have a second effect on reaction rates as they can form complexes
with the primary reactants, thereby altering activity coefficients and the saturation
state of the system (Morse, 1983). Gratz and Hillner (1993) showed that phosphates
reversibly attach to growth steps on the calcite crystal, and inhibits further growth as
long as itis adsorbed. The effect of added magnesium ions is however much less than
that of phosphates. Magnesium in particular has been studied in terms of calcium
carbonate crystallisation as it is believed to be the cause of the preferential precipitation
of aragnonite instead of calcite in seawater (Berner, 1975; Pokrovskiy and Savenko,
1995). Aragonite precipitation is relatively unaffected by the presence of Mg?* as it is
not easily adsorbed onto the surface of aragonite crystals, nor incorporated into the
lattice to any great extent. In the case of calcite, Mg?* is believed to be adsorbed. It can
also be incorporated in the crystal lattice to form high-Mg calcite, which can be much
more soluble than pure calcite (Berner, 1975). However, Pokrovskiy and Savenko
(1995) showed that Mg2* only inhibits precipitation at high levels of supersaturation,
not at the low-level supersaturation that occurs in seawater. Rare earth elements,
such as lanthanum and ytterbium, have also shown to have an effect on calcium
carbonate precipitation. Akagi and Kono (1995) and Tsuno et al. (2001) have shown
that lanthanum ions (La3*) can inhibit the formation of calcite. Calcite solubility was
effectively increased 10 times when the lanthanum to calcium molar ratio was 1/4000.
It was further shown that the presence of lanthanum can inhibit the transition of
vaterite to calcite; a phenomenon believed to be caused by adsorption of lanthanum
on the active sites, thereby blocking the transition (Tsuno et al., 2001).

Clearly, the presence of impurities can have a strong influence on precipitation of
carbonates. Reaction rates are affected but also the morphology and crystallinity of the
crystal. Itis believed that polycrystalline aggregates are formed when the inhibition of
nucleation and growth of crystallites (caused by adsorbed additives) is strong enough
so the only possible way to overcome the critical nuclei size for further growth is by
aggregation of smaller crystallites (Meldrum and Hyde, 2001). In the next section
examples are given on the morphological influence of particular additives.

2.24.3 Control of crystal morphology

The formation of carbonates with particular size and shape depend strongly on the
experimental design. As carbonate precipitation can be conducted in numerous ways,
of which a few parameters are; sources and concentration of carbonate and metal ion,
temperatures, and with various additives, the resulting carbonate crystals can adopt
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different habits. Most of the research into morphological control has focussed on
CaCO3 mineralisation, since it is very important for biomineralisation and also for in-
dustrial applications (Célfen, 2003). In this section, some precipitation techniques and
the use of particular additives are explored, especially focussing on the morphology of
the carbonate precipitates, as this is particularely interesting relating to morphogenesis
of biomorphs.

Manoli and Dalas (2000) showed that alcohols, such as ethanol, isopropanol, and
diethylene glycol also can have an influence on CaCOj; polymorphism and morphol-
ogy. In the presence of 10% v/v of the alcohols mentioned above, aggregated vaterite
crystals with unusual morphology were precipitated, and the vaterite to calcite trans-
formation was hindered by the alcohol. The crystallisation rate was also observed to
increase compared to experiments without alcohol (Manoli and Dalas, 2000).

Instead of using soluble carbonate salts as source of CO§‘, one can use urea
(CO(NH3),), which hydrolyses in neutral to basic aqueous solutions to form carbonate
ions with a concomitant increase in pH according to the following reactions (Aiken
et al., 1988; Wang et al., 1999);

CO(NH,); = NH; + HNCO = NH;} + NCO" (2.12)

NCO™ + OH™ + H,0 = NHj3 + CO3~ (2.13)

Since the rate of this reaction can be precisely controlled, it has been shown that the
use of urea in carbonate precipitation experiments can lead to well defined uniform
particles .

Wang et al. (1999), Sondi and Matijevic (2001), and Sondi and Matijevic (2003)
examined the influence of decomposition of urea, with and without the urease that
catalyses urea decomposition, on calcium, strontium, and barium carbonates. Wang
et al. (1999) showed that very uniform aragonite needles can be precipitated by ageing
a solution containing 0.25 M CaCl, and 0.75 M urea at 90 °C for 3 hours (see Figure
2.10 A). Increasing the CaCl, concentration resulted in a mixture of calcium carbonate
phases with irregular shapes, whereas changing the urea concentration only had a
slight decreasing effect on the size of the crystals. It was also shown that agitation
can have a strong effect on the phase and morphology of the carbonate produced.
At the extreme, when a magnetic stirrer was used, calcite rhombohedra precipitated
instead of aragonite (see Figure 2.10 B). One interesting effect of mixing procedure
was identified. If the respective solutions were preheated to 90°C followed by rapid
mixing, the resulting precipitates after 3 hours were vaterite ‘flowers’ (see Figure 2.10
C). Using additives like Ba?*, Sr?*, and Mg?* generally yielded smaller particles, but
at higher concentrations of BaCl, (0.025 M) partially resulted in calcitic precipitates. It
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Figure 2.10: SEM images of aragonite (A), calcite (B) and vaterite ‘flowers’ (C) described
by Wang et al. (1999). The aragonite needles were produced by aging 0.25 M CaCl; in the
presence of 0.75 M urea for 3 hours at 90 °C. The calcite rhomohedra resulted when the
solution was magnetically stirred during otherwise the same conditions. The vaterite flowers
were produced if the solutions were preheated before they were mixed. Adapted from Wang
et al. (1999).

was suggested that the aragonite structure get destabilised at high Ba?* substitution
in the crystal lattice. Several surfactants and polymers were also investigated, and it
was shown that the ones containing sulfate ions resulted in spherical aggregates made
of a mixture of vaterite and calcite (Wang et al., 1999). Using cationic dextran in the
reaction mixture produces a mixture of the carbonate aggregates seen in Figure 2.10
after 4 hours at 90 °C (Hardikar and Matijevié, 2001). Using urease to catalyse the
decomposition of urea at room temperature has a strong influence on the carbonate
phase and morphology produced (Sondi and Matijevic, 2001). No aragonite was
observed. Instead, in the early stages of the reaction, an amorphous carbonate phase
appeared, that transformed to first vaterite and then calcite as the reaction proceeded.
This is especially true for the samples prepared with high concentrations of urease.
Low concentrations of the enzyme generally increase the calcite crystallinity. Changing
the concentrations of urea and CaCl; did not have a strong effect on the precipitates,
however higher concentrations of urease increased precipitation rates. Again, it was
shown that agitation of the system had an effect on the precipitates. A smaller amount
amorphous phase and more, but smaller, nano crystalline vaterite were produced.
Sondi and Matijevic (2001) also discussed the mechanisms that could be in place for
‘size enlargement’. Two models were were suggested that could account for this effect:
1) adsorption of ionic or molecular species on the crystal surfaces (as discussed above),
and 2) aggregation. Since the vaterite was nano crystalline, Sondi and Matijevic (2001)
concluded that most important process governing the precipitate morphology is the
agglomeration of nano sized precursors. This model has also been acknowledged for
numerous colloidal system (Privman et al., 1999; Sondi and Matijevic, 2001).

In the case of urease catalysed reaction on the barium and strontium carbonates,
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Figure 2.11: SEM images of crystal morphologies described by Sondi and Matijevic (2003); (a)
spherical strontium carbonate particles where the inset shows higher magnification image of
the particles, (b) spherical barium carbonate particles. Both (a) and (b) were produced by the
urease catalyzed decomposition of urea after 2 minutes of ageing time. (c) strontium carbonate
needles and (d) barium carbonate needles, produced by the same solutions as in (a) and (b)
but without urease, and aged at 90 °C for 2 hours. Adapted from Sondi and Matijevic (2003).

spheroidal particles consisting of ~20 nm (based on evaluation of XRD pattern) sized
subunits were formed at 25 °C and after only two minutes of reaction time (see Figure
2.11aandb). Atlonger reaction times these spheroidal particles developed needle-like
behaviour on behalf of the cores. At 90 °“C without the urese (temperature catalysed
decomposition of urea), needle-like precipitates formed after 2 hours (see Figure 2.11
¢ and d). Changing the concentration of urease did neither affect the morphology
nor the growth pattern and crystallinity of the aggregates, but higher concentrations
increased precipitation rates (Sondi and Matijevic, 2003).

Chen et al. (2001) used a semi-batch crystalliser to study the effect of nucleation and
growth kinetics on the morphology of BaCO; crystals under constant pH. It was shown

that the morphology of precipitated BaCO; crystals strongly depends on the initial
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Figure 2.12: The crystal morphologies of BaCO; described by Chen et al. (2001); floc (a), candy-
like (b), olive-like with end dendrite (c), olive-like (e), and needle-like (f). Adapted from Chen
et al. (2001).

concentration and pH of the solution. Five main morphologies were determined,
named olive-like, olive-like with end dendrite, candy-like, needle-like, and floc. At
high pH (>10) and higher initial concentration the floc crystals were formed, while
at lower concentration the olive-like with end dendrite crystals were produced at the
same pH. The olive-like crystals were formed at lower concentrations and below pH
10. Candy-like crystals, on the other hand, precipitated at intermediate conditions.
However, the morphology is not only dictaded by the pH. The floc and candy-like
crystal structures are formed at higher supersaturation (2 >9), which translates to
higher nucleation rates. Intermediate supersaturation (7< {2 <9) produces candy-like
crystals, and lower supersaturation results in olive-like and needle-like precipitates.
Furthermore, the needle-like and the olive-like crystals, precipitated at relatively low
supersaturation, were found to have a growth rate that is mostly controlled by the
surface integration step, whereas the growth rate for the other crystals are mostly
controlled by the diffusion step (Chen et al., 2001).

Organic additives such as synthetic and biological polymers have shown to have
a strong influence on morphogenesis of carbonates (Colfen, 2003).

For instance, Yu et al. (2004b) showed that BaCO; can obtain complex morpholo-
gies in the presence of polymers. Two low molecular weight polymers were used in
their experiments; poly(sodium 4-styrenesulfonate) (PSS for short) that is negatively
charged at the experimental conditions (pH 5), and poly(allylamine hydrochloride)
(PAH), which is positively charged. As a carbonate source, they used crushed am-
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Figure 2.13: SEM images of BaCO; particles described by Yu et al. (2004b). Dendritic particles
were obtained in the absence of any additives (A). Precipitation with 1g/l PSS resulted in
spherical aggregates (B), consisting of nano-sized rods (C). BaCOj; formed in the presence of
PAH adopted an initial dumbbell-like structure (D) that with time transformed into a sphere-
like aggregates (E). Introducing air-bubbles, which can act as a static template, into the BaCl;
solution with added PSS resulted in a spherical aggregates with holes (F). Adapted from Yu
et al. (2004b).

monium carbonate, which decomposes into NH3; and CO,, which absorbed into the
BaCl; solution with the added polymer. In absence of any polymer, the precipitate
adopted a dendritic structure (see Figure 2.13 A). However, in the presence of the neg-
atively charged PSS, spherical aggregates consisting of ~50 nm in diameter rod-like
crystals were produced (see Figure 2.13 B and C). Shaking the solution with added
PSS before mineralisation began, so as to produce bubbles, resulted in aggregates with
holes (see Figure 2.13 F). These aggregates were less structured than their bubble-free
counterparts, a feature possibly due to attractive force exerted on the amorphous car-
bonate precursor by the air-bubble interface. It has previously been shown that the
air/solution interface can temporarily stabilise nano sized particle aggregates in the
CaCO; case with added polymers (Yu et al., 2004b).

As was discussed in previous section, Mg?* can influence which CaCO; poly-
morph of that will precipitate. Meldrum and Hyde (2001) showed that citric and malic
acid, in the presence of added Mg?*, give rise to amazing structural variety of CaCOs.
The carbonate products were precipitated from a saturated calcium bicarbonate so-
lution with various concentrations of the organic and magnesium additives. In the
absence of any organic additive, preferential precipitation of aragonite over calcite
occur with increasing concentrations of Mg?*. However, in the presence of malic

. . . . oy 2 “ge .
or citric acid in addition to Mg**, calcitic aggregates with remarkable morphology,
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ranging from elongated rhombohedra to inter-grown triangles, lobes, dumbells, and
inter-grown spheres with increasing Mg2* concentration, were precipitated. Different
morphologies precipitated on the bottom compared to the air/solution interface in the
crystallisation dish. Precipitation at such an interface is common in systems where
a concentration gradient exist across the solution. Both organic additives inhibit nu-
cleation and growth of calcium carbonate by binding to specific faces of the crystal,
leading to elongated crystals along the c-axis. Additional Mg?* enhanced the effect
induced by the organic additives, and a larger morphological variety was observed.

More complex polymers have also been successfully used to induce specific car-
bonate morphologies. Yu et al. (2003) used double hydrophilic block copolymers
(DHBCs) to modify the morphology of several metal carbonates, including BaCO3
and PbCOs, using ammonium carbonate in the gas diffusion system as described
above. DHBCs are specifically designed to affect crystal morphologies in that they
consist of two hydrophilic blocks; one designed to interact with the mineral, and
one that only weakly interacts with the material, but promotes aqueous solubilisa-
tion. These types of polymers have shown to exert a great effect on CaCOj3 crys-
tallisation (Colfen and Qi, 2001; Qi et al., 2002; Yu et al., 2003). In the BaCOj3 case,
four different DHBCs were used in the precipitation experiments; 1) poly(ethylene
glycol)-block-poly(methacrylic acid) (PEG-b-PMAA); 2) a monophosphonated version
of 1) called PEG-b-PMAA-PO3H> (21% phosphonation degree); 3) a phosphorylated
poly(ethylene glycol)-block-poly(hydroxyethyl-ethylene) (PEG-b-PHEE-PO4H>); and
4) poly(ethylene glycol)-block-poly(ethylene imine)-poly(acetic acid) (PEG-b-PEIPA).
These different DHBCs all interact differently with the carbonate and therefore give
rise to distinct morphologies (see Figure 2.14). In the case of PEG-b-PMAA a change in
morphology with time was observed (see Figure 2.14 A-D). After 3 hours of reaction
time, highly monodispers 350 nm spherical aggregates were observed (see Figure 2.14
A), that later transformed into rods, dumbbells, and larger spheres (see Figure 2.14
B-D). The mechanism for this sphere-rod-dumbbell-sphere transition is unknown, but
a similar transition has been observed in gelatin grown fluoroapatites hierarchical
aggregates (Busch et al., 1999; Yu et al., 2003). In the fluoroapatite case, a transition
from hexagonal rods to dumbbells to spherical aggregates have been seen to proceed
by fractal growth at the ends of the rods, that with time close up to spherical aggre-
gates. This type of growth have been proposed to be caused by the presence of an
intrinsic electric fields that direct the crystal growth (Busch et al., 1999). Yu et al. (2003)
proposed a mechanism for the transitions observed in the presence of DHCBs, based
on the mechanism proposed by Busch and co-workers (see Figure 2.15). However,
Yu et al. (2003) showed that the fractal behaviour of the BaCOj3 in the presence of
PEG-b-PMAA could not be caused by long-range Coulombic interactions caused by
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Figure 2.14: SEM images of BaCOj; particles precipitate d in the presence of three different
DHBCs; PEG-b-PMAA (A-D), PEG-b-PMAA-PO;H; (E-G), and PEG-b-PHEE-PO4H; (H-I).
Adapted from Yu et al. (2003).
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Figure 2.15: Proposed mechanism for the transitions observed for BaCOj; in the presence of
DHBCs. Initial spherical nano-sized aggregate (a) transforms into rod-like crystals (c), which
in turn develop dendritic growths at the ends (d-e), finally resulting in a larger spherical
aggregate (f). Adapted from Yu et al. (2003).

an electric field. Increasing the ionic strength of the solution by adding up to 2 M NaCl
didn’t have any effect on the morphology of the produced BaCO; aggregates. This
is in strong contrast to the CaCO; case, where an increase in ionic strength produces
regular rhombohedral calcite, i.e. the directing effect of the DHCB is lost. The fact
that the morphology wasn’t affected by the increased ionic strength indicates a strong
interaction between the polymer and the mineral surface even though the polymer
activity is decreased at higher ionic strengths, due to salting out of the DHBC. Using
the partially phosphonated polymer PEG-b-PMAA-PO;H; resulted in spherical aggre-
gates, which consisted of 40 nm fine particles (see Figure 2.14 E-G). The phosphonate
part of the DHBC apparently interacts strongly with the mineral surface that stabilises
the formation of smaller particles. A completely opposite effect resulted from using
PEG-b-PEIPA, which gave rise to coarse grained surfaces, but the overall morphology
remained the same. Yu et al. (2003) therefore concluded that the surface properties
can be tailored by using appropriate DHBCs. A completely different morphology
was obtained when the partially phosphorylated PEG-b-PHEE-POs4H; was used (see
Figure 2.14 H-I). Only 8-30 um sized oval aggregates, composed of ~40 nm sized crys-
tals, were precipitated (Yu et al., 2003). These sets of experiments clearly indicate the
power DHBCs exert on carbonate morphogenesis, but at present, the mechanism for
this structure directing effect is not known.

Yu et al. (2002) also investigated the role of DHBCs in calcium carbonate mor-
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Figure 2.16: SEM images of CaCOj; grown in the presence of PEG-b-PMAA (A-B) and PEG-b-
PHEE-PO4H; (C-D). Adapted from Yu et al. (2002).

phogenesis in a ammonium carbonate diffusion system previously discussed. Large
spherulitic calcite was produced in the presence of PEG-b-PMAA and PEG-b-PEIPA
(see Figure 2.16 A). In both cases the spherule surfaces are rough, however the building
blocks show differing degree of crystallinity. Different crystalline faces are exposed
in the two samples, which can be explained by the different functional groups on the
DHBCs preferential interaction with specific faces. The morphologies produced with
added PEG-b-PHEE-PO4H; are very different from the previous discussed spherules.
Instead, large irregular globules and disk-like morphologies were produced (see Fig-
ure 2.16) composed of fine particles. These disk-like morphologies are in many ways
similar to some biomorphs presented in Chapter 3. Yu et al. (2002) suggested that
PEG-b-PHEE-PO;H; can interact with all crystal surfaces, which results in less rough
surfaces as compared with the other DHBCs used. However, no specific mechanism
for the formation of these complex structures are known to date (Yu et al., 2002).

Other interesting BaCO3; morphologies can be derived by carbonate synthesis in
reverse micelles. Qi et al. (1997) showed that single crystal BaCO3; nanowires can
be produced in nonionic reverse micelles of Cy;E; (tetraethylene glycol monododecyl
ether). The wires can grow up to 100 ym in length and have diameters between
10-30 nm. Changing the reaction conditions such as concentration of water, Cy;E;,
and barium and carbonate concentrations only affected the length of the wires, the
diameter remained constant. By TEM analysis it was shown that the early stages
of the reaction contained tiny amorphous particles that with time aggregated and
aligned to form single crystal nanowires with the c-axis along the length of the wire.
Qi et al. (1997) suggested that preferential adsorption of the surfactant headgroups
onto specific crystal planes parallel to the c-axis may be the cause of wire formation.
Other BaCO3 morphologies, such as rods and ellipsoidal crystals, can be obtained in
micelles systems (see Qi et al. (1997) and references therein).

Unusual helical and ‘herringbone’ type filamentous carbonate structures have
also been reported that are reminiscent of biomorphs. Yu et al. (2004a) produced
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Figure 2.17: SEM images of BaCOj; filaments grown in the presence of PEG-bDHPOBAEE, at
an initial pH of 4. Adapted from Yu et al. (2004a).

such precipitates by slow diffusion of carbon dioxide (produced by decomposition
of ammonium carbonate) into a 10 mM BaCl; solution containing 1 g/l of the DHBC
polyethyleneglycol-b-[(2-[4-dihydroxyphosphoryl]-2-oxabutyl) acrylate ethyl ester] (PEG-
b-DHPOBAEE) at pH 4. After two weeks, very long (millimeteres) filaments with a
diameter between 200 to 500 nm are obtained. 90% of the filaments synthesised are
helical in nature, and less than 10% are of the herringbone type (see Figure 2.17).
Equal numbers of right- and left-handed helices are produced, and they consist of
parallel aligned nanocrystals, ~30 nm in diameter and 200 nm long, along the growth
direction (see Figure 2.17 C). Increasing the initial pH to 5.6 results in predominantly
herringbone-like structures, while increasing the polymer concentration to 2 g/l leads
to short densely packed fibres. The self-assembly of the helical and herringbone struc-
tures are believed to be the result of specific interaction of the polymer with specific
crystal faces. Crystal modelling has shown that the (110) faces carry a net positive
charge that can interact with the negatively charged phosphonated polymer. Spe-
cific polymer adsorption on these faces therefore hinders the aggregation at this site.
The other faces, (020) and (011), are free to aggregate in an epitaxial arrangement,
that is only (020)-(020) and (011)-(011) interactions occur, and the latter is the most
favourable, as each nanocrystal has 4 (011) faces compared to 2 (020) faces (see Figure
2.18). Crystal-crystal aggregation then also leads to ‘favourable’ and “unfavourable’
(110) adsorption sites due to steric hindrance of the polymer (see Figure 2.18). A helical
arrangement can then be explained by the change from (020)-(020) to (011)-(011) ag-
gregation, with the concomitant growth in a staggered arrangement (see Figure 2.18).
In the herringbone case, the structure can be explained by nanocrystal aggregation
with their (110) faces in the absence of polymer. As soon as such a defect arrangement
has been formed, the following nanocrystals will align in a similar way if no polymer
is adsorbed (see Figure 2.18) (Yu et al., 2004a). A similar mechanism could be in place
for the herringbone-like arrangement of carbonate crystals seen in some biomorphs,
using negatively charged silica instead of organic polymers.
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Figure 2.18: Proposed mechanism of formation for helical and herringbone morphologies ob-
tained in the presence of PEG-bDHPOBAEE. Barium carbonate crystal illustrating the relevant
faces (top left). The preferential adsorption of the polymer on (110) faces (green) and the crystal
aggregation with their (020) and (011) faces leads to “favourable’ and ‘unfavourable (110) sites
sites for polymer adsorption (see middle 1). Particle aggregation in a staggered manner (see
middle 2) is then preferred over other energetically less favourable arrangements (see middle
3 and 4). Aggregation occur with (020)-(020) and (011)-(011) faces, no (011)-(020) interactions
occur (see top middle), and the orange spot indicates the most favourable (011) aggregation
site for the incoming particle, so the helical turn is continued. Particle aggregation and the
specific adsorption on favourable (110) faces then lead to a helical arrangement of nanocrystals
(see top left). The herringbone structure will form when aggregation takes place on the (110)
faces in the absence of the polymer (see bottom). Adapted from Yu et al. (2004a). Note that
different cell parameters are used than the one described in Section 2.2.1;a = 6.43, b = 5.32, and
c=890A.
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Figure 2.19: SEM images (A-D,F) and an optical image (E) of calcium carbonate precipitates
in the presence of poly(aspartate). Calcite crystal displaying spiral pits (A) is produced when
the concentration of poly(a,L-aspartate) is 0.5 ug/ml. At 10 ug/ml poly(a,L-aspartate) vaterite
helixes are formed (B-F) as well as deformed rhomobedral, and rounded aggregates. The
helical aggregates are polycrystalline in nature, and surrounded by an outer membrane (C).
Gentle acidic etching of the helices shows that the outer membrane is more resistant to such
treatment than the interior carbonate (D). Some of the helices are naturally hollow (E-F).
Scalebar in A 100 ym, B 10 ym, C 10 ym, D 10 ym, and F 10 um. Adapted from Gower and
Tirrell (1998).

Helical carbonate crystal aggregates are not only restricted to silica-carbonate sys-
tems, but can also be produced in the presence of poly(aspartate). Gower and Tirrell
(1998), and Gower and Odom (2000) showed that poly(aspartate) have a great influ-
ence on the precipitated calcium carbonate morphology and the polymorph produced.
The carbonate aggregates are produced by slow diffusion of ammonium carbonate
into a 12.5 or 20 mM calcium chloride solution containing various concentrations of
poly(aspartate). At low concentrations of the polymer (0.5 ug/ml) distorted rhom-
bohedral calcite crystals are produced, some of which display spiral pits (see Figure
2.19 A). At higher concentrations of poly(aspartate) (1-5 ug/ml) calcitic aggregates are
produced that at further increased polymer concentrations (5-30 ug/ml) tend to form
rounded aggregates. Some of these rounded aggregates have spiral growths (see Fig-
ure 2.19 B-F). Both left and right handed helixes are produced regardless of the chirality
of the poly(aspartate). At this high polypeptide concentration calcium carbonate films
are also produced, that are of three distinct types; single crystal mosaic films com-
posed of calcite, a film composed of the hexhydrate form of calcium carbonate, and

spherulitic polycrystalline films composed of vaterite. The latter is associated with the
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Figure 2.20: Vaterite tubes (a-b) and cups (c-d) produced by electrolytical deposition on silicon
wafers. Adapted from Fan and Wang (2005).

helical vaterite growths and can be seen as a membrane around the helices, and Gower
and Tirrell (1998) suggested that this film is the cause of this unusual spiral precipitate.
The carbonate film and the membrane on the helices are of the same thickness, and in
the case where the helices are hollow, the crystallites seem to grow inward from the
external membrane, a feature indicative of the importance of the membrane for spi-
ral growth. Changing the reaction temperature, calcium and polymer concentration,
and polymer chain length alters the dimension and the occurrence of the spirals. At
lower temperatures (4 °C) helices are shorter and fatter (200 ym in diameter, 250 um
in length), and fewer in number compared to synthesis at room temperature. Higher
concentrations of poly(aspartate), or using shorter polymer chains, generally produces
more helices and films. At optimal conditions, up to 70 % of the aggregates contain
helical growths that can extend up to 700 um in length. No polymer could be detected
within any of the aggregates, however, polymer concentrations below the detection

limit of X-ray microanalysis cannot be ruled out (Gower and Tirrell, 1998).

Other methods exist for producing unusual crystal morphologies, even in the
absence of organic modifiers. Fan and Wang (2005) reported nanobubble templated
growth for vaterite tubes and cups in an electrolytic deposition system (see Figure
2.20). In this system, the carbonate precipitates are produced on the silicon wafer
cathode at which either H, or OH™ is produced. The produced OH™ increase the pH
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and cause localised supersaturation resulting in calcium carbonate formation on the
wafer. Several different morphologies can be obtained this way, however, the vaterite
tubes and cups reported by Fan and Wang (2005) are limited by the concentration
of the calcium concentration in solution. Vaterite tubes were produced at 25 °C in a
solution with [Ca?*]=12.7 mM and [HCO;]= 22 mM at pH 6.9, whereas cups were
produced at the slightly higher calcium concentration of 18 mM at otherwise the
same conditions. In both cases, a ~ 100 ym thin vaterite film was always produced
out of which the more complex morphologies grow (see Figure 2.20. The tubes are
of uniform size throughout its length, have a outer diameter between 150-300 ym,
an inner diameter between 80-200 ym, and they can grow up to 38 um in length.
TEM analysis revealed that the tubes are partly mono crystalline, and a single crystal
entity can be maintained for up 3 ym along the tube before the direction of the crystal
changes. The vaterite cups have an irregular tube growth at the base, and are normally
between 1-10 um in diameter and less than 50 nm thick at the cup edge. These unusual
vaterite morphologies are believed to be a consequence of nanobubble formation on
the cathode. The early precipitation of the vaterite film have a bubbly appearance,
caused by the underlying H>. As the pressure increases with reaction time, holes
appear in the film. Continued growth, fuelled by the produced H; and OH", are then
directed into the growing tubes. The dimension of the precipitates are probably due
to a fine tuned balance between cathode reaction and crystal growth.

The interaction between silica and carbonate is most important for biomorph mor-
phogenesis. Only a few experimental investigations into the effect of silica on carbon-
ate morphogenesis have been reported to date, excluding the work by Juan Manuel
Garcfa Ruiz described in Chapter 1 and our own work. Until now, most of the work
has been conducted in silica gels.

Kotachi et al. (2003) and Kotachi et al. (2004) used silica gels to precipitate carbonate
films on chitosan coated glass slides. Both barium and strontium carbonate films show
radial vein-like texture (see Figure 2.21), and are composed of stacked planar hexagonal
nanocrystals, where each crystal has the c-axis perpendicular to the substrate and is
covered in silica. The crystal orientation is more distinct in the barium carbonate
case compared to strontium carbonate films. Reducing the concentration of silicate by
lowering the pH produces stacked hexagonal crystals with larger subunits (see Figure
2.21 C), suggesting a growth-restrticting effect of the silica on carbonate crystals. In
the calcium carbonate case, the films contained a mixture of calcite, aragonite and
vaterite, and the crystal arrangement is random. In the presence of poly(acrylic acid)
(PAA), without silica, also produced calcium carbonate films, which suggests a similar
effect of silicate anions and PAA on calcium carbonate precipitation. Kotachi et al.
(2004) suggested that the carbonate films are a result of the interaction between the
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Figure 2.21: Barium carbonate film produced on chitosan surfaces at pH 10.5 in the presence
of silicate anions (A-B). Strontium carbonate stacked precipitate produced at pH 9.5 (C). After
sodium hydroxide treatment of the barium carbonate films, the planar crystal arrangement is
clearly visible (D), and (E) shows a schematic arrangement of these hexagonal planar crystal
units. Adapted from Kotachi et al. (2004).

dissolved silicate anions and the chitosan substrate, and the minutarising effect on
the carbonate crystals by the polymerisation of silica on the crystal faces. The strong
interaction between the polyalcoholic chitosan surface and the anionic silicate ions
induces silicate polymerisation. Subsequent nucleation and growth of the carbonate
subunits are templated by this polymerised silicate. It is believed that the directed
growth and orientation of the barium or strontium carbonate sudunits are dictated
by the silica, as the distance between the anionic oxygens (0.525 nm) in the silicate is
similar to the distance between adjacent carbonate ions in the (001) plane (see Figure
2.22). This silica templating effect can then explain the preferential orientation of
the carbonate nanocrystals with the c-axis perpendicular to the substrate. Continued
silicate polymerisation on the carbonate crystals in turn induce directed nucleation
and growth of subsequent stacked carbonate layers. Dendritic growth is then realised
through radial growth from the corners of the carbonate hexagonal plates (Kotachi
et al., 2004).

Evidently, the morphology of carbonates can be efficiently altered by both inorganic
and organic additives. As knowledge of silica chemistry is crucial to the understanding
of how it possibly interacts with carbonates, the next section of this chapter will discuss
aspects such as various polymorphs of silica and silicates, silica polymerisation and

speciation in solution. Geological occurrences of siliceous species are also discussed.
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from Kotachi et al. (2004).

2.3 Silicate chemistry

As the formation of biomorphs is closely related to the aqueous chemistry of silicate, a
brief summary of solubility, polymerisation, and natural occurrences of various silicate
phases is presented.

Silicon is the second most common element in the crust after oxygen (21.2 atom%
compared to 62.6 for oxygen) (Swaddle et al., 1994). It almost always occurs as an oxide
in amorphous and crystalline phases, such as quartz and silicates found in rocks and
clays. As biomorphs contain amorphous silicate, this section will primarily concern
this phase. However, crystalline silicates of well-characterised related composition
will be discussed first, as a basis for comparison.

2.3.1 Silicate polymorphs and geological occurrence

The vast number of crystalline silicates reflects the numerous structurally different
ways of combining tetrahedra consisting of a central Si** coordinated to four O*~ lo-
cated at the apices: the basic building blocks of all silicate minerals. These tetrahedra
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Figure 2.23: Phase diagram of the silica system. Adapted from Klein (2002)

can share zero, one, two, three, or all four oxygens giving rise to a great diversity in
structural silicate configurations. Silicate minerals can be classified into six groups de-
pending on the connectivity of these tetrahedra: 1) orthosilicates (isolated tetrahedra);
2) sorosilicates (isolated double tetrahedra); 3) cyclosilicates (ring-forming tetrahedra);
4) inosilicates (single- and double-chain silicates); 5) phyllosilicates (sheet-silicates); 6
tectosilicates (framework silicates). Furthermore, aluminium, which can coordinate
to both four and six oxygens, can substitute for silicon in the tetrahedra and occupy
octahedral sites within the structure. Other ions, 6-coordinated to oxygen, commonly
found in silicates include Mg?*, Fe?*, Fe**, Mn?*, and Ti**. Calcium and sodium
ions are larger and/or less charged and are often coordinated to eight oxygens in sili-
cates. The very large barium ion is not easily accommodated within the crystal struc-
tures of common rock-forming silicates, and only occurs in high-coordination sites
(Klein, 2002). Ba-silicates often have distinctive crystal structures. Silicates with es-
sential Ba include sanbornite (BaSi,Os), krauskopfite (BaSizO4(OH),), and bigcreekite
(BaSi2Os - 4H,0), which are all very rare minerals.

Crystalline phases of pure silica include a- and g-quartz (low- and high-quartz
respectively), various structures of tridymite, a- and p-cristobalite, coesite, stishovite,
and moganite (Heaney and Post, 1992; Heaney, 1994). These are structures composed
of a three-dimensional network of tetrahedra interlinked by sharing all four oxygens.
Amorphous silica is mostly found in biominerals, but abiogenic silica glasses can also
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be produced in association with geysers that discharge silica rich fluids (geyserite), by
lightening strikes (lechatelierite) and within tektites formed through meteorite impacts
(Heaney, 1994). Opal is a natural hydrated form of SiO;, and occurs in both amorphous
and microcrystalline forms. The latter may be cristobalite-like or intermediate between
cristobalite and tridymite in structure. Opal may show higher order microstructure;
this is the case in precious opal, which consist of a regular array of closely packed
equal sized silica spheres (Graetsch, 1994).

The most common geological occurring silica mineral is a- quartz, which is stable
at low temperature and pressures (see Figure 2.23). Some of this quartz may have
previously existed as -quartz, -cristobalite or tridymite, that with time transformed
to a- quartz (Heaney, 1994). Sedimentary quartz occurs as microcrystalline quartz,
chalcedony (microcrystalline fibrous variety), megaquartz, and as opaline silica. Mi-
crocrystalline quartz is dominant in cherts, and occurs as fine grained (< 1 to ~50 yum
in size) a- quartz crystals. Chalcedony and megaquartz are often found in cavities and
fractures where secondary precipitation from silica rich solutions occurs. Chalcedony
grows radially inward from the wall of the cavity that in its centre contain megaquartz.
This characteristic is thought to reflect decreasing concentration of dissolved silica dur-
ing crystallisation and/or reduced rate of crystallisation. Opaline silica is main silica
phase that is precipitated today, due to its occurrence in the biogenic shells of diatoms
in plankton. The origin of widespread ancient silica deposits, which were formed
prior to the evolution of diatoms and other silica-secreating organisms, is not fully
understood (Knauth, 1994). The state of the Archean ocean in terms of silica content
will be further discussed in Chapter 5.

2.3.2 Silica dissolution and precipitation

The aqueous chemistry of silica is acomplex interplay between dissolution/precipitation,
adsorption/desorption, and complexation. Early studies show great discrepancies be-
tween reported solubility data, an effect that has been attributed to non-equilibrium
conditions. Long equilibrium times are required for a solution in contact with the solid
phase. Different silica phases show different solubilities in water, with amorphous sil-
ica being the most soluble phase (see Figure 2.24). However, solubility is also affected
by particle size, temperature, pressure, pH and the presence of additional electrolytes
(Dler, 1979; Dove and Rimstidt, 1994). Smaller particles show a higher degree of solu-
bility due to the smaller positive radius of curvature. Larger particles therefore grow
at the expense of the smaller ones; a process known as Ostwald ripening (Dove and
Rimstidt, 1994). Concave surfaces (negative radius of curvature) on the other hand,
have a low equilibrium solubility. Two adhering particles will therefore dissolve on
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Figure 2.24: Aqueous solubility of amorphous silica, cristobalites, and quartz at different
temperatures. The table to the right indicates the equilibrium constants at 25 °C. The data is
based on equations taken from Rimstidt and Barnes (1980) (see also Appendix B.)

the convex surface and deposit in the concave adhering point to reduce the negative
curvature (Iler, 1979). As can be seen in Figure 2.24 increasing temperature leads to
increased solubility, although silica solubility is very much affected by the pH. High
pH shows increases in solubility due to the formation of anionic species in addition to
the Si(OH)4 which is in equilibrium with the solid phase. The solubility and speciation
of the anions, can be described according to the following equilibria:

SiOye +2H,0 = Si(OH), (2.14)
Si(OH); < SiO(OH); +H* 2.15)
SIO(OH);! = SiO(OH)Z +H* 2.16)
4Si(OH); = SiyO6(OH)2™ +2H* +4H,0 2.17)

where K are the equilibrium constants. Si(OH)s, which can be seen as a diprotic
acid (pK2=9.84 and pK3=13.43 at I=0)’, is quite a weak acid and will substantially
dissociate at around pH 9 (Dove and Rimstidt, 1994; Sjoberg, 1996). Reaction 2.14 and
2.15 represent a geologically important buffer system that ensures that the pH remains
below pK; of silica. However, in synthetic silica processes the higher dissociation
reactions are important (Dove and Rimstidt, 1994). For a solution in equilibrium with
amorphous silica, the different concentrations of the various species that change with
pH can be seen in Figure 2.25 A. The solubility of silica is also affected by additional
species in solution. Total SiO, solubility is increased if reaction occurs to produce
additional complexes: both organic and inorganic species can form such complexes
(Iler, 1979). Furthermore, a change in water structure can increase total solubility of
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by stabilising highly hydrated silica species. This is believed to be the mechanism
causing the observed increase in solubility of quartz in the presence of NaCl (Dove
and Rimstidt, 1994). Dove and Nix (1997) were the first to report the effect of BaZ*
on the dissolution rates of quartz, and it was found that it increased by a factor of 40
compared to deionised water at 200 °C. Other alkaline and alkaline- and alkaline earth
cations also increased the dissolution rate of quartz in the following order; Mg?* <
Ca?* » Li* » Na* ~ K* < Ba?*. This effect was believed to be caused by the different
solvation properties.

Figure 2.25 A is a very simplistic view of the equilibrium system, as there are a
myriad of polynuclear species present at increased concentration and high pH. Pre-
vious reports have suggested that only mononuclear species are present in neutral to
slightly alkaline solutions in equilibrium with amorphous silica (Stumm and Morgan,
1996). Harris et al. (1980) showed through #°Si NMR that 0.01 M sodium silicate so-
lutions enriched in #Si at pH above 10 only contain monomeric species. However,
several reports have since shown otherwise. Cary et al. (1982) analysed #Si-enriched
silica solutions at low concentration using NMR, and showed that even at pH 7.2 a
97.1 ppm silica solution contain dimeric species. This conclusion was also supported
by Raman studies on dilute (~ 3 mM) silicate solutions by Alvarez and Sparks (1985).
The situation gets even more complicated at higher pH and concentration. 19 sili-
cate species, including linear, cyclic and cage-like polymeric species with up to 10 Si
have been identified (Harris et al., 1981; Svensson et al., 1986; Bass and Turner, 1997).
However, at concentrations <0.01M the major silicate species present are monomeric
(Felmy et al., 2001).

A silicate solution at high pH is stabilised by electrostatic repulsion of the anionic
silicate species. However, if the pH is reduced, or the concentration is increased, poly-
merisation will occur. Below pH 2 the reaction is catalysed by H* whereas above pH 2,
OH™ can be seen as the catalyst as it is generating anionic species. The polymerisation
process can be described according to the following three steps: 1) condensation of
monomer to form dimer, trimer etc. 2) nucleation of colloidal particles, and 3) growth
of colloidal particles. The first step, condensation of silica monomers catalysed by
OH, is generally described according to the following reaction (Iler, 1979):

=5i-OH + HO-Si= 25 =5i-0-Si= + H,0 (2.18)

Continuous reaction between monomer and dimer, trimer etc eventually produces a
small particle. At pH >7, further growth progresses at the expense of smaller particles
(Ostwald ripening), and particles quickly form whose size increases with temperature,
due to the greater silica solubility. At pH <7, on the other hand, particles rapidly
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aggregate into a gelled network due to the reduced ionic charge on the particles (see
Figure 2.27) (Iler, 1979; Brinker and Scherer, 1990). Polymerisation rates are influenced
by temperature, pH, ionic strength, and degree of supersaturation. Around pH 7 and
at high ionic strength, oligomerisation is fast (Iler, 1979; Icopini et al., 2005). Adding a
salt to a silica sol at high pH reduces the charge repulsion between the particles, which
induces aggregation and gelling (see Figure 2.27).

Apart from aqueous silicates, a wide range of silicon alkoxides, such as tetraethoxy-
and tetramethoxysilane (TEOS and TMOS respectively), can be used to prepare silica
gels and particles. Two reactions, in addition to reaction 2.18, are generally used to
describe the hydrolysis and condensation of such silica precursors:

=5i-OR + H,O0 — =Si~OH + ROH (2.19)
=5i-OR + HO-Si= — =Si-O-Si= + ROH (2.20)

Condensation reactions using TEOS therefore either produce water or ethanol, and can
occur simultaneously with the hydrolosis. Since TEOS is immiscible in water, ethanol
is often used to homogenise the system. However, as ethanol is produced during the
hydrolysis reaction, gels can be formed without the addition of alcohol. Alkoxides
are now the most common precursors for siliceous materials in sol-gel processing
applications (Brinker and Scherer, 1990).

As this thesis is dealing with silica solutions at high pH and in the presence
of alkaline earth metals, the possibility of silicate formation should be considered
in addition to silica precipitation. If a solution of a polyvalent salt is added to a
dilute silicate solution, precipitation of the corresponding silicate will occur. Several
amorphous and crystalline barium silicates can precipitate by mixing sodium silicate
and BaCl; solutions. Generally, it has been noted that crystallinity and composition
of the silicate depends on Ba:Na:Si ratios, temperature, and reaction time (Kriiger and
Wieker, 1965; Iler, 1979).Yadava and Ghosh (1957) proposed the following reactions to
take place in such systems:

MCl, + Na;OSiO2)x = MO(SiO2)y + 2NaCl 2.21)
MO(SIO2)x + HHO = M(OH); + (SiO2)x 2.22)

where M denotes Ba or Sr. A precipitated barium silicate is in equilibrium with with
Ba?*, BaOH*, and the various silicate anions in solution (Kriiger and Wieker, 1965).
The solubility of the alkaline earth hydroxides increase down the Group Ila elements
(see Table B.1), and the association constant for BaAOH* is relatively large (K=0.5 (Li
and Jean, 2002)) such that even at pH 11, [BaOH*] <5- 10~4[Ba%*]. The formation
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Figure 2.26: In A, the Si and Sr or Ca concentrations in equilibrium with SrsSigO,6(OH), - 5H,O
(circles) and Ca silicate hydrate (squares). The intersection of the thick lines represents the
reaction conditions used for some of the biomorphs (at usually lower pH). In B, an SEM
micrograph of the fine grained texture and the developed ‘sheaf of wheat’ structures observed
during drying of the strontium silicate phase. Adapter from Felmy et al. (2003).

of barium or strontium hydroxides precipitate corresponding carbonates if in contact
with carbon dioxide. This effect was also noticed by Liebsch and Dornberger-Schiff
(1958) and Galstian et al. (1982), who showed that barium silicates dried in contact
with air contain significant amounts of barium carbonate. Felmy et al. (2003) showed
that amorphous strontium silicate becomes crystalline (Sr5SisO;4(OH); - 5H,0) upon
ageing at room temperature and pH >11.5. This strontium silicate was considerably
more soluble than corresponding Ca-silicate hydrate (see Figure 2.26 A). The granular
precipitate was somewhat unstable during washing, which resulted in development
of ‘sheaf of wheat’ structures. This effect was also enhanced during drying at elevated
temperatures (see Figure 2.26 B). (Iler, 1979) concluded that the nature of the precipitate
will vary depending on the mixing conditions as the ratio of the reactants change. A
mixture of amorphous metal silicates of varying compositions are therefore expected
at ordinary temperatures. However, microcrystalline silicates can form during aging
if the reactants are present in stoichiometric proportions, or at elevated temperatures
(Iler, 1979). Solutions giving rise to biomorphs can therefore be expected to contain
some amorphous barium silicates upon mixing the reactants.

Colloidal chemistry of silica

As was described in the previous section, silica polymerisation inevitably produces
particles of amorphous silica. Under the right conditions these particles can be sta-
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bilised so as to produce an aqueous solution containing colloids with a particular
diameter. The colloidal state encompasses particles (spherical, needle-like, or other)
in the 1 nm to 1um range; a colloidal dispersion therefore contains particles small
enough not to be affected by gravity. A dispersion of stable silica colloids in water
is normally referred to as a silica sol (Bergna, 1994). Several different methods exist
to produce monodispersed silica sols, using both water-glass and tetraalkoxysilanes
as starting materials (Stober et al., 1968; Yoshida, 1994). Particle size can be tuned
by using high temperature and the slow addition of oligomeric ‘active’ silica that can
directly polymerise with the growing particles. The monodisperse silica colloids are
then stabilised against aggregation by charge repulsion, or by the adsorption of an
inert coating on the particles. Silica sols can be stable for decades if prepared correctly,
and have proven very valuable for industrial processes as fillers, chromatography and
catalysis support, and for materials engineering (Iler, 1979). In analogy with natural
opals, silica colloids can be periodically arranged in three dimensions, showing great
promise in the fabrication of photonic crystals (Vlasov et al., 1997).

Aggregation of the colloidal particles can occur in several ways, of which gelling is
just one type of aggregation. During gelling, the sol becomes viscous as larger chains
are formed that eventually interconnect and the sol becomes rigid. A gel is therefore
seen as an open network of particle chains, which forms when there is appropriate
surface charge that allow the particles to collide and further polymerise. The structure
of the final gel therefore depends on the particle size distribution and the degree of
attraction between them. As can be seen in Figure 2.27 B, sols are generally stable
at pH above 8 as the particles have an increased surface charge. At pH around 6-7,
decrease in surface charge results in very rapid gelling times. Between pH 2 and 6,
gel times decrease, and are proportional to the [OH™]. At pH 2, the observed gelling
times are quite long, due to the fact that the colloidal surface exhibits no charge and
are stabilised somewhat by the strong adsorption of water, however, addition of HF
(normally present as impurity) decreases gelling times, as the F~ acts in very similar
fashion to OH™, and can catalyse the formation of siloxane bridges (Iler, 1979; Brinker
and Scherer, 1990).

Depending on concentration, pH, and type of salt, a precipitate instead of a gel
can be formed. A neutral or alkaline silica sol containing considerable amounts of
salt will form a precipitate, and not a gel. In contrast to gels, the precipitate contains
a higher concentration of silica particles compared to the original sol and settles out.
Coagulation can occur as a result of decreased surface charge and hydration of the col-
loidal surface, and can be brought about by the addition of ‘bridging-agents’ between
the particles. Cations, and especially divalent cations, induce coagulation between
charged particles. Divalent cations, like Ca?* and Ba?*, can therefore link two parti-
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Figure 2.28: Aggregation of colloidal silica particles into sheets. When a cluster of three
particles has formed, aggregation of the next particle occurs on the edge of the sheet as the
repulsive force is larger on the face than on the edge. Adapter from Iler (1979).
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cles together and coagulation occurs well before the colloid surface is saturated with
cations. Such adsorption of alkaline earth cations involves proton exchange. The spe-
cific surface interaction depends on pH, concentration, and the degree of hydration,
and the addition of such cations can induce charge formation on the surface (Tadros
and Lyklema, 1969; Dove and Craven, 2005):

=6i-OH + Ca** — =Si-O™ —Ca’* +H* (2.23)
=Si-OH + Ca(H,0)%* — =Si-O~ - Ca(H,0)3* + H* (2.24)
=Si-OH + Ca’** + H,O — =Si-O~ — Ca(OH)* + H* (2.25)

of which the latter reaction becomes significant only at higher pH. As the alkaline
earth ions are divalent, complex formation with two neighbouring silanol groups is
also possible. However, it has been shown that the number of protons exchanged
per cation is close to 1 for these ions. This indicates that every complexation with a
silanol sheds only one proton (Persello, 2000). It has been shown that alkaline earth
ions specifically adsorb and form complexes with the silica surface with the following
trend of increasing adsorption Sr** <Ba?* <Ca** <Mg?** at pH6.5 and at both low
and high metal concentration (Iler, 1979; Persello, 2000; Karlsson et al., 2001; Dove and
Craven, 2005).

Except for the Sr and Ba ordering, this trend is opposite to the Hofmeister series,
which rank ions on the basis of their ‘salting in” and ‘salting out’ effect on proteins.
In the Hofmeister series the alkaline earth cations show increasing destabilising ef-
fect with an increase in molecular weight, and decrease in solvent structuring ability
(Cacace et al., 1997). The hydration of these ions decreases with increasing molecu-
lar weight, and their hydroxides become more and more soluble. Dove and Craven
(2005) suggested that the cation specific dependence on the increasing negative sur-
face charge observed at pH27 may be due to solvation entropy differences between
the ions. However, the opposite trend has been observed by Tadros and Lyklema
(1969). Adsorption and complexation of cations with silica is clearly a very complex
phenomenon.

Large polyvalent cations, such as La3*, have been shown to adsorb practically
irreversibly to silica surfaces due to the high polarisability and/or hydration, and will
cause coagulation at very low concentrations. If the pH is sufficiently high that the
solubility product of the corresponding hydroxide is exceeded, coagulation will occur
in the presence of the hydroxide.

Flocculation agents, such as large cationic surfactants, effectively link colloidal
particles through their hydrophobic tails, which form micelles inbetween the colloids.
Low concentrations of cetyltrimethylammonium chloride (CTAC) have shown to give
rise to sheet-like aggregates of silica particles at high pH. A mechanism for such
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aggregation can be seen in Figure 2.28. It is believed that the surfactants are only
adsorbed at the point of contact, so particle adhesion on the surface of the sheet is
prevented by the repulsive ionic charge on the colloids themselves. At the edge of
the sheet, however, such repulsive forces are apparently overcome by the presence
of surfactants (Iler, 1979). A similar effect has been noted in solutions containing
cellulose, which induce the precipitation of sheet-like silica composed of ~4 nm sized
silica particles (Perry and Lu, 1992).

The silica surface and stability of sols

The properties of the silica surface depend strongly on the way it is prepared and
the aqueous conditions. At its surface, silica consists of silanol groups (-Si-OH) and
siloxane bridges (-Si-O-5i-). The number of silanol groups, and their spatial relation-
ship, as well as the number of siloxane bridges affect strongly the characteristics of
the silica surface. Silicas prepared in aqueous environments are characterised by pre-
dominantly hydroxylated surfaces (El Shafei, 2000). The hydrophilic silica surface,
populated by silanol groups become ‘hydrophobic’ upon thermal treatment under
vacuum, as neighbouring silanol groups condense to form siloxane bridges. The de-
gree of condensation is dependent on the temperature, morphology, and crystallinity
of the sample, and it has been shown to be a completely reversible process (Feng et al.,
1996) (c.f Bolis et al. (1991)). Water is strongly adsorbed to the silanol groups through
hydrogen bonding in aqueous environments. As was mentioned earlier, depending
on the pH, silanol groups can become ionic; at pH below the point of zero charge (PZC
~ pH 2) protonation of the silanol groups occur and the surface can act as an anionic
exchanger. Conversely, at pH above PZC, deprotonation results in negatively charged
-5i-O~ groups able to adsorb cations (Iler, 1979; El Shafei, 2000).

Colloidal stability is generally described by the DLVO theory (named after its cre-
ators; Derjaguin, Landau, Verwey, and Overbeek), which treats the net force between
particles as the sum of the attractive van der Waals forces' and the repulsive elec-
trostatic forces, created by the adsorbed ions on the colloid surface. The electrostatic
energy of repulsion (Vr) depends on the adsorbed ions and the surface ions of the
colloidal particle, which together constitute the double layer (see Figure 2.29). Coun-
terions in solution adsorb to the surface and effectively screen the surface charge. The
surface potential ¢ drops linearly through the Stern layer, where counterions and wa-
ter are tightly bound to the surface. In the diffusive double layer ions move freely and

!A collective term for permanent dipole/permanent dipole (Keesom interactions), permanent
dipole/induced dipole (Debye interactions), and induced dipolefinduced dipole (London dispersion
forces). van der Waals forces are almost always attractive, and relatively long-range (Hiemenz and
Rajagopalan, 1997).
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Figure 2.29: Schematic representation of the electrostatic double layer (A), where ¢ is the
potential at the surface (¢bo), at the Stern layer (¢y), and at the slip plane (¢, the zeta potential),
h is the distance from the surface. The total potential experienced between two approaching
particles, predicted by the DLVO theory (B), where Vk is the repulsive electrostatic potential
and V is the attractive van der Waals potential. Adapted after Brinker and Scherer (1990).

the potential decreases as the distance from the surface increases:
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where 1/x is the Debye-Hiickel screening length, ¢ is the dielectric constant of water,

Vg « g *-H)

€9 is the permittivity in vacuum, k is Boltzmanns constant, ¢; and z; are the the concen-
tration (molecules per cubic metre) and valence of counterion i, and e is the charge of
an electron. For 1:1 electrolytes such as NaCl in aqueous media at 25 °C, 1/x is 0.96 nm
and 9.6 nm at 0.1 M and 1 mM concentration C respectively (Evans and Wennerstrom,
1999). The total potential experienced by two approaching particles depends on the
magnitude of Vg and V4. At low counterion concentration, 1/« is large, resulting in a
large screening length. The repulsive potential extends far into the solvent under such
conditions, and the sol is stable. Increasing the concentration of counterions results
in tightly bound counterions at the surface, and the electrostatic potential drops more
rapidly. In such a scenario the attractive potential is dominating, and the particles can
coagulate. The primary minimum at very short distances of separation is produced
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by the van der Waals forces which can cause coagulation if the repulsive barrier (Vyuy)
can be overcome. The secondary minimum is generally not deep enough to result
in coagulation (Brinker and Scherer, 1990). Due to the surface charge of the colloidal
particles, they will move in an electric field (electrophoresis), and carries the adsorbed
counterions towards the electrode with opposite charge. The slip plane defines the
boundary where the outer solution is free flowing, and is not affected by the electric
field. The potential at the slip plane, the zeta potential (¢; < ¢p), determines the rate
of movement, and can be measured. DLVO theory predicts that a silica sol should not
be stable at around pH 2, the isoelectric point and PZC, however, as can be seen in
Figure 2.27 B, this is not the case. It is believed that the stability seen at this low pH is
due to strong adsorption of water (Brinker and Scherer, 1990).

Due to the unique surface properties, adsorption on amorphous silica is now
widely used for many industrial purposes, such as support material in chromatog-
raphy and for catalysts. Preferential partitioning of adsorbates and the silica surface
can be manipulated through control of the chemical nature of the solvent, the type of
adsorbate, and the nature of the silica surface. The intermolecular forces governing the
adsorption involves hydrogen bonding, electrostatic, and hydrophobic interactions.
Silanol groups on the surface can, through hydrogen bonding and electrostatic inter-
actions, adsorb a great variety of neutral polar organic molecules, ranging from small
alcohols, aromatics, to larger polymers, surfactants, and proteins (Iler, 1979; Nawrocki,
1997; Parida et al., 2006). Aromatic hydrocarbons, such as benzene, have been shown
to adsorb to silica through the interactions of delocalised m-electrons with silanols.
Phenol and formaldehyde, which are adsorbed and polymerised on biomorphs in
Chapter 6, can therefore interact with silica by hydrogen bonding and 7m-electrons.
Cationic surfactants, such as CTAB, have been shown to go through several stages
of aggregation on silica surfaces relating to the concentration and the critical micelle
concentration (CMC) of the surfactant in question (Atkin et al., 2003).

As CTAB will be used as an additive in a series of biomorph synthesis experiments,
a brief discussion regarding CTAB adsorption on silica surfaces is in order. The CMC
of CTAB in pure water is 0.9 mM, a value that decreases with increasing ionic strength
(for instance CMC is 0.125 mM at 10 mM KBr (Atkin et al., 2000)). In Figure 2.30 a
depiction of the behaviour of CTAB adsorption with increasing concentrations can
be seen. At low concentrations, scheme A in Figure 2.30 ([CTAB]«CMC), CTAB is
electrostatically adsorbed on the anionic silica surface, which further promotes ionisa-
tion around the adsorption site as neighbouring hydroxyl groups become more acidic.
Increasing the surfactant concentration, scheme B in Figure 2.30 ([CTAB]<CMC), re-
sults in increased adsorption at the induced charged sites, where neighbouring CTAB
molecules interact through hydrophobic forces. The adsoption is therefore driven by



70 Self-assembly in silicate-carbonate systems

A B
N
ll o \‘;’ ll © \\e
R v B ol 2o €>\ e
— > —
:1-1-:::1 :é&
¢ i
b
g A |B C D
C § D
g
Log concentration NG

l CXC) o,
| St 9

Lo oy | g

Figure 2.30: Schematic illistration of the influence of surfactant concentration on CTAB ad-
sorption on silica surfaces. Red line marks CMC. See text for details. Adapted after Atkin et al.
(2003).

both electrostatic and hydrophobic interactions. The silica charge increases as more
and more surfactants are adsorbed. At the maximum concentration in scheme B, the
overall surface charge is balanced between the ionised silanol groups and the adsorbed
surfactants; the surface charge is neutralised and the surface is made hydrophobic due
to the hydrocarbon chains. Even higher surfactant concentrations, scheme C in Figure
2.30 ([CTAB]<CMC), result in micellar aggregation on the surface, which renders the
surface hydrophilic as the surfactant headgroups face outward into the solution. The
aggregation is driven by hydrophobic interactions between the hydrocarbon chains.
The overall charge is now positive due to the surface excess of CTAB. At concentrations
slightly below CMC, the surface is saturated with surfactant micelles, and increasing
the concentration further will not result in increased adsorption. At concentrations
above CMC, scheme D in Figure 2.30 ([CTAB]=CMC), micelles may adsorb directly
on the surface (Atkin et al., 2003). The maximum equilibrium surface adsorption of
CTAB on silica is ~1.6 mg m™2 (Atkin et al., 2000). When a large surface area for
adsorption is present, the result may be a significant depletion in the concentration
of CTAB in solution. This will typically be more significant at low concentrations.
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Figure 2.31: Chemical gardens displaying colourful ‘plant’-like structures. The various colours
are due to the different metal salts used; for example Ni** green, Fe** reddish brown, Co*'
and Cu?* blue, Ca?* white. Adapted from http://www.technion.ac.il/ASRI/stars.html.

Surface adsorption of CTAB will be relevant in Chapter 3 when the origin of biomorph
morphology will be discussed.

2.3.3 Self-assembly of siliceous materials

In this section a brief overview of the variety of self-assembled siliceous structures
acquired from aqueous solutions is given. Porous structures of both crystalline silicates
(zeolites), and amorphous silica will be discussed, as well as the generation of chemical
gardens. These examples will give an insight into the various self-assembly processes
that involves siliceous species.

Chemical gardens

Silica, silicate, or chemical gardens are spectacular inorganic tree like structures formed
when placing a crystal of a soluble metal salt in a diluted silica solution (see Figure
2.31). Most children with a chemistry set are familiar with these formations, as they
can easily be prepared and grow colourful ‘landscapes” within minutes. The colour
produced depend on the metal salt used; calcium salts result in white silicate gardens,
cobalt salts in dark blue ones, and nickel salts in green etc (see Figure 2.31).

Even though this reaction system has been known for well over two hundred years,
very few investigations concerning the composition and formation mechanism have
been conducted, and the topic is still not completely understood (Coatman et al., 1980;
Cartwright et al., 2002). It was realised early on that the remarkable growths are a
result of an osmotic pressure across a semipermeable membrane that forms when the
metal salt comes in contact with the silica solution. The influx of water across this
membrane dissolves the crystal and increases the pressure within the ‘vesicle’ until it
is high enough to rupture the gelatineous membrane. Continuous outflow of the salt
solution reacts with the silicate solution at the tip of the membrane, forming tubular
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structures as the reaction proceeds (see Figure 2.32). Influx of hydroxide ions are
responsible for the precipitation of silica on the outside of the tubes, and metal oxides
on the inside. A compositional change with the tube length is therefore expected.
Furthermore, such changes can occur even after the growth has stopped, and with
time, the structures harden as deposition continues (Cartwright et al., 2002). The
widths of the tubes are normally reduced as the reaction proceeds. It is believed that
the reduced flow rate of the salt solution, and the increased length of the tube itself
cause the reduction in tube diameter with time (Cartwright et al., 2002).

It seems that precipitation of some chemical gardens are accompanied by a small
gas bubble at the tip of the tube (Collins et al., 1998; Thouvenel-Romans et al., 2005),
in which case a bubble-guided mechanism for the growing tubes can be proposed, a
mechanism common in many natural occurring systems (Stone and Goldstein, 2004).
The structures formed are dependent on the silicate concentration as well as the type
of salt used. If the water glass solution is too concentrated, the membrane will be
strong enough to withstand very high pressures and will only rupture with difficulty
(Coatman et al., 1980). At low silicate concentrations, the membrane is very flexible,
resulting in globular structures. Using different metals give rise to different mor-
phologies, as the silica-metal interaction as well as salt solubility varies between salts
(Coatman et al., 1980). The optimum silica concentration for creating chemical gar-
dens with CoCl - 6H,O lies between 1.56 and 0.625 M (Cartwright et al., 2002). A wide
range of metal salts can be used to form silicate gardens, except the alkali metals as the
silicate forms are quite soluble (Clunies Ross, 1910; Coatman et al., 1980; Cartwright
et al., 2002). Furthermore, similar structures can be formed using aluminates, borates,
phosphates, chromates, and even carbonates as anions instead of silicate. One can
also produce similar structures by injecting a solution of the metal salt into the silicate
solution (Thouvenel-Romans and Steinbock, 2003; Thouvenel-Romans et al., 2004).

Cartwright et al. (2002) followed the formation of a chemical garden with inter-
ferometry and showed that the morphogenesis is a combined effect of the chemical
reactions taking place, and osmosis-driven forced convection and buoyancy-driven
free convection. As all tubes always grow upwards, regardless of the placement of
the crystal, buoyancy must be important to the morphogenesis of chemical gardens.
Microgravity experiments have shown that the reaction is much slower and other
morphologies also come into play when free convection is removed from the system
(Jones and Walter, 1998).

Most of the chemical garden structures are amorphous precipitates, but it was
recently shown that tubes formed in the aluminosilicate system have hierarchical
domains composed of nanorods of amorphous silica (Collins et al., 1998). The same
silicate garden has also shown to be catalytically active (Collins et al., 1999). Other
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Figure 2.32: Schematic representation of the growth of a chemical garden. The initial conditions
before the growth has started can be seen in A. In the first reaction step, the semipermeable
membrane is formed between the acidic solution that surrounds the dissolving crystal and
the alkaline silicate solution (B). As water flows through the membrane into the ‘vesicle” it
expands (C), till its limits has been reached and it ruptures at weak points (D). Tubular growths
are formed as the acidic metal salt solution is injected into the alkaline silicate solution (E).
The membrane acts as an osmotic pump and continuous outflow fuels the precipitation of
metalsilicate at the tip of the forming tube. Influx of hydroxide ions across the tube wall cause
silica and metal oxide to precipitate on the outside and inside of the tube wall. Adapted from
Cartwright et al. (2002).

interesting chemical garden phenomena include spiral tube growth in the presence
of a magnetic field. The chirality of the tubes can be controlled by the direction
of the magnetic field, as well as the positioning of the metal salt crystal, i.e. near the
container wall or not (Duan et al., 2005). Large twisted ribbon like structures (~ 1.5 mm
in width) have also been observed when a 0.5 M cupric sulphate solution is injected
into a 2.5 M silicate solution. These helical structures are thus formed at high silicate
concentrations where there is a large density difference between the silicate solution
and the metal salt solution, which causes the tubes to collapse (Thouvenel-Romans
et al., 2005). All collapsed tubes show similar behaviour, and a possible explanation
for the twisted structures must therefore relate to tube composition and mechanical
characteristics, that causes the tubes to collapse.

Apart from being spectacular structures, chemical gardens have also been shown
to have industrial applications. For instance, the hydration of Portland cement can
be seen as a reverse silicate garden, in which silicate grains are immersed in a metal
salt solution. The formation of a calcium-silicate-hydrate gel subsequently interlocks
grains with its tubular growths. A thorough understanding of chemical gardens will
therefore aid the development of cements with specific properties. Furthermore, as
chemical gardens are grown from solutions containing sodium silicate and soluble
metal salts, their relevance to biomorph formation is noteworthy.
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Micro- and mesoporous structures

Porous materials in the micro- and meso-range, have by definition pore diameters (d0
in the <2 nm, and 2< d < 50 nm size respectively. Macroporous materials have pores
with a diameter larger than 50 nm (Soler-Illa et al., 2002). Zeolites (from greek, zein,
to boil, and lithos, stone) are characterised by a crystalline aluminosilicate framework
with a large internal regular pore system (see Figure 2.33 A and B). These channels
are occupied by water and various weakly bond cations, which make up the charge
deficit due to having aluminium in the crystalline network (see Figure 2.33). These
materials, first described by A. F. Cronstedt in 1756, are the most important class
of microporous solids, as they are widely used for industrial applications, such as
catalysis, adsorption, and detergents®. The reason for the extensive use of zeolites is
the intrinsic surface properties of the channel system, which allow selective adsorption,
reactions, and exchange of molecular species. Due to specific pore size distributions,
only compounds with restricted molecular dimensions can adsorb into the zeolite
structure (Davis and Lobo, 1992; Soler-Illa et al., 2002). Naturally occurring zeolites
are more restricted in the size and shape of the pore systems than their synthetic
counterparts. Using different synthesis procedures can be used to tailor the properties
of zeolites, including generation of pores larger than in natural zeolites (Davis and
Lobo, 1992). Traditionally, zeolites have been synthesised using gels at high pH and
temperatures that contain silica, aluminium, and a variety of cations. However, many
zeolites require organic compounds to obtain specific topologies. The main factors
influencing the crystallisation of zeolites are: 1) SiO,/Al,Oj3 ratio; 2) pH; 3) the type of
cations present (inorganic, organic); 4) the type and amount of solvent; 5) temperature
and duration of reaction; 6) the type of stirring, if present; and 7) order of mixing (Soler-
Illa et al., 2002). The SiO,/Al,O3 determines the composition of the framework, which
in turn affects the physical properties of the zeolite (thermal stability, hydrophobicity,
cation exchange properties etc.). The type of cation is especially important for the
structure of the porous network. These ions effectively determines the topology of
the crystalline zeolite, as they direct the channel morphology of particular structures.
However, a full understanding of this templating effect is lacking. '

Two main formation mechanisms have been proposed to explain the crystallisation
of zeolites (Soler-lla et al., 2002; On and Kaliaguine, 2004). The first one describes the
process as a heterogeneous solid-solid transformation of the gel, where nucleation
proceeds as a result of reorganisation of the solid network. In the second one, on the
other hand, crystallisation is believed to take place in the solution, where the gel acts as
a reservoir of reactants. Both of these mechanisms have been shown to apply during

2The world annual consumption in 1998 exceeded 1000 000 tons (Soler-Illa et al., 2002).
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Figure 2.33: The crystal structure of silicalite-1 (ZSM-5, MFI topology) viewed along the b-axis
(A, C) displaying the intricate channel-system (B) that characterise zeolites in general. In D,
a proposed mechanism for the formation of silicalite-1, using TPA as a structure directing
agent, can be seen. Crystal structures seen in A and C was made with CrystalMaker, using
crystallographic data from the CrystalMaker Library. Channel system in B is adapted from
Soler-lla et al. (2002), and mechanism in D is adapted from Burkett and Davis (1994).
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synthesis of various zeolites (On and Kaliaguine, 2004). The synthesis of silicalite-
1, which has a simple channel system and a framework with Si/Al ratio > 500, has
received a lot of attention as a ‘model zeolite’ for studying formation mechanisms. This
structure can be synthesised using many different organic species, however, the use of
tetrapropylammonium cations (TPA™) results in a pure phase (Soler-Illa et al., 2002).
Burkett and Davis (1994) proposed the model schematically represented in Figure 2.33
D. It is believed that the structure directing effect by TPA* is a result of van der Waals
interactions between the silicate species and the organic template, which cooperatively
self-assemble during nucleation and crystal growth. The silicate is moulded around
the TPA* molecule, as one molecules is present at each tunnel intersection (see Figure
2.33 B). This model is in support of the solution mediated crystallisation mechanism,
and has been confirmed by others (see Soler-Illa et al. (2002) and references therein).
Irrespective of which mechanism is in place, the generation of the porous structure is
a result of the close interaction of the cationic organic or inorganic species with that of
silicate. Because of the tuneable characteristics of zeolites these materials have shown
widespread use within a number of applications, as discussed above. However, the
limitations of the pore sizes, which restricts the uses to small molecules, pushed efforts
into making porous materials in the mesoporous range. This was accomplished in the
early 90’s by researchers from Mobil Oil (Kresge et al., 1992; Beck et al., 1992) (although,
earlier reports of similar synthesis conditions have been found in the literature (Di
Renzo et al., 1997)).

In contrast to zeolites, mesoporous materials are predominantly amorphous, how-
ever, they posses long range order stemming from the highly ordered pores with
narrow size distribution. By analogy to some zeolites, mesoporous materials are
synthesised using organic molecular templates, however, these templates are large
micellar aggregates, and not molecular as in the case of zeolites. Synthesis procedures
involve an aqueous solution of surfactants and inorganic or organic source of low
molecular weight silica, at alkaline, neutral, or acidic pH, and moderate temperatures
(Palmqvist, 2003). The resulting material is composed of a regular arrangement of
surfactants, embedded in amorphous silica. Removal of the organic template through
calcination at high temperatures results in a porous non-crystalline siliceous material
(see Figure 2.34). The surfactants are usually cationic, such as CTAB, or non-ionic,
such as triblock copolymers of polyoxyethylene-polyoxypropylene-polyoxyethylene
(EOx — POy — EOx, Pluronics), though anionic surfactants have also been used. A
characteristic of amphiphilic molecules is their ability to self-assemble, above a critical
concentration, into structurally different aggregates (see Figure 2.35), so as to keep the
nonpolar part separate from aqueous solvent (Evans and Wennerstrém, 1999). These
aggregates can further arrange into phases possessing long range order, so called lig-
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Figure 2.34: Schematic representation of the self-assembly process of mesoporous silicas.
Adapted after Soler-Illa et al. (2002) and Soler-Illa et al. (2003).
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A B

Figure 2.35: Four examples of amphiphilic micellar structures; A) spherical micelle; B) cylin-
drical micelle; C) planar bilayer; and D) bicontinuous structure. Adapted from Evans and
Wennerstrom (1999).

uid crystals. The binary phase diagram for such amphiphiles in water are dependent
on concentration and temperature (Raimondi and Seddon, 1999). During synthesis of
mesoporous silica, the close interaction between the silicate species and the polar or-
ganic moiety of the amphiphiles, together with the finetuning of silica polymerisation
kinetics, are responsible for the formation of a specific mesoporous structure.

Several different mechanisms have been proposed to explain the formation of
mesoporous silicas, and these differ in two principal ways regarding the role of the
surfactant. In the liquid crystal (LC) templating route, mesoporous silicas are formed
by silica polymerisation around a pre-existing organic LC phase, which do not go
through any phase changes throughout the synthesis. The mesoporous structure is
thus directly templated by the surfactant aggregates, and the type of structure formed
can be predetermined by the binary phase diagram of the surfactant/water system. It
has been shown that some mesoporous silicas form by this mechanism (Attard et al.,
1995; Wong and Knowles, 2004). This synthesis route requires a relatively high con-
centration of the organic template, and could therefore not explain the self-assembly
process in dilute systems, where no such complex organic phase exist. Instead, a
model based on the cooperative interaction between the polymerising silica and the
surfactants was put forward. In such dilute systems, it is believed that the coupled
interaction between the template and the silicate are at the source of the formation of
specific mesoporous structures. Depending on the nature of the surfactant (charge,
hydrophobicity etc.) and the charge and polymerisation state of the silica, several in-
teractions (also active in the LC templating route) can be identified, some of which are
(S surfactant, I silica; X halogen, M metal): 1) S*I", MCM-41(two-dimensional hexag-
onal structure) precipitated at high pH with CTAB as surfactant; 2) S*X"I*, SBA-3
precipitated at low pH with CTAB, X~ is CI"/Br~; and 3) (S"H*)(X"I*) as in the case
of synthesis of SBA-15 (two-dimensional hexagonal structure) using Pluronic P123 at
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Figure 2.36: SEM images of chiral twisted 2D hexagonal mesoporous silica. Adapted from
Ohsuna et al. (2005).

acidic pH (Huo et al., 1994; Wong and Knowles, 2004). These electrostatic and van
der Waals forces are at the core of the self-assembly process. It is believed that such
interactions, coupled with the continuous polymerisation of silica leads to the forma-
tion of polymer-silica nuclei. With time these aggregates grow, fed by surfactants in
solution (at the expense of micelles), and organisation into specific phases depend
on the cooperative interaction between the inorganic and organic reactants. Further
condensation of silica species can lead to phase changes in response to a net change
in charge density at the interface (Soler-1lla et al., 2002; Edler, 2005). Although the
mechanisms causing the formation of mesoporous silicas are highly complex, and not
completely understood, it is clear that in all of the mechanisms proposed, a balanced
interaction between silica and amphiphile is essential to the formation of ordered
mesoporous materials with small pore size distribution. The phase and geometrical
dimensions of the pores and the walls can be controlled somewhat through manipu-
lating the reaction conditions. For instance, in the Pluronics case, it has been shown
that the length of the EO blocks have a large effect on both the structure, and the wall
thickness, whereas the PO block affects the size of the pores. It is further believed that
the hydrophilic EO blocks extend into the polymerising silica, causing micropores to
form within the amorphous walls. By choosing the right conditions (EO length, PO-
lenght, temperature etc) it is therefore possible to manipulate the final product having
desirable properties (Kipkemboi et al., 2001; Flodstrém and Alfredsson, 2003).

By using chiral surfactants it is possible to synthesise highly ordered chiral 2D
hexagonal mesoporous silica with a twisted morphology (Che et al., 2004). The he-
lical arrangement of the hexagonally ordered pores is induced by the stirring rate
during the first 10 minutes of the synthesis. Higher stirring rate results in particles
with larger diameter and increased pitch length. Both right- and left-handed twisted
morphologies are obtained with the ratio 7.5:2.5 (Jin et al., 2006). The chirality of the
porous material is however not necessarily due to the use of chiral surfactants. Wang
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et al. (2006) showed that helical mesoporous silica can be produced with achiral CTAB.
The origin of the twisted morphology is therefore not clear. Due to the high porosity
and tunable pore sizes, mesoporous materials have shown promise as potential cata-
lysts. Furthermore, they can be functionalised through secondary treatments, thereby
adding to the repertoire of possible uses (Fryxell, 2006).

One key drawback with these types of materials is their low hydrothermal stability
and acidity compared to crystalline zeolites. A key objective of mesoporous research
has been to find a synthetic route to mesoporous zeolites. This was accomplished
only very recently by Choi et al. (2006) who used a specifically designed amphiphilic
organosilane as a template. Furthermore, the mesopore size could be manipulated
by varying the chain length or the temperature. These materials therefore show great
promise as new catalysts, and will undoubtedly instigate a wealth of scientific research.

Siliceous materials evidently participate in a variety of self-assembly processes,
from very chaotic silica gardens to highly ordered micro- and mesoporous materials.
As in the case of carbonates, self-assembly processes are governed by specific interac-
tions between the precipitating phase and the modifying agent; a method perfected
by biological systems. Biomineralisation can produce the most amazing inorganic-
organic functional structures, a topic discussed in the next section.

24 Biomineralisation

Biomineralisation involves biological processes that give rise to minerals (Lowenstam
and Weiner, 1989). Over 60 different biominerals have been identified, and they
often display stunning morphologies and superior properties compared to abiologi-
cal/inorganic counterparts. For instance, shell nacre (mother-of-pearl) is composed of
ordered arrays of aragonite plates, sandwiched between thin layers of macromolecules,
a design that makes nacre ~3000 times as tough as pure aragonite (Mann, 2001). Al-
most all biominerals are such composites of inorganic and organic matter, and have
been developed to perform various functions from skeletal support and protection
to gravity and magnetic field perception (Lowenstam and Weiner, 1989). The asso-
ciated biomolecules are believed to control the nucleation, growth, polymorph, and
morphology of biominerals; processes that are largely unknown. Some organisms can
produce different morphologies of the same mineral in different tissues (Addadi and
Weiner, 1992). In many aspects, the often hierarchical behaviour of biominerals show
similarity to biomorphs described in this thesis. This section will give a basic overview
of some carbonate and silica biominerals, and the underlying processes that govern
the amazing display of morphological variety seen in biominerals in general.
Understanding the interaction between the inorganic precipitating biomineral and
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Mineral Formula Organism Location Function
Molluscs Shell Exoskeleton
Birds Eggshell Protection

Calcite CaCOs Mammals Inner ear Gravity receptor
Foraminifera  Shell Exoskeleton

leractini

Sgr(z:c A Cell wall Exoskeleton

Aragonite  CaCOs Molluscs Shell Exoskeleton
Cephalopods  Shell Buoyancy device

Vaterite CaCOs Gas.trc.)pods Shc?ll Exoske?eton
Ascidians Spicules Protection

Amorph

carboorlfatzus CaCOs3 - nH,O Plants Leaves Calcium store

Mg-calcite  (Mg,Ca)CO3  Echinoderms  Shell, spines Sﬁength, protec-

tion
Diatoms Cell wall Exoskeleton
Radiolarians Cellular Micro-skeletons
Silica SI0; -nH20  Limpets Teeth Grinding
Plants Leaves Protection

Table 2.5: Examples of calcium carbonate and silica biominerals and their function in various
organisms. Adapted after Mann (2001).

that of the organic biopolymer phase is at the core of biomineralisation science. The
processes that result in biominerals are generally divided into two types: biologically
controlled mineralization and biologically induced mineralization (Lowenstam and Weiner,
1989; Mann, 2001). These two processes differ in regards to the extent of control that is
asserted by the organism during mineralisation. Precipitation scenarios in which the
organisms maintain very little control over the mineralisation process, such as those
occurring outside the cell, are termed biologically induced mineralisation. These are
a result of biological activity and the surrounding environment, where no specialised
compartmentalisation or macromolecules exist to promote a specific mineral phase or
morphology. Removal of metabolic products across the cell membrane can result in
mineralisation on the cell wall. These minerals often display irregular structures and
inhomogeneous composition. Resulting morphologies are sometimes very similar to
abiologically produced minerals.
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Figure 2.37: Detail of a sea urchin skeleton (test) in A, and SEM mi-
crograph of the periodic calcitic structure. Image in A adapted from
http://www.rsphysse.anu.edu.au/admin/php/images/photos/shell. jpg, Urldate 2006-
09-18; B adapted from Yue et al. (2006).

Biologically controlled mineralisation

The great structural complexity often identified with biominerals is a result of the
cellular control over the crystallisation process. This is accomplished by mineral de-
position in a specialised environment, such as a membrane bound vesicle, in which
the physiochemical conditions are controlled (Lowenstam and Weiner, 1989). Lipid
vesicles, whose membrane structure is composed of a lipid bilayer with associated
proteins, efficiently provide an aqueous microenvironment, where the flux of ions is
regulated that in turn control the saturation state of the solution with respect to the
mineral in question. Within this specialised compartment nucleation and growth is
further controlled and directed by the organic matrix. Other ways to compartmen-
talise the mineralising space is to use preassembled cells, macromolecular networks,
and combinations of the two (Lowenstam and Weiner, 1989; Mann, 2001). These
biominerals are characterised by reproducible well-defined composition, structure,
size, and morphology, which are very different from usual abiological minerals. Fur-
thermore, these biominerals often have a morphology with hierarchical structure (an
architecture composed of building blocks on many length-scales) with a preferential
crystallographic orientation.

In Table 2.5 some examples are given of biominerals belonging to calcium carbonate
and silica. Calcium carbonate is by far the most common biomineral, and occurs
as several polymorphs including calcite, aragonite, vaterite, but also as amorphous
calcium carbonate and as monhydrocalcite (Addadi et al., 2003).

Perhaps the most beautiful example of calcium carbonate biominerals is that of the
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Figure 2.38: SEM micrographs showing the structural variety and complexity of silica biomin-

eralsation in radiolarians. In D one pentagon, and one hexagon is outlined. Scale bars in A,
and C; 100 ym, and in B 50 um. Image courtesy of Dr. Roger Heady.

skeleton (test) of sea urchins (see Figure 2.37). The smoothly curved and patterned
skeletal plates is made up of a single crystal of Mg-bearing calcite, which on the
microscopic level form a bicontinuous porous structure (see Figure 2.37 B) (Donnay
and Pawson, 1969; Addadi and Weiner, 1992; Yue et al., 2006). The size of the pores
are in the micrometer range, and their arrangement are closely associated with the
cellular architecture (Mann, 2001). It is believed that these remarkable structures form
by the templating effect of these cells. The crystals form within large vesicles, that
are formed by the fusion of cells, which in turn provide the necessary raw material
and control for the crystal growth. The first precipitate is believed to be amorphous
carbonate, that transform into crystalline calcite as the growth proceeds (Politi et al.,
2004). The identification of an amorphous calcium carbonate phase as the precursor for
the crystalline phase in many carbonate biominerals might speak for the versatility in
moulding such a phase into the superstructure normally observed (Addadi etal., 2003).
The macromolecules that reside within the porous structure have shown to adsorb on

specific crystal planes, and are incorporated into the crystal. It is believed that this
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inorganic-organic relation is responsible for the improved mechanical properties seen
in these biominerals (Bermann et al., 1988; Addadi and Weiner, 1992).

Apart from the precursor amorphous carbonate discussed above, the most com-
mon non-crystalline phase in biominerals is silica. Silicon is present in all life-forms,
and is in many cases an essential element, as it is required for structural support and
metabolic pathways (Perry and Keeling-Tucker, 2000; Hamm et al., 2003). Diatoms and
radiolarians have elaborate skeletons composed of amorphous silica, which display a
remarkable degree of complexity (see Figure 2.38). These aquatic unicellular organ-
isms have the ability to produce silica skeletons within minutes during cell division, as
they can adsorb aqueous silica from solutions highly undersaturated in comparison to
amorphous silica. Precipitation takes place within a specialised ‘silica deposition vesi-
cle’, which, in cooperation with an arsenal of proteins and macromolecules specifically
interacts and induces silica polymerisation, (Perry and Keeling-Tucker, 2000; Sumper,
2002; Noll et al., 2002). The porous structure is patterned by silica deposition around
pre-assembled close packed cells (like a foam) adhering to the cell wall, producing the
elaborate skeletal structures observed (Mann, 2001).

Biomineralisation processes have inspired new concepts for material science, ev-
ident by the synthesis strategies described for zeolites and mesoporous materials.
Increasing knowledge of the control that is asserted during such mineralisation will
lead to new composite materials with increased mechanical properties. So far the
discussion on morphological evolution has been focussed on carbonate and silica ex-
amples, as this is most relevant to biomorphs. Many abiotic synthesis procedures,
including biomorph syntheses, use empirical ‘see-what-happens’ methods that give
rise to various crystal and composite morphologies. Understanding the molecular
interactions and larger scale driving forces that cause morphological patterning and
structural evolution is therefore crucial for developing theories of why such mor-
phological modifications occur. Biological mineralisation comprises one end of the
spectrum of morphological modification, and as has been discussed above, is caused
by complex interactions, not yet fully understood. Complex structural evolution is
however not restricted to biology; a theme that is running throughout this thesis.
Natural phenomena are known to produce patterns and structures that self-assemble
by chemical and physical forces. The next section will give an introduction to mor-
phology and pattern formation, beyond the atomic or polyatomic scale, that occurs in
nature, and the forces that govern their evolution.
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2.5 Self-assembly and pattern formation

Several structure-forming agents have been mentioned in previous sections, such as
micellar aggregates and foams. These systems are self-assembled structures that occur
inbiological as well as abiological systems, and arise in close to equilibrium conditions.
Systems that give rise to ordered forms may also occur at non-equilibrium conditions.
In this section both equilibrium and non-equilibrium pattern forming systems will
be discussed. Such systems include chemical waves and convection cells, diffusion
limited aggregation (DLA) and fractals.

Surfaces and volume packing

Bubbles, foams, and micellar aggregates partition space according to rules that min-
imise total free energy. In many cases, the dominant contribution to free energy is
the surface tension (area). The most stable conformation is that which minimises the
surface area and maximising the volume it encloses, such as a sphere. However, if
such spherical aggregates touch, new configurations will emerge. In 2D, such as in the
case of packing of a layer of bubbles between two surfaces, a hexagonal pattern, with
120° angles between walls, will minimise the surface area. For radiolarians, whose
structures can be seen as a foam packing on a spherical surface, hexagons are mixed
with pentagons, so as to fill the space (see Figure 2.38 D)*. In 3D, the evolving foam
structure is much more complex, using bubble-cells having both hexagonal and pen-
tagonal faces and intercepting vertices with different angles - the so called ‘minimal
foam’ (Ball, 1999).

In aqueous solutions containing surfactants, the situation is even more compli-
cated. Depending on surfactant type, concentration and temperature, various micellar
structures (liquid crystals, or mesophases) are adopted, some of which was already
introduced in Figure 2.35. The driving force for the self-assembly of various con-
figurations is to keep the the hydrophobic tails within an environment free of water
and to pack the surfactants efficiently, given their relative ‘head-to-tail’ volumes. For
single chained amphiphiles, preferential aggregation occur at the air-water interface
upon initial addition to water (as described above). Higher concentrations, above the
critical micelle concentration (cmc), spherical micelles begin to form. Increasing the
concentration further, results in hexagonal, lamellar bilayers and at even higher con-
centrations, a range of cubic bicontinuous phases form. These bicontinuous structures
partition space in two interwoven frameworks - one tunnel system will never join
the other. The interface between these tunnels belongs to the three-periodic minimal

SExactly 12 pentagons are needed regardless of the size of the sphere.
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surfaces, that is, the 3D interface has a mean curvature of zero; (Hyde et al., 1997).
The local geometries of the surfactant aggregates are characterised by the shape and
volume of the surfactants (determined by the chemical nature of the surfactant), and
therefore how they pack in 3D space. Different amphiphiles show therefore different
self-assembly behaviour. For example, surfactants with double hydrophobic tails con-
form to bilayered structures due to the increase hydrophobic tail volume (Hyde et al.,
1997; Evans and Wennerstrom, 1999). At very high surfactant concentration reversed
phases will form, in which the the hydrophilic head groups encompass the aqueous
solvent, and the hydrophobic tails are sticking out. These surfactant aggregates belong
to the lyotropic liquid crystalline phases that exhibit orientational order (see Collins
and Hird (1997)).

So far structures that arises at, or very close to, equilibrium conditions have been
discussed. However, it is well known that many patterns and structures are a result of
processes occurring far from equilibrium conditions. Some of these patterns and their
origins will be discussed in the next sections.

Dynamic non-equilibrium patterns

Dynamic systems far from equilibrium can grow into varied patterns (Ben-Jacob and
Garik, 1991). Random processes, like that of chemical garden formation discussed in
Section 2.3.3, can induce chaotic systems to form morphologies with structural order.
A classic example of a non-equilibrium system is the Belousov-Zhabotinsky (BZ)
reaction, in which an oscillating system (chemical clock) is established between the
reactants and products, and can be sustained for quite a while. In a well-stirred vessel
this canbe visualised by observing the colour change that is related to the concentration
of reactants and products, which will oscillate between one and the other. In 2D,
without stirring, concentric rings (target patterns) develop, which travels outward
from the original centres, like chemical waves. If the system is disturbed, propagating
spiral waves are developed. The chemical mechanics behind these pattern formations
lies in the autocatalytic behaviour of the reaction; one of the products will catalyse
the formation of another. The concentration of products quickly increase, which
eventually favour the backward reaction, and an oscillating reaction is created that will
swing backwards and forwards till equilibrium is established. In stationary systems,
the propagating waves are described as a reaction-diffusion system, in which the the
advancing wave is dependent on diffusion of the reactants. Such systems have been
proven to yield a great variety of patterns, such as Liesegang band formation, porous
ionotropic gels, and other so-called dissipative structures (Prigogine and Lefever,
1968), which operate far from equilibrium.
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Figure 2.39: Various pattern formation in systems out of equilibrium mentioned in the text. The
self-catalytic BZ-reaction can produce target patterns (A) and spiral waves (B) in . Liesegang
ring formation of calcium phosphate (C). Spiral growth of K;Cr;O; in gelatin, scale bar 5 mm.
Vertical, and horizontal cross-sections of porous alginate gel (D). Images adapted from Ball
(1999) (A, B) ; Henish (1970) (C); Treml et al. (2003) (D).

Liesegang rings, in analogy with the chemical wave phenomenon, also produces
concentric rings (in 2D media), but they are however chemically “fixed’. They are the
result of punctuated precipitation reactions during diffusion of one reactant through
a gel that contains the other reactant. In 3D, in which a solution of say Pb(NO;3);
is allowed to diffuse into a columnar gel containing KI, precipitating bands of Pbl;
are easily observed (see Figure 2.39 C). The spatial distribution and width of these
bands increase with time. Furthermore, if the system is disturbed in some way, spiral
growth can occur. It is believed that these structures arise due to the rapid reduction
of saturation state as the precipitation takes place, leading to the spacing observed
between the bands (Henisch, 1973; Cartwright et al., 1999).

Anther reaction-diffusion system far from equilibrium is that of ionotropic gels,
which under certain conditions can produce highly ordered patterns. Under con-
trolled conditions, regular parallel pores with a diameter in the 8-300 yum range can

develop as a Ca?* solution is allowed to react with a sodium alginate (linear polyan-
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Figure 2.40: Various branched patterns formed in systems out of equilibrium mentioned in
the text. DLA computer simulation with 3000 particles, of which the first 1500 are seen as the
darker region (A). Manganese oxide deposit with D of 1.78 (B), and viscous fingering observed;
in a window (C). The Hele-Shaw cell can produce DLA-type (D), viscous fingering (E), and
snowflake-like patterns depending on the experimental setup. Images adapted from Witten
and Sander (1983) (A); Vicsek (1993) (B); Garcia-Ruiz (1993) (C); Ball (1999) (D-F).

ionic carbohydrate formed from mannuronic and guluronic acid monomers) solution,
producing the porous gel (see Figure 2.39 D). As a Ca®* or Cu®* solution is brought in
contact with an alginate solution, complexation between the cation and the polysac-
charide occurs, which induce gelling. These gels are referred to as ionotropic gels. It
is believed that these ‘fixed’ dissipative structures form by the evolution of convec-
tive cells, which drive the ordering of metal-polysaccharide complexes into regions
between these cells. Furthermore, the crosslinked chains are packed perpendicular
to the growth direction of the pores (Thumbs and Kohler, 1996; Woelki and Kohler,
2003).

Morphogenesis of branching structures

The standard crystal habit of the calcium carbonates, as described in Section 2.2.2,
is the result of slow growth under close to equilibrium conditions. As was further
discussed in Section 2.2.4.3, these habits can specifically be modified by the presence
of impurities. Many natural and synthetic crystallisation systems are far from equi-
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librium, which induces morphological changes of the growing aggregate. Branched
or dendritic aggregates are common morphologies observed in a variety of systems
far from equilibrium. Such branched forms are ubiquitous in nature, ranging from
snowflakes, and mineral formations to dust and the growth of cellular colonies (Ball,
1999) (see Figure 2.40). The morphology of such structures are determined by the inter-
play between macroscopic (diffusion) and microscopic (surface tension , crystallinity
etc.) interactions.

In this section, diffusion-limited aggregation (DLA) and viscous fingering will be
discussed as two models of dendritic growth. In DLA, diffusion of atoms, molecules or
aggregates is the limiting factor controlling the growth, which develop open branched
dendritic morphologies. The growth of such dendritic structures can effectively be
modelled by Monte Carlo simulations (Brownian motion, random walk) of particles
(Witten Jr and Sander, 1981). In this model, particles stick irreversibly to the grow-
ing aggregate upon first contact (no rearrangement allowed), which produces open
dendritic morphologies. The outer branches grow faster (see Figure 2.40 A) as the
diffusing particles are more likely to be caught before being able to diffuse into the
core of the structure. Any produced branching therefore gets amplified, and shield
the inner structure towards incoming particles. Mathematically, these structures can
be analysed in terms of fractal growth. Fractals are self-similar structures, that is, they
have the same characteristic structure on different length-scales. Dendritic structures
are often self-similar over a few orders of magnitude, and can be characterised in terms
of fractal geometry, in which the fractal dimension is a useful property. The fractal
dimension D of physical objects can be seen as how densely it fills space, and can
also be used to characterise the growing aggregate in relation to its size. For particle
aggregation, the lower and higher cut-off of the length-scale is that of the aggregating
particles and the aggregate size respectively. For a fixed size of an aggregate, the
number of balls with radius I needed to cover the entire aggregate, is proportional to
I"D, and D approximates according to:

. InN(Q)
=150 In(1/])

as the size of the balls becomes infinitely small. In general, D is smaller than the
dimension of the space in which it is embedded (Vicsek, 1989). For simple objects,
like a curve, or a disk, D coincides with the standard notation of dimension; D equals
1 for a curve, and 2 for a disk. Aggregates of particles, such as in DLA, have a
non-integer dimension of D. Pure DLA simulations of aggregation in 2D gives rise
to an aggregate with fractal dimension of 1.7, whereas in 3D, it equals 2.4 (Sander,
1986). The manganese oxide deposit, seen in Figure 2.40 B, has been analysed using a
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similar method, giving a fractal dimension of 1.78, which is very close to that of DLA.
Even though the use of fractals may be geometrically significant, the determination
of D will not give any information on how the structure formed, as several different
mechanisms can give rise to similar structures. Furthermore, DLA is a result of
random diffusion, and does not take into account any surface kinetics or anisotropy
of the solid structure, which are important in the formation of many other branched
morphologies. In Figure 2.40 D-F three different branched morphologies can be seen,
all of which are produced using the Hele-Shaw cell. In this experimental setup, the
different morphologies are produced by injecting one fluid, or gas, of low viscosity into
another fluid of high viscosity, sandwiched between two plexiglass plates of narrow
spacing. By varying the viscosity of the two fluids, applied pressure, plate spacing,
and controlled anisotropy of the cell (by scoring the plexiglass) different branched
morphologies can be obtained, such as DLA-like fractal morphology, dense-branching
morphology, and snowflake-like morphology (see Figure 2.40 D-F) (Ben-Jacob et al.,
1986; Ben-Jacob, 1997). The morphological evolution in the Hele-Shaw cell can be
explained by the competing effects of pressure instabilities at the growing interface
and surface tension and kinetics. As the interface between the two phases grow,
instabilities at the interface cause the surface to bulge. At the tip of the bulge, the
pressure difference is highest, which causes the bulge to grow faster, and the interface
is split into fingers. Under certain conditions (low surface tension), where this type
of instability is the only driving force, viscous fingering can grow into DLA type
morphologies. More often, dense-branching morphologies develop (see Figure 2.40
E). These morphologies consist of fat fingers, and have a characteristic length scale
(not fractal). The development of broad fingers, and not random fractal DLA-type
morphologies, is caused by the effect of surface tension, which acts so as to reduce
the pressure gradient across the interface. This results in the stabilisation of the
growing surface and resists the appearance of new highly branched fingers Ben-Jacob
(1997); Ball (1999). These dense-branching morphologies can develop in most varied
situations, ranging from electrochemical deposition, precipitation from supersaturated
solutions, cooling of melts, and even in windows of certain Spanish five-star hotels
(see Figure 2.40 C) (Garcia-Ruiz et al., 1993; Ball, 1999). In the case of precipitation
of crystalline materials, anisotropic effects arising from the crystal structure has to be
taken into account. This can be simulated with the Hele-Shaw cell by engraving a
regular lattice of grooves in one of the plexiglass plates. In the case of a hexagonal
lattice, structures with dendritic arms with sixfold symmetry develop in analogy with
snowflakes (see Figure 2.40 F). The grooves serve as structure directing agents, as they
increase the velocity of the growing front. Varying the depth of the grooves (in effect
the anisotropy) and the applied pressure give rise to very different structures again,
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indicating complex interaction between surface kinetics, surface tension, and pressure
instabilities. The structure that will form is the one that adopt the lowest free energy,
and it has been suggested that the fastest growing structure is selected (Ben-Jacob
et al., 1988; Ben-Jacob, 1997).

The case of spirals

As spiral morphologies are of particular interest in this thesis, some emphasis should
be given to the little there is known about the formation of such structures. A curious
example of large spiral growth of potassium dichromate (K;Cr,O7) has been observed
in gelatin by Suda and Matsushita (1995). It was noted that under certain conditions
huge crystalline spirals (see Figure 2.41 A)(20-25 mm long, 2-4 mm wide, 2-6 mm
pitch length) with large preferential right-handedness could be grown from gelatin
containing dissolved K>CrO7 at low temperatures (6-8 °C) (Suda and Matsushita,
1995; Suda et al., 1996). The slow drying of the gel under these conditions eventually
results in supersaturation of KoCr,O7 which then precipitate. Optimal conditions
resulted in spirals after 7-21 days of growth with a maximum growth of 8 mm/day. It
was found that by systematically changing the concentration of gelatin while keeping
the K,Cr,0O7 concentration constant, very different structures could be observed. At
low concentrations, the gel is very loose, which results in thin plate-like crystals.
Increasing the gelatin concentration give rise to spherulities, square pole-like crystals,
spirals, and DLA dendritic crystals, with increasing concentration (Suda et al., 1996). It
was proposed that the successive morphological change seen with increasing gelatin
concentration reflects the progressive influence of the solid gelatin network on the
K2Cry07 crystal growth, from reaction-limited at low concentrations, to diffusion-
limited at high concentrations. The conditions that allow spiral growth lie in the cross-
over point between the two systems. However, it was suggested that spiral growth
probably was reaction-limited, as the gelatin network can be seen as an impurity
affecting the crystal growth - a known phenomenon in such systems. Furthermore, the
spirals themselves are composed of stacked pole-like crystals with a consecutive clock-
wise internal twist, speaking for such a conclusion (Suda et al., 1996). The chiral nature
of the spirals was explained based on the ordering of collagen macromolecules within
the gelatin. The formation of right-handed triple helices of collagen macromolecules
was proposed to be the underlying cause of the preferential right-handed spirals (Suda
et al., 1998). The use of non-collagenous gels did not result in spiral growth, and the
addition of acidic amino acids resulted in increased number of left-handed spirals,
however, the reason for this chirality change is not understood (Suda and Matsushita,
2004).
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Figure 2.41: Various spiral structures formed in very different systems. 3D spiral growth of
K2Cr;0y; in gelatin, scale bar 5 mm (A). 2D spirals produced by the electrochemical deposition
of copper with an applied magnetic field (0.4 T, vertically upwards) (B), and chiral colonial
growth of Bacillus subtilis (C). Images adapted from Suda et al. (1998) (A); Ni Mhiochdin and
Coey (2001) (B); Ben-Jacob (1997) (C).

Chiral growth of spirals (see Figure 2.41 B and C) has also been observed in
electrochemical deposition of copper (Figure 2.41 B) and bacterial growth (Figure 2.41
C) under certain conditions. In the former case, fractal DLA-like spiral growth was
observed in the presence of a magnetic field. The chirality of the spiral reversed as the
magnetic field was reversed. It was suggested that the magnetic field influence the
convective flow, increasing the diffusion coefficient, which affected the growth. The
resulting chiral structures was interpreted to be an intermediate between dendritic
and DLA morphologies (Coey et al., 1999; Ni Mhiochdin and Coey, 2001), as was
also suggested for the K;Cr,0; spirals. DLA modelling using forces that restrict the
diffusion of particles and thereby reducing the randomness of the system have shown
to produce spiral growth in both 2 and 3 dimensions (Davidovitch et al., 2000; Lomas,
2006). In particular the models produced by Andy Lomas* both spherical and spiral
aggregates can be produced by adjusting the different forces as well as limiting the
area from which the particles are released and the volume of the system. The forces
are used to bias the random walk of the spherical particles. For the production of
a spiral morphology, three forces are used; a radial, axial, and a vortex force, which
are not affected by the growing aggregate. These forces, in combination with the use
of a cylindrical bounding volume, produces helical morphologies. Such models do

‘see http://www.andylomas.com/
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not account for anisotropic effects as the aggregation is solely based on irreversible
sticking of spherical particles on first contact with the growing aggregate.

No simple universal explanation for the growth of spiral morphologies in natural
systems can be expected.

2.6 Discussion

In this chapter, the chemistry of aqueous carbonate and silicates, as well as their
morphogenesis during precipitation, have been discussed. Silica-carbonate biomorphs
display remarkable growth phenomena in terms of morphologies produced. In this
section, I discuss what parameters could be important for the morphogenesis observed.
In particular, this will be useful as a basis for trying to deduce the origin of such
structures. Some preliminary discussion of the relevance of the wealth of work on
carbonate polymorphism, biominerals, pattern formation, and silica templating is in
order.

Crystallinity and crystal habit

Biomorphs have so far only been produced with carbonates of the aragonite-type
crystal structure. Why is this the case? As was discussed in Section 2.2.1, the CaCO3
polymorphs display very different crystal structures, and therefore also crystal habit.
The elongated nature of aragonite-type carbonates, compared to the rhombohedral
habit of calcite, could be important for the crystal-crystal epitaxy and the packing of
such carbonate crystallites. Furthermore, the presence of silica in the reacting solution
during biomorph growth can effectively alter both morphology and aggregation of
such crystallites. It is clear that complexation and adsorption between carbonate and
silica species is expected during the precipitation of biomorphs. As was seen in the
helical and herringbone-like BaCOj3 case (Figure 2.17 and 2.18), epitaxial aggregation
of carbonate crystals, limited by the adsorption of polymers on specific crystal faces,
can result in peculiar morphologies. Similarly, silica is believed to be the cause of
the formation of carbonate films on chitosan surfaces (Figure 2.21 and 2.22). It has
been shown that the distance between consecutive silanol groups closely match that
between Ba and Sr in their respective carbonate forms. This could indicate that silicate
ions can specifically adsorb onto the carbonate crystallites, thereby poisoning further
growth on that crystal plane. Adsorption of silicate could also then also affect the way
the crystallites are assembled in the final structure.
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Aqueous carbonate and silica chemistry

During synthesis of biomorphs, carbon dioxide is adsorbed from the air that at high
pH produces carbonate ions thereby lowering the pH. As pH has a great effect on
both silica and carbonate solubility, it in turn has implications on the chemistry of
the system and asserts influence on the morphology produced. Low pH favours
silica precipitation, but increases carbonate solutbility, so a fine balance between the
precipitation of the composite material must exist. In the carbonate case, the first
production of COZ™ at initially high pH will convert to HCO; as the pH reduces with
time (see Figure 2.8). The balance between the two species could be important for the
formation of biomorphs. Furthermore, temperature also affect solubility of carbonate
and silica, as well as the adsorption of carbon dioxide. High temperature favours
silica dissolution, but reduces aqueous carbonate adsorption and solubility. As will
be evident in the next chapter, temperature have a great effect on the morphology
produced, and the combined effect of carbonate and silica solubility, as well as the
diffusion of these species in solution influence the self-assembly of such aggregates.

Colloidal behaviour

Evidently, the presence of additives can specifically alter the morphology of a growing
carbonate aggregate. As was discussed in Section 2.3.2, close interaction between
anionic silanol groups and the metal cations during the formation of biomorphs is
unavoidable, and it is therefore expected that silicate complexes form as soon as the
alkaline earth solution is mixed with the silica sol, long before the appearance of
biomorphs. Analyses of the barium- and silica-rich sol presented in Chapter 4show
that this is the case. In analogy with zeolite synthesis, such aggregates could then
serve as a reservoir of reactants during the synthesis of biomorphs. A controlled
release of Ba coupled with the uptake of carbon dioxide from the air could then
provide a constant flow of carbonate particles to the growing aggregate. The stability
of both carbonate, silicate, and silica colloids play therefore a possibly crucial role
in the growth of biomorphs. As was discussed in Section 2.3.2 stability of colloids
depend on the type of ions present and there interaction with the colloidal surface.
As the concentration of both the alkaline earth metal and silica is important for the
growth, the colloidal stability of the system will change as the concentration of the
reactants change. High concentration of the alkaline earth metal has a destabilising
effect on the colloidal system, and precipitation is expected. Such precipitation is
visible during the formation of structures called floral spherulites, which are formed
at 0.5 M BaCl,. Furthermore, the presence of additional electrolytes, especially higher
valence ones, have a great potential to affect the growth of biomorphs, as they will
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affect the interaction between colloids by screening the surface charge. Colloidal
aggregation can also be directed into producing sheets in the presence of surfactants.
Such sheets are similar to the colloidal skin seen on some biomorphs. In Chapter 4
a discussion regarding the significance and origin of this sheet for the formation of
spiral structures is given.

Self-assembly

The self-assembly process is in general governed by the competition between both
intrinsic and extrinsic forces. Anisotropic effects of the carbonate crystallites is one
possible reason for the ordering observed. In systems close to equilibrium, liquid
crystal structures are produced by an ordered array of molecules under the right con-
ditions. As was discussed in Section 2.3.3 silica condensation on such a template
results in highly ordered micro- and mesoporous materials. However, it is not clear
that the crystallite ordering is governing the overall morphology of the aggregate. It
could also be the reverse; the aggregation mechanism could result in a morphology
that dictates the packing of crystallites. Systems far from equilibrium have shown
that diffusion can exhibit great influence on the morphology of evolving structures.
In silicate gardens for instance, the rupturing of the silicate membrane followed by
forced convective flow can give rise to ordered microstructures in a seemingly disor-
dered macrostructure. Diffusion limited aggregation has further shown that complex
morphologies can arise based on pure aggregation of particles. As will be shown in the
next chapter, under certain conditions DLA-like morphologies can be produced, indi-
cating that diffusion and aggregation is important to the formation of biomorphs. The
self-assembly of helical aggregates can be seen in both carbonate and silica systems. In
the carbonate case, these morphologies are observed in the presence of polypeptides,
and are composed of ordered polycrystalline vaterite encased in a film also made of
vaterite. A similar behaviour is seen in biomorphs, in which spiral aggregates are
covered with a colloidal silica skin. The presence of the silica skin could therefore
be important for the development of spiral structures. In any case, deciphering self-
assembly mechanisms is a complicated task when the system is possibly governed by
many complex interactions and reactions. In Chapter 4 a further discussion regarding
the self-assembly of biomorphs is given in an attempt to elucidate the origin(s) of the
morphologies observed.

In the next chapter, synthesis and morphological evolution of biomorphs are de-
scribed. The construction of morphology diagrams across different parameters could
aid the development of theories on the formation of these aggregates.
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Chapter 3

Biomorph syntheses

3.1 Introduction

In this chapter the synthesis procedures and results are presented for the growth of
biomorphs. As was explained in Chapter 1, these silica-carbonate aggregates can be
synthesised in both silica gel and sol. Although the gel-synthesis procedure has been
studied by Juan Manuel Garcifa-Ruiz and others, syntheses of biomorphs from silica
sols have not been thoroughly explored. This chapter is therefore exclusively con-
cerned with growth of biomorphs from sodium silicate solutions. Several parameters
are important for the genesis of particular biomorph morphologies: principally con-
centration of the reacting molecular species, pH and temperature. In this chapter the
morphological change that stems from variation of these parameters is given. Selected
morphologies are also analysed regarding elemental composition and crystallographic
properites.

The aim of this chapter is to investigate the morphological variety with different
synthesis conditions, to provide essential insights and guides to the development of
a theory of how these structures are formed. Biomorphs can be synthesised using
various metals, i.e. Ba, Sr and Ca, all of which can form carbonate precipitates with
the aragonite-type structure. The crystallographic relationship between crystallites
within the biomorph structure is therefore correlated with biomorph gi‘owth and is
potentially important for the morphogenesis. In Chapter 4 a discussion of possible
mechanisms for the morphological evolution of biomorphs is given together with
some initial analyses of the reaction media resulting in biomorphs.

3.2 Experimental procedure

A standard recipe for synthesising biomorphs from silica sols is the following: A
concentrated waterglass solution is diluted 350 times (17.8 mM), which is subsequently
mixed 20:1 (v/v) with 0.1 M NaOH, that is then mixed 1:1 with 0.01 M BaCl,. 2 ml of this
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reaction solution is then pipetted into sterile plastic tissue culture plates (Linbro, 24 flat
bottom wells, 2.0 cm? area, 3.5 ml well capacity). From this reaction mixture spiral and
worm-like biomorphs can be collected after ca. 10 h. By changing temperature, the
concentration of the silica solution, BaCl,, and the amount of added NaOH, various
biomorphs with different morphologies are obtained. In all cases, chemicals were used
as purchased. Plastic bottles were used to store the silica,BaCl,, and NaOH solutions
so as to avoid silica contamination. Barium chloride stock solution was prepared to
desired concentration (1.0 M, or 10 mM) in distilled water (Milli-Q plus, ~18 MQcm).
Sodium silicate (ca. 27% SiO;, 14% NaOH, density 1.390 g/cm®) was obtained from
Sigma-Aldrich.

pH was measured using a TPS smartCHEM-Lab multi-parameter laboratory anal-
yser with automatic temperature compensation, equipped with a plastic-body pH
sensor. Two-point calibration was performed using pH 9.00 and pH 12.00 buffers
obtained from Riedel-deHaén. The pH of the buffers at the specific temperature were
calculated for each calibration using information given on the bottles.

High temperature experiments were performed in a Memmert U200 oven with
a temperature accuracy of +0.1°C, operating at full fresh air supply and natural air
convection. A standard experiment was performed at room temperature, to make sure
the air supply was sufficient. Low temperature experiments were conducted in the
laboratory fridge, also at full air supply.

After desired growth was achieved, pH of the solution was measured, and the
aggregates were washed using aliquots of distilled water (4 x 2 ml). Routinely, the
cleaned biomorphs, still in the wells, were imaged using a Leica MZ 12 stereomicro-
scope fitted with a Nikon Coolpix 8800 (8 megapixel) digital camera. In some cases
the aggregates are attached to the bottom of the wells; a paintbrush was then used to
gently loosen the biomorphs from the surface.

To retrieve separate individual biomorphs, it was found that the following method
worked well. Using a disposable Pasteur pipette, the cleaned biomorphs were trans-
ferred from the tissue culture wells to a plastic petri dish in a small volume of distilled
water. The excess water was then carefully removed using the same glass pipette.
A small volume of ethanol was added to disperse the biomorphs on the petri dish,
which was subsequently dried in an oven at 70-80 °C. Using this method aggrega-
tion of biomorphs was limited, which simplified the handling of specific individual
biomorphs.

To prepare the samples for FESEM analysis, individual biomorphs were placed on
double sided carbon tape mounted on an aluminium stub using a fine needle, glass
fibre, or a fine brush. Alternatively, very fragile biomorphs were grown on aluminium
plates, with or without double sided carbon tape, placed at the bottom of the wells.
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No difference in morphology was observed between samples grown in wells using
this technique compared to samples without these plates. These plates were gently
dipped in distilled water to clean the samples after growth.

The samples were then coated in either Au or Au/Pd using an Emitech sputter
coater, operating at 5 mA for a duration of up to 4 minutes, using a tilted rotational
stage. This technique proved to be superior to stationary, non-tilted coating techniques
for the structurally complex biomorphs. Biomorphs were routinely imaged using a
Hitachi 54500 Field Emission SEM, operating at 3 kV. Both upper and lower secondary
electron detectors were used, and images were acquired using ImageSlave slow-scan
image acquisition system.

Elemental analyses of biomorphs were performed using a JEOL JSM6400 SEM
equipped with Oxford ISIS EDXA system, operating at an accelerating voltage of 15
kV and beam current of 1 nA. Samples were analysed for Si, Ba, Na, and Cl, using
sanidine, barite, albite, and tugtupite as standards respectively. Samples analysed
using EDXA were all carbon coated.

Some structures were characterised by electron diffraction, using a Philips EM430
TEM, operating at 300 kV, and equipped with Oxford ISIS EDXA. These samples were

prepared by growing them on carbon-holey copper grids, attached to carbon tape on
an aluminium plate.

A Philips CM300 FEI was also used to acquire high resolution information on
thin sections of particular structures. These thin sections were made by gluing the
aggregates on to tape attached to a microscope slide. For the twisted structures
especially, it involved aligning long structures vertically straight on the tape. The
samples were then embedded in epoxy resin under vacuum so as to reduce the effect
of bubbles trapped in within the structures and the resin. Thin sections were then
made by polishing the sample and finally by ion-thinning methods. Harri Kokkonen
and Dr John Fitzgerald at the Research School of Earth Sciences prepared the thin
sections according to this technique, and Dr Fitzgerald also analysed the sample using
TEM.

Some aggregates were also analysed using X-Ray Computed Tomography X-
ray CT). This instrument uses a X-Tek RTR-UF225 X-ray source and has a Roper
PI-SCX100:2048 X-ray camera, and an Newport RVI20PP rotation stage. A special
in-house built mounting stage was used to aid the alignment of the biomorphs that
were in turn mounted on a tip of a glass-fibre. The glass-fibre was glued to a needle
that in turn fitted on the mounting stage. For more information on the technique, see
Sakellariou et al. (2004).
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Figure 3.1: A taste of the different biomorph morphologies discussed in this chapter; worms

(A), trumpets and cones (B, F, ]), coral-like floral spherulites (C, N), globular (E, K), pinnacles
(G), disks (H), double helices (1), sheets (F, L, M), bands (O). An aggregate displaying a mixture
of different morphological traits (sheets, globules, pinnacles) can be seen in D.
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3.3 Results

3.3.1 Overview

Due to the large number of different biomorph morphologies produced using different
synthesis conditions, this section gives a short overview of these morphologies. The
observed morphologies have been given names that reflect the shape of the aggregates.
In Chapter 1, such classification was introduced by the ‘worms’, ‘spirals’, and ‘sheets’.
Many more morphologies will be introduced here. This will aid the reader to follow
the morphological changes observed using different reaction conditions.

In Figure 3.1 a collection of images of some of the different morphologies observed
in this chapter is seen. A ‘worm’, ‘double-helix’, and ‘globules’ can be seen in Figure
3.1 A, E, and I respectively. These morphologies will be discussed in Section 3.4.1.
Coral-like morphologies, named ‘floral spherulites’ display a spherical morphology
of interwoven sheets (Figure 3.1 C) will in turn be discussed in Section 3.4.4.

Helical barium carbonate containing biomorphs, synthesised according to the
‘standard’ conditions, will be discussed first. These conditions will serve as the

nil experiment, and any parameter excursion will be related back to the ‘standard’
synthesis.

3.4 Barium carbonate biomorphs

Various morphologies are obtained depending on the concentration of barium chloride
in the reaction solution. In the first instance, the aggregates observed using the
‘standard’ synthesis conditions will be discussed. Subsequent sections will analyse
the effect of changing parameters, such as pH, concentration of both silica and BaCl,,
temperature, and additives on biomorph morphology.

3.4.1 Standard experiment

The preparation of biomorphs using the standard conditions is achieved by mixing a
10 mM BaCl; solution with a 17 mM water glass solution containing 18 mM NaOH
(pH 11.3) resulting in a clear solution of pH around 11.0. Using these conditions results
in biomorphs having globular, sheet-like and helical morphologies. Precipitation of
biomorphs preferentially occurs at the bottom of the wells, however, aggregates can
sometimes also be seen growing at the air/solution interface. As was mentioned in
Chapter 2, this is a common phenomenon in systems where a concentration gradient
is present across the solution.
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Light microscopy observations

By using both transmission and reflection light microscopy, the growth of biomorphs
synthesised at room temperature can be easily observed. From recorded movies of
the growth of such aggregates (Figure 3.2), several characteristics can be observed
regarding the development of the different types of morphologies. In all cases, the
first stage in growth is the emergence of globular aggregates (see Figure 3.2 A). These
globular nuclei become visible after ca. 0.5-2 hours, possibly depending on the carbon
dioxide concentration in the solutions used. It is therefore always best to use freshly
prepared solutions. During further growth, the globular aggregates evolve to form
either sheets, helices or worms, or stop growing altogether (see arrow in Figure 3.2 B).
All of these forms can be seen growing at the same time in a single experiment.

The growth of helices progress very uniformly with constant diameter; they can
grow up to hundreds of micrometers in length. Some helical aggregates thicken into
a worm during the later stages of growth (see red arrow in Figure 3.2 D). As can be
seen in Figure 3.2 D and E, this budding of the helices can occur at different times
during the growth. Further aging of such aggregates produces worm-like aggregates
that eventually increase in width and develop what we call ‘heads’ (see red arrow in
Figure 3.2 F). Worms most often develop without preexisting helices, and the growth
proceeds in layer-by-layer twist, that curls around the central axis along the growth
direction. Increasing diameter is sometimes seen during later stages of the growth and
continued growth can result in the development of large snail-like heads. However,
most aggregates remain very uniform, and stop growing without any development of
large heads. It is also noted that the development of these large heads is only observed
on some aggregates within a single batch, and in many cases it can be seen to develop
on biomorphs that are actively growing. Several worms can grow from the same
globular aggregate, creating a bundle of two or three worms at one nucleation point,
however, individually grown worms are also commonly present. As is also the case
of helices, worms grow independently of each other, in that one worm may continue
to grow while its neighbouring worm does not. It is further observed that helical and
worm-like biomorphs can extend in any direction from the globular nuclei.

Sheets are only occasionally observed, and they are only seen to grow at the bottom
of the wells, with their long growth axis parallel to the surface. They appear early
during the growth, and often develop heart- or leaf-like morphologies, which abruptly
stop growing. InFigure 3.2 itis also evident that these morphologies grow very quickly
(1.3-2 pm/min). This sudden termination of growth is also observed in both helices
and worms.

As can be seen in Figure 3.2 increased precipitation of flocculated material occurs
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Figure 3.2: Time series of biomorph growth during standard conditions ([BaCl;] 5 mM, [SiO;]
8.5 mM, pH 11.0, room temperature), A 1 hour, B 3 hours, C 5 hours, D 7 hours, E 10 hours,
and F 17 hours. Scale bar in F is 100 ym.

with time. pH measurements throughout the synthesis can be seen in Figure 3.3, where
also optical images showing the growth progress (of cleaned samples) are shown. In
this experiment, globular aggregates were observed after 120 minutes, at a pH of
10.6. The spirals and worms emerged at around pH 10.3 after 5.5 h of growth, and
continued to grow till the experiment was terminated after 10 hours at which the pH
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Figure 3.3: Optical images taken during the synthesis of biomorphs with an initial pH of
around 11.

had dropped to around 10.0-10.1. 8-10 h of growth is sufficient to produce worms and
helices that are not overgrown by large euhedral witherite crystals; Increasing growth
times produces biomorphs that are overgrown with witherite. Calculated growth rates
for the helices and worms are very constant within each experiment during the growth
process. For instance, the double helix and the worm, labelled 1 and 2 respectively in
Figure 3.2, extend with a constant rate of 0.85 and 0.36 um/min respectively during the
earlier stages of growth. Towards the later stage of growth, growth rates tapers off till
the aggregates stop growing. For the double helix 1 in Figure 3.2 E, budding where
spirals thickens into worms, has a growth rate comparable to that of the worm (0.35
um/min). However, it has been noticed that different growth rates can be observed
between different runs. Worms have shown to develop at a growth rate of up to 0.86
um/min. In all cases, the growth rate was determined by measuring the length of the
aggregate as it changes with time. These calculation do not account for differences in
the surface area of the growing tip.
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Figure 3.4: FESEM images of biomorphs generally seen using standard conditions; heart-
shaped sheet (A), worm (B), double helices (C, D).

Electron microscopy observations

In the first instance, the macroscopic observations are discussed, followed by a micron
scale analysis of the aggregates. FESEM images of aggregates synthesised under
standard conditions confirm the presence of globular, sheet-like, helical, and worm-
like morphologies (Figure3.4). The manifestation of these morphologies can vary
between experiments. Worms are the most common morphology seen, followed by
helical aggregates. As mentioned above, sheets are rarely present, and are not analysed
further, as only a few aggregates were observed in contrast to gel biomorph syntheses.
Furthermore, these sheets have a tendency to firmly stick to the bottom of the cell,
making it difficult to process them for FESEM analysis.

From the optical analysis, the first precipitates observed during synthesis have
globular morphology. In Figure 3.5 electron micrographs of such aggregates can be
seen. As is evident in A and B, globular aggregates often develop ‘tongues’ that
extrude from the aggregate in a disk-like manner. These tongues are believed to

be the starting point of all the morphologies seen in the standard experiment. One
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Figure 3.5: FESEM images of globular aggregates observed during synthesis of biomorphs
using standard conditions (5 mM BaCl;, 8.5 mM SiO,, pH 11.0, ambient temperature and
pressure). In A the extrusion of a tongue, or sheet, can be seen. The stability of this tongue will

determine the morphology produced. If lip-curling at the edges occurs (C), a helical aggregate
will develop. If the tongue wraps around a pre-existing globular aggregate (B, D), as worm is
the outcome.

can discern the evolution of sheets, helices and worms in Figure 3.5 A, C and D
respectively. The distinction between the aggregates relates to the fate of this tongue.
If the growth is undisturbed a sheet will form, however, if the sheet at some point
begins to wrap around itself, a helix or a worm is formed. In the case of the helices,
one can often see that a large sheet curls at the edges, in opposite direction, which
then upon further growth produces a twisted aggregate. In the case of the worms,
the scenario is different. The tongue wraps around itself onto the preexisting globular
aggregate, and growth proceeds in essentially a 2D fashion (see Figure 3.5 D).

Growth of worm-like aggregates most often proceeds without a preexisting helix,
and can grow to considerable lengths (hundreds of um). Worms are generally of
consistent diameter of around 15-25 um, but this can vary between samples, and also
within a single aggregate. Variations in diameter are related to the thickness of the
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Figure 3.6: FESEM images of a helix-worm transition. The red arrows indicate one strand
while the black arrows indicate the other. The red dashed arrows indicate the disappearance
and resurfacing of the the red strand. In C an overgrown worm is seen with a characteristic
head as well as large euhedral witherite crystals.

growing tongue as well as the way it curls around itself. In many cases it can be
noted that each segment, or each twist of the tongue, overlaps with the previous one.
Such ‘backlashing’ can be extensive (see Figure 3.4 B), and up to five layers have
been observed in a single cross section of a worm. Occasionally ‘errors’ occur during
the growth of worms where a backlashing segment buckles and produces a globular
aggregate on the side of the biomorph (see for example Figure 3.16 A). Continued
growth results in an increase in diameter and the development of of a head, which
at prolonged growth becomes covered in larger witherite crystals. It should be noted
that the development of such heads are only observed on some aggregates within a
single experiment.

As mentioned previously, the growth of the double helices usually proceeds with
constant diameter. This is, however, not always the case. In some cases one can see
a change from a perfect helical aggregate to a worm-like aggregate. The increase in
diameter can occur gradually or quite drastically, and this change in shape is often
observed during the later stages of growth. It is believed that the balance between the
two strands that make up the double helix is perturbed, which causes one to overcome
the other. This results in what appear to be a singly wound thickened spiral, as is
the case of the worms. In Figure 3.6 A it is noted that one of the strands shrinks
(indicated by red arrows) and seems to be lost within the aggregate, while the other
(indicated by black arrows) inflates and from thereon can be followed around the
outside of the aggregate till it abruptly stops growing. A new strand then appears
(red arrow 2) which continues to grow, forming an inflated head. Further growth
produces overgrowth of euhedral witherite crystals on this head. It is difficult to tell
whether this new strand is the same as the one previously observed shrinking and
disappearing within the aggregate. The transition from a perfect helix intoa wormis a
complex phenomenon difficult to observe with microscopy techniques on non-broken
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Figure 3.7: FESEM images of helical aggregates observed during the early stages of growth (4
h) using standard conditions (5 mM BaCl,, 8.5 mM SiO;, pH 11.0, ambient temperature and
pressure). The areas seen in B and D are magnifications of the rectangular areas seen in A and
C respectively.

aggregates. One can, however, conclude that such transitions only occur from double
helix to worm, the reverse has never been accounted.

Growth of double helices can therefore be categorised into different stages; 1)
growth of an initial globular aggregate, which extrudes a tongue; 2) the curling of
the edges of this tongue in opposite directions; 3) the continued growth of a double
helix; 4) the development of a worm-like aggregate on the pre-existing double helix; 4)
possible inflation and overgrowth of traditional witherite crystals. Worms on the other
hand grow from the same initial globular aggregate in which the tongue somehow is
attracted to the globule and wraps around itself.

In addition to the complex ‘macroscopic’ morphology (um scale) seen in these
biomorphs, the atomic and meso-scale structures of these aggregates are also intrigu-
ing. For instance, in Figure 3.9 the interior makeup of a worm can be seen. It is evident
from Figures 3.9 B that each twisting sheet-segment is composed of nano-sized crystal-
lites exhibiting orientational order (Garcia-Ruiz et al., 2002). The rod-like crystallites
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Figure 3.8: FESEM images of a worm-like aggregate observed during the early stages of growth
(4 h) using standard conditions. The rectangular areas marked with letters correspond to the
respective images.

are packed together with a slight twist between adjacent rods. At the surface in the
growing direction of the worm, the crystallites seem to be more or less perpendicular
to the surface, whereas this is not the case for the underlying surface. The crystallites
then also rotate around the central axis of the worm as the sheet or tongue grows,
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giving rise to all possible tilt angles relative to the central axis of growth direction of
the worm. All crystallites can therefore be seen aligned in the growth direction of the
tongue.

The thin backlashing layers have a different crystallite orientation relative to the
underlying twisted segment (see Figure 3.9 C). At the interface between the two layers
the crystallites in the backlashing layer seem to be oriented towards the beginning
of the worm. A consecutive twist between the crystallites towards the outer surface
gives rise to the orientational ordering seen in Figure 3.9 C.

A similar situation is present in the double helices (see Figure 3.10). In the lip-
curling edge of the helix the consecutive tilt between the crystallites are slightly higher
than in the worms, which also reflects the higher degree of curvature seen in these
morphologies compared to worms. The orientational ordering is evident and is a
possible origin of the ym-scale morphology.

In Figures 3.9 and 3.10, the crystallites are seen as slightly elongated rods having
diameter on the order of 50 nm. The length of the crystallites seem to vary between
samples from almost globular crystallites to long clearly rod-like in character.

The micronscale analysis of worms and double helices reveal that the makeup
of such aggregates is inherently complex, and composed of nano-sized crystals (see
Figure 3.9 and 3.10).

As also seen in Figures 3.9 A and C, and Figure 3.10 B, the surface of the aggregates
are covered in a skin. By treating these biomorphs with a weak acid the skin can easily
be seen as a hollow cast of the original morphology (see Figure 3.11 B) (Garcia-Ruiz
et al., 2002; Hyde et al., 2004). In Figure 3.11 the skin is shown to be composed of
~100nm globular particles, which form a layer around the aggregate. The thickness
of the skin can vary between aggregates, but also within each biomorphs as shown in
Figure 3.11 F. Furthermore, it can also be observed in Figure 3.11 that the skin possesses
grooves matching the pitches of the worm.

In no case have internal sheets of silica dividing the segments been identified. This
suggests that the skin is only a surface feature, and does not occur within the aggregate
itself. The presence of such a skin is also observed in biomorphs synthesised using
a silica gel. However, as mentioned in Chapter 1, this is not always the case. Even
though it sometimes is relatively easy to recognise the presence of a thick skin, as seen
in Figures 3.9 and 3.10, often much thinner skins are observed, barely recognisable on
a non-broken surface (see Section 3.4.2). Furthermore, the presence of this silica skin
seems to vary between aggregates, precipitated in different experiments, as occasion-
ally no silica skin is seen left behind after acid treatment. This further suggests that
the silica skin is not necessary for the development of the helical and worm-like mor-
phologies seen in the standard experiment. It may be that the silica skin is a secondary
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Figure 3.9: FESEM images of the interior of worms. The broken worm in A-B is viewed
from the top, in opposite direction to the growth direction, and clearly shows that worms
are composed of a twisting sheet. In B, the orientation of the crystallites in this sheet is
indicated by the white markers. The broken surface seen in C-F is viewed along the growth
direction of the worm. Here, the overlapping segment (backlashing) is easily seen as a couple
of um thin strip surrounding the inner core of worm. The crystallite orientation, indicated by
white markers in E, in this backlashing segment is almost perpendicular to that seen in the
immediate neighbouring crystallites in the core of the worm. Both of these aggregates (A, C)
are surrounded by a visible skin.
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Figure 3.10: FESEM images of the interior of a broken helix indicated by the rectangles in A and
B. The crystallite orientation is twisting relative to each other as indicated by white markers in
C. In D the varying size and slightly elongated character of these crystallites is observed.
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Figure 3.11: FESEM images of the silica skin of worms. Images A-C show a consecutive

magnification series, indicated by the rectangles, of a detached silica skin. This sample was
slightly etched with 0.1 M NaOH possibly aiding the silica skin to fall off. The surface of this
skin (E) shows the globular nature of this skin. Images B-F show a silica skin left after acid
dissolution of the carbonate entity. Both the external (D) and internal (F) surface of the skin is
shown, indicated by the rectangles in B respectively.
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feature that is formed as the pH drops below the solubility of amorphous silica. The
formation of colloidal silica and/or silica precipitation on the surface of the biomorphs
is therefore likely to be related to the chemical state of the solution and the number of
aggregates growing per cell.

TEM observations

Transmission electron microscopy analyses requires the production of thin sections,
made by Harri Kokkonen and Dr John Fitzgerald. Ann-Kristin Larsson and ]. Fitzger-
ald performed the imaging and diffraction work reported here.

The optical images of the prepared thin section seen in Figure 3.12 A and in
particular B show that the crystallites are highly oriented. Each segment displays
an extinction pattern in form of a Maltese cross, which is a result of the fact that
the principal vibration directions coincide with that of the polarisation directions
in the darkened areas. The anisotropic witherite crystals (biaxial (-)) are oriented
within the isotropic amorphous silica in such a way that no light can go through the
upper polariser, causing the biomorph to go dark. This is consistent with crystallites
oriented with their c-axis (length fast axis) outward towards the edge of the aggregate,
as indicated in the FESEM images (see Figure 3.9). The interference colours therefore
suggest a continuously varying orientation of the witherite crystallites, consistent
with the FESEM observations described above. Each segment shows almost identical
extinction patterns, indicating that the orientational ordering of the crystallites is
uniform between the segments.

Electron diffraction was performed on a selected area shown in Figure 3.12 C. The
electron diffraction pattern (EDP) seen in D is a powder-like EDP as concentric rings
of reflections are present. However, it is also evident that some reflection rings are
broken, which indicate an increased orientational order between the crystallites as
compared to powder rings. The indexing of the EDP is done using the orthorhombic
cell parameters given in Section 2.2.1, and as indicated by the concentric red rings,
some reflections overlap. For instance, the 022 and 112, and 200 and 130 planes all have
very similar d-spacings, causing apparent broadening of the overlapping reflections.
As several zone axes seem to be present in this EDP, the interpretation of the crystallite
orientation is not straight forward. However, the 002 reflection on the other hand is
more readily identified and occurs as an isolated arc, as indicated by the red arrow in
Figure 3.12 D. The length of the arc-like c-axis reflections defines the angular crystallite
distribution, which is about 60°, showing a large spread in crystal orientations within
the area analysed.
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Figure 3.12: Transmission light microscopy images of thin section (A) and the worms analysed

in the TEM (B). In C a low resolution TEM image of the area analysed can be seen. D shows
the diffraction pattern obtained, where EDP indexing is in the orthorhombic system.

Discussion

In this section characterisation of the morphologies produced using 5 mM BaCl,, 8.5
mM SiO;, pH 11.0, ambient temperature and pressure have been discussed. Glob-

ular, sheets, helical and worm-like morphologies can be produced within 10 hours
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of growth as carbon dioxide is absorbed into the silica sol. All biomorph growth
observed begin with the development of a globular aggregate. The extrusion of a
sheet-like tongue from the globule defines the onset of either sheet, helical or worm-
like growth. Both right- and left-handed worms and helices are observed, and they
can grow as individual precipitates or in clusters. Upon prolonged growth some he-
lices are seen to expand in diameter to produce a worm-like aggregate at their ends.
Such helix-worm transition is only seen in some helices even in the same sample.
Both worms and helices can also develop large heads, which can be seen as the onset
of overgrowth of euhedral witherite. This suggests that the silica concentration has
dropped below a concentration threshold of where it efficiently interacts with pre-
cipitating witherite. The sodium silicate concentration is therefore important for the
development of biomorphs at high pH.

Many of the morphologies analysed under these conditions are surrounded by a
silica skin. This is evident from both FESEM analysis of as-prepared biomorphs. This
skin can more easily be observed through dissolution of the carbonate entity with
a weak acid, and show colloidal character; being composed of globular particles of
around 100 nm in diameter. As mentioned in the previous section, it is believed that
this skin is only an outer surface feature, as it has never been encountered (although
not proven) to exist in between individual layers of worms or helices. As such, it may
serve as a secondary precipitation of silica as pH is dropped during the course of the
synthesis.

Helical and worm-like aggregates are further characterised by a local orientational
order between the crystallites. The long axis of the crystallites is aligned with the
c-axis of witherite, and is oriented towards the growth direction. As the the growing
edge of the aggregate is sheet-like and twists around the growth axis of the biomorph,
a consecutive twist between the crystallites is seen. This is also confirmed by TEM
analysis, although the EDP in question is difficult to interpret.

During the course of this work it has also been noted that during some syntheses,
preferential growth of helices over other morphologies are observed. Similarly, in some
cases, only worm-like morphologies develop. Such inconsistencies where at the time
believed to be caused by slight variations in initial concentration, pH or temperature.
During the precipitation, barium and silica concentrations as well as pH are reduced.
Given these circumstances, and the effect on morphological evolution (globular to
helix to worm transitions), the effect of changing the initial conditions (pH, sodium
silica concentration, BaCl,, and temperature) are explored in the following sections.
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3.4.2 Variation in pH

Slight variations in morphologies can sometimes be seen between experiments using
the standard conditions previously discussed. These variations are believed to be
caused by differences in initial pH and carbonate concentration. Furthermore, the
presence of a silica skin is not always evident from FESEM observations, a fact that
could also be due to variable pH. To investigate the influence of pH on the morpholog-
ical evolution, as well as the presence or absence of silica skin, a series of experiments
were performed on the same day using the same stock solutions. By changing the
amount of added NaOH (see Section 3.2) pH can be varied while keeping the silica
concentration constant at 8.5 mM (see Table in Figure 3.13). Changing the initial pH
of just one pH unit was shown to have a strong effect on the morphology of the aggre-
gates produced (see Figure 3.13). The pH change observed after 10 hours of growth is
also much larger at high pH compared to low pH values.

Atlow pH (10.46-10.80) globular aggregates are formed that with increasing pH be-
come more complex. Increasing pH also increases the nucleation density and a larger
variety in morphologies is seen. As can be noted in Figure 3.13, worm-like biomorphs
are easily visible at a pH interval of around 10.85-11.42. Double helixes, on the other
hand, occur more frequently at higher pH of between 11.11-11.42. It should be noted
that both worms and helices are observed at pH 11.51, but much less frequently so.
At this pH, smaller aggregates with sheet-like and bud-like morphologies are more
commonly observed (see Figure 3.14 K; — K3). To investigate if morphological varia-
tion with pH is accompanied with compositional variation between the morphologies,
EDX analyses were performed on as prepared aggregates!. In the following sections,
the result of such analyses and their interpretation will be discussed in relation to pH
and morphologies produced.

Globular aggregates

As observed in the optical images (Figure 3.13) and FESEM images (Figure 3.14) low
pH conditions result in globular aggregates of various sizes. Even though biomorph
growth using the standard experimental conditions always begin with development
of such aggregates, the ones described here do not proliferate into helical or worm-like
morphologies within the time period of experimentation. As can be seen in Figure
3.15, globular aggregates synthesised between pH 10.46 and 10.68 contain particles
in the 50-100 nm range that are composed of almost almost pure witherite (see Table

! As making thin sections of biomorphs is inherently difficult, it was concluded that a more efficient
way of acquiring compositional data on a large number of morphologies could be done on biomorphs
as prepared, without any further preparation.
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[ Sample | A B C D E | G H [ | K L
120 1
NaOHI o | 24| 78| 82| 86| 90| 94| 98| 102 106| 114] 118
(mM)
pH, 1046| 1058| 1068] 10.80| 10.85] 1099] 11.11| 11.21] 11.26] 11.35] 1148 11.51]
A 042| 053] 058 068| -085| 092| -1.02] -110] 115 -121] -128] -1.29]

Figure 3.13: Optical images of biomorphs produced after 10 hours at different initial pH (pHo),

displayed in the table, but at otherwise the same reaction conditions. The observed pH change

after 10 hours within each experiment is seen as Ay Scale bar 100 ym in pH 10.46 is valid for

all the images.



§3.4 Barium carbonate biomorphs

Figure 3.14: FESEM images of biomorphs produced after 10 hours at different initial pH, but
at otherwise the same reaction conditions (see Figure 3.13. A pH 10.58; D pH 10.80; F pH 10.99;
H pH 11.21; ] pH 11.35; K pH 11.48).




120 Biomorph syntheses

Elemental composition of globular aggregates

Compound A1 Az A3 A4 A5 C] C2 C3 C4
Na,O 009 104 08 092 082 108 127 124 1.04
SiO, 058 075 137 685 008| 08 088 1.07 1.75
CLO, - 007 - - -] 012 011 013 0.10
BaO 59.34 6081 54.04 5219 51.04 | 6897 66.85 7018 61.92
CO; (calc.) 17.03 1745 1551 1498 14.65| 19.80 1919 2015 17.77
Total 7704 80.11 71.80 7493 6558 | 90.81 8829 9277 8259
Si/Ba atomicratio | 0.02 003 006 033 0004 | 003 003 004 007

Table 3.1: EDX results (wt% oxide, Si/Ba ratio) of the surface of globular aggregates synthesised
atlow pH, i.e. 10.46 and 10.68. The alphabetical notation reflects the initial synthesis conditions,
represented in Figure 3.13.

3.1). Most often ~1wt% silica and 50-70 wt% Ba are seen in the aggregates. In the
following analyses the Si/Ba atomic ratio will be noted as the basis of comparison for
morphological composition. Such a ratio is more significant compared to absolute
values as the total wt% can significantly vary between analyses (see Table 3.1). The
low totals seen in almost all biomorph analyses reflects the fact that the surface area
of analyses are in most cases not flat, and can in many cases be seen to be porous.
Furthermore, adsorbed water is also believed to be a major cause of the low totals
seen. In addition to Si and Ba, Na and Cl are often seen in the EDX analyses. In all
cases, it is assumed that Cl exist as NaCl, and the small amount present is most likely
due toincomplete washing, and drying effects. The excess Na present can be explained
as sodium silicate (NaSiO24x). The Si/Ba ratio of globular aggregates is most often
<0.07, however, in one case an Si/Ba ratio of 0.33 was observed. The composition
of the interior of such aggregates is consistent with analyses performed on the outer
surface of the aggregate, i.e. Si/Ba 0.01-0.07, indicating the absence of increased silica
concentration on the surface. If these aggregates have a silica skin, an increase in Si/Ba
ratio is expected from analyses performed on the surface.

Worms

As indicated by the optical images in Figure 3.13, the lowest initial pH that yields
worms after 10 hours is around 10.85. Such aggregates are more frequently formed
around pH 11.00-11.26, where they can grow to appreciable lengths. At the low pH
range many of the worms show an increasing degree of disfigurement (see Figure
3.16), with a number of extra blobs extruding from the sides of the aggregate, and
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Figure 3.15: Backscattered SEM images and high resolution FESEM images of two aggregates
produced at pH 10.46 (A) and pH 10.68 (C) respectively. The composition of such aggregates,
deduced from EDX analysis, is listed in the table as wt% oxides.

extensive visible back-lashing. At higher pH more uniform aggregates are formed. In
this section elemental analysis of worm-like aggregates are discussed relation to the
initial experimental pH. Special attention will be given to the nature of a silica skin,
and how this can be detected. As indicated in Table 3.2, the pH doesn’t seem to have
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Elemental composition of worms

Compound E1 Fl Fz H] Il Iz Il Ll L2
Na,O 127 | 104 094 | 138| 073 119 | 104 | 0.87 093
SiO, 218 | 755 147 322 116 103 | 3.14| 092 8.62
CLO_, - 012 - - - - - - -
BaO 66.37 | 5534 64.89 | 60.08 | 65.44 77.15| 70.83 | 65.83 66.69
CO; (calc.) 19.05 | 1589 18.63 | 17.25 | 18.78 22.15 | 20.33 | 1890 19.14
Total 88.86 | 79.94 8593 | 81.74 | 86.11 1015 | 95.35 | 8643 95.39
Si/Ba atomicratio | 008 | 035 006 014 | 005 0.03| 011 | 004 0.33

Table 3.2: EDX results (wt% oxide, Si/Ba ratio) of the surface of worms synthesised at various
pH. The alphabetical notation reflects the initial synthesis conditions, represented in Figure
3.13. In contrast to the other samples, I; was acquired from the interior of a worm.

any effect on the composition of the worms. The Si/Ba ratio varies between 0.4-0.02
with seemingly no effect on morphology.

Four worms synthesised at an initial pH of 10.85 (notation E in Figure 3.13) were
analysed in terms of elemental composition using EDX, one of which can be seen in
Table 3.2 E;. These samples showed Si/Ba variation between 0.27 to 0.05. In three of
the worms Si/Ba ratios decreased along the growth direction of the worm, indicating
a smaller composition of silica in the aggregate as it lengthens. However, in one case,
a constant Si/Ba ratio of ~ 0.08 could be seen across the entire length of the worm
(see Figure 3.16). This variation in composition is related to the silica present within
the structure as well as the existence of a silica skin. The presence of thin layer of
contaminating colloidal silica was also shown to increase the Si/Ba ratio from 0.08 to
0.36, indicating the high sensitivity of the surface concentration of silica on the EDX
results (see Figure 3.16). In all cases, the Si/Ba ratio is either constant or decreases along
the growth direction. The reverse has never been accounted. The same behaviour is
observed in all worms analysed irrespective of the pH at which they were produced.

At an initial pH of 10.99 (standard experiment) some worms exhibit constant Si/Ba
whereas others show a decreasing ratio with growth direction. The highest Si/Ba ratio
observed in these samples is 0.4, which decreased to 0.06 at the end of the worm.
Similarly, at pH 11.21, worms have a maximum Si/Ba ratio of 0.2, which also is seen
decreasing along the growth direction (see Figure C.1).

At pH 11.35 or higher, worms are often seen growing in conjunction with sheets.
In Figure 3.17), one such example is shown, where the Si/Ba ratio is also decreasing
towards the end of the aggregate. In this case, the surface textures differ from the
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Figure 3.16: A back-scattered SEM image (A) and a FESEM image (B) of the surface of a worm,
synthesised at pH 10.85 (notation E in Figure 3.13). Elemental spot analyses (1-7) show a
constant Si/Ba ratio of ~ 0.08, except no 2 which has an Si/Ba ratio of 0.36. This is explained by
the contamination of colloidal silica seen in B. See Table 3.3 E; for further elemental composition
of the worm (point 3 in image A).

beginning to the end. As can be seen in Figure 3.17 D high Si/Ba ratio corresponds to
areas where particles are densely packed. Very low Si/Ba ratios on the other hand are
observed where particles adopt a much looser configuration. However, it is difficult
to assess whether the porosity can cause the drop in the Si/Ba ratio, or if this is an
actual effect of lower silica concentration. As other samples with high Si/Ba ratio can
show similar surface texture, it is believed that the lower Si/Ba ratio is caused by a
drop in silica concentration within the aggregate. For instance, in Figure 3.18 a worm
synthesised at pH 11.51 is shown. The Si/Ba ratio of this sample is around 0.33 at
both spots indicated in Figure 3.18 A. The surface texture varies from densely packed
to quite loose, without any change in composition. At the highest pH analysed here,
pH 11.51, the Si/Ba ratio of worms ranges between (.35 and 0.04. In two out of three
worms analysed, a constant Si/Ba ratio of 0.35 or 0.05 was observed along the growth
direction of the worm. In the third case a decreasing ratio, from 0.16 to 0.04, with
length was seen.

To investigate how susceptible the Si/Ba ratio is to surface topology, a series of line
scans were performed across the aggregates, which in all cases were aligned towards
the X-ray detector. As can be seen in Figure 3.19, such a scan reveals a constant
composition across a wide distance of the worm, indicating that as long as the spot
analysis is performed close to the middle axis, a reproducible result is obtained. The
scan further indicated an increased concentration of Si relative to Ba at the edges of the
aggregate. Performing similar line scans on silica poor aggregates revealed a similar
behaviour in two out of three cases. In the third case, the wt% Si tapers off at the
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Elemental composition of helices

Compound F1 F2 H1 Hz 11 Jl ]2 Ll Lz
Na,O 063 082 106 105} 093 | 098 1.05| 1.15 0.92
5i0, 685 359 | 419 287 | 580 | 997 272 | 126 0.68
CLO, - 024| 011 0.07 - - -| 0.08 -
BaO 59.28 60.69 | 63.63 63.61 | 66.21 | 63.12 67.63 | 69.47 68.11
CO; (cale.) 17.01 1742 | 18.26 18.26 | 19.01 | 1812 1941 | 1994 19.55
Total 83.77 8277 | 8726 85.85) 9194|9219 9081 | 91.90 89.26
Si/Ba atomicratio | 029 015 017 011 022| 040 0.10| 0.5 0.03

Table 3.3: EDX results (wt% oxide, Si/Ba ratio) of the surface of worms synthesised at various
pH. The alphabetical notation reflects the initial synthesis conditions, represented in Figure
3.13. In contrast to the other samples, I) was acquired from the interior of a worm.

edges of the aggregate. The observed variations in line scans across the diameter of
the aggregate is not easily explained. A straightforward explanation for the increased
Si/Ba ratio seen at the edges of such scans is the presence of a silica skin. However,
as the silica-poor aggregates also show similar behaviour, one has to consider other
possibilities such as geometrical effects. The effective interaction area of the electron
beam is increased at the edges of the biomorph (see Figure C.2), which results in a
relative increase in the sampling of the silica skin. This is the scenario at a convex
interface seen in worm-like biomorphs. It is therefore suggested that the increased
Si/Baratios seen in line scans such as the one displayed in Figure 3.19 is due to increased
silica concentrations, such as the presence of a silica skin.

As can be seen in Table 3.21;, the interior of the worms also contain very little silica.
In Figure 3.20 FESEM images reveal a homogenous nature of both the inside and the
outside of the aggregate. Both spot analyses and line scans across the aggregate show
a homogenous composition (Si/Ba ~ 0.05) within the structure (see Figure 3.20). If all
worms are considered to be of essentially similar interior composition, then worms
displaying Si/Ba ratios of <0.1 can be considered to be devoid of an outer silica skin.
In the next section helices will be discussed which will shed more light on issues
concerning the presence or absence of silica skin.

Helices

Although not visible in Figure 3.13, helices also occur in sample F, i.e. at a pH of 10.99.
The helices observed at this lower end of the pH range are often formed in conjunction
with worms, and a helix-worm transition is often observed (see Figure 3.21 A). At
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higher pH very long and uniform helices are formed. As in the case of worms, the
elemental composition of helices varies within and between samples synthesised at
different initial pH. In Table 3.3 the Si/Ba atomic ratio can be seen to vary between 0.03
to 0.40 with no systematical variation with pH.

In Figure 3.21 high resolution FESEM images shows the presence of a thin silica
skin, or film, on this helix, which has a Si/Ba atomic ratio of around 0.3. High Si/Ba
ratios can therefore be indicative of the presence of such a skin, otherwise not clearly
discernible through microscopy observations without acid treatment.

In Figure 3.22 electron micrographs of a double helix that turns into a worm can be
seen. The Si/Ba ratio of around 0.15 is more or less constant throughout the aggregate,
indicating that the helical-worm transition is not due to any compositional variations
within the two different morphologies. This is also confirmed in aggregates with
much higher Si/Ba ratio (see Figure 3.21), further indicating that such transitions occur
irrespective of silica concentration. Even though no skin is visible in the Figure 3.22
C, acid treatment of this aggregate does indeed show the presence of such a skin (see
Figure 3.22 D).

Even lower Si/Ba ratios were observed in helices synthesised at pH 11.51. The
double helix seen in Figure 3.23 has a Si/Ba ratio of around 0.03 and, as seen in Figure
3.23 C-F, the surface texture is very different from aggregates having higher silica
concentrations. The aggregate is composed of 50-100 nm globular particles that have
the same appearance inside and on the surface of the aggregate. No silica skin is
observed, although it may be present as a thin film, as in Figure 3.22 C. However, the
very low Si/Ba ratio speaks against such a feature.

Also present in the high pH experiments are aggregates having quite different
morphologies. Some of these can be observed in Figures 3.18, 3.23, and 3.24. These
aggregates are generally more silica rich than the double helices and worms seen in the
same sample. For instance, the sample seen in Figure 3.24 A has Si/Ba ratios between
0.34 and 0.69. The latter value was acquired from point 2 seen in Figure 3.24 B, which
should be considered slightly elevated due to topological effects discussed above. Spot
1 and 3 show Si/Ba ratios of 0.34 and 0.42 respectively. As evident in Figure 3.24 D,
and also indicated by the analyses, a silica-rich skin is present. In this case the skin is
around 240 nm thick, which is significantly thicker than the skin observed observed
on helices at lower pH (see for instance Figure 3.21 D). The backscattered electron
image of this sample shows the opposite colouring (the internal barium carbonate rich
area is bright, whereas the outer surface is slightly darker) compared to Figure 3.24
A-C. Such a skin is also clearly visible in Figure 3.24 G-I. This sample shows similar
Si/Ba ratios as the aggregate in Figure 3.24 A. Similarly, the sheet-like aggregate seen
in Figure 3.18 has a Si/Ba ratio of ~0.35, a value more or less identical to the worm
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Figure 3.17: Back-scattered SEM image (A) and FESEM images (C-F) of a worm, synthesised
at pH 11.35 (notation | in Figure 3.13), and a graph displaying the atomic ratios of Si, Na, and
Cl compared to Ba (B). Images C and D are from spot 2, and E and F are from spot 6. See Table
3.3 ], for further elemental composition of the worm (point 3 in graph B).
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Figure 3.18: Back-scattered SEM inmgc (A) and FESEM images (B, C) of a worm, synthesised
at pH 11.51 (notation L in Figure 3.13). Image B is acquired from spot 1, and C from spot 2
respectively. See Table 3.3 L; for further elemental composition of the worm.
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Figure 3.19: FESEM images of a worm, synthesised at pH 10.99 (notation F in Figure 3.13), and
a graph displaying the atomic ratios of Si, Na, and Cl compared to Ba (B) acquired from a line
scan shown as the white arrow in C, also indicated by the white box in A.
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Figure 3.20: FESEM images of a cross-section of a worm, synthesised at pH 11.26 (notation |
in Figure 3.13), and a graph displaying the atomic ratios of Si, Na, and Cl compared to Ba (B)
acquired from a line scan shown as the white arrow in A. Spot no 2 (C) and 3 (D) are similar
in texture as the surface of the worm (not pictured). See Table 3.3 I; for further elemental

composition of the worm (point 2 in A).
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Figure 3.21: Backscattered SEM image (A) and FESEM images of a helix, synthesised at pH
10.99 (notation F in Figure 3.13). In D a thin skin can be observed without acid treatment. The
Si/Ba atomic ratio of this sample is ~ 0.3, see Table 3.3 F, for elemental composition of the helix.
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Figure 3.22: Atomic ratios (B) of Na, Si and Cl relative to Ba along the growth direction of a
helix that turns into a worm (A), synthesised at pH 11.21 (notation H in Figure 3.13). In C the
beginning of the helix can be seen, and in D a thin skin can be observed after acid treatment.
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Figure 3.23: FESEM images of a helix, synthesised at pH 11.51 (notation L in Figure 3.13). The
Si/Ba atomic ratio of this sample is ~ 0.03, see Table 3.3 L; for elemental composition of the

helix.
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Figure 3.24: FESEM images of a aggregates synthesised at pH 11.51 (notation L in Figure 3.13).
Images B and C are magnifications of A; E and F are magnifications of D, and H and I are
magnifications of G. See also Figure 3.18 and 3.23 for additional morphologies.
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attached to the sheet. The sheet has also a visible skin, which accounts for the high
silica concentration. Furthermore, the aggregate seen in Figure 3.23 A (indicated by
B) has a Si/Ba ratio of 0.50 and a surface texture (Figure 3.23 B) very different from
the helix seen in the same image. These additional morphologies seen at high pH
can therefore be characterised as containing high concentrations of silica compared to
some of the worms and helices observed under the same conditions.

Discussion

In this section aggregates grown by varying the initial reaction pH have been discussed
both in terms of morphology and composition. It is clear that the globular aggregates,
produced at low pH, contain very little silica relative to barium carbonate. At higher
pH more silica is incorporated into the structure, but not in any systematic way. Using
higher initial pH also gives rise to more varied morphologies and increases the number
of nucleation points in the system.

The increased number of aggregates at higher pH further points towards a higher
supersaturation state at the start of precipitation. As more actively growing aggregates
are produced in solutions at high pH, one can expect that such morphologies are
smaller than the ones observed at lower pH, which is indeed the case. The solution
chemistry throughout growth must therefore depend on the pH and number of nuclei.

Si/Ba ratios of both worms and double helices span a wide range of values, from
0.03 up to 0.50 (see Figure 3.25). This wide range indicates at first instance that Si/Ba
ratios are not critical for the morphological evolution, assuming silica is not redissolved
after growth. However, such ratios only make sense if all the crystallites are of the
same size, a fact that is also doubtful considering the particles observed are almost
globular in some aggregates compared to rod-like in others (compare Figure 3.20 and
Figure 3.23 to Figure 3.9 and Figure 3.10 respectively). Realising that the presence of
a contaminating silica on the surface of aggregates with low Si/Ba ratio results in a
more than four-fold increase of such values, it is assumed that if a silica skin is indeed
present it should show elevated Si concentrations. Furthermore, the interior of worms
contain very little silica (Si/Ba ratio of 0.05-0.06), suggesting that aggregates which do
have a silica skin will have an increased Si/Ba ratio. This is observed in some cases,
but the Si/Ba values vary tremendously between aggregates even produced from the
same batch. Such varying compositions should reflect the presence or absence of a
silica skin. As all twisted and sheet-like aggregates previously synthesised using the
standard conditions have a silica skin, it has been suggested that the silica skin is
important for the growth of such biomorphs (see Chapter 1). The very low Si/Ba ratio
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Figure 3.25: Graphical representation of the Si/Ba atomic ratios observed in worms and helices
with pH.

observed in some aggregates discussed here show that such a skin may not always
present. From the above discussion it is then clear that the nature and origin of the
silica skin and the total silica concentration is ambiguous. Two main reasons for
this ambiguity can be identified; 1) cleaning procedure 2) local environments during
growth, both of which will be discussed.

The biomorph harvesting procedure from the reacting solution can be argued to
have caused the varied Si/Ba ratios observed. As the aggregates are washed with
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distilled water some dissolution of the aggregates can occur in respect to both the
silica and the barium carbonate present. This could also account for the porous nature
of some aggregates. Cleaning of the aggregates was done with minimum amount of
water and as quickly as possible. However, itis possible that the aggregates observed in
this section reflects a silica depleted composition. Dissolution and possibly coarsening
of the crystallites could account for the observations reported here. One can conversely
argue that subsequent drying of aggregates could leave a thin film of precipitated silica
on the surface of the aggregates if the solution was contaminated by soluble silica. I
believe that both these arguments are in error for the following reasons;

1) The cleaning procedure is conducted with minimal amount of water, and has
shown to give aggregates with silica skin present (see Figure 3.9 and Figure 3.10),
and if dissolution would take place one would expect all aggregates to show similar
compositions;

2) if the aggregates were contaminated by silica from the original solution, it is
unlikely that this silica would form a homogenous skin surrounding the entire, or
parts of, aggregate. In this case, one would presume that such contamination would
form sporadic patches of increased silica concentration, or colloidal aggregates (as seen
in Figure 3.16). One would further expect conventional barium carbonate crystals to
form sporadically on the surface of the aggregates, which is not the case. The NaCl
present in the EDX results is more likely due to surface adsorption of these elements
during growth, and not as a result of drying effects of contaminated solutions. The
final stage of the cleaning procedure is conducted in ethanol, which should reduce the
occurrence of the above effects. One final aspect of the cleaning procedure should be
noted. It is possible that the aggregates with low Si/Ba ratio once had a silica skin that
fell off during the cleaning procedure. If this is the case, one would then expect to find
these skins in the Petri dish in which the samples are stored. As this has never been
the case, it is assumed that such a scenario is unlikely.

Given these observations, it is suggested that the results from the analysis are
caused by the as-produced aggregates, which are not affected by the cleaning pro-
cedure to any greater extent. The varying compositions must therefore be the true
reflection of variations caused during growth. As was discussed in Section 3.4.1,
both double helices and worms can be seen growing at the same time in the standard
experiment. This suggests that whatever the underlying cause of the two different
morphologies, they are a local phenomenon, and therefore governed by local physio-
chemical conditions. This is further supported by the fact that the budding often seen
in the helix-worm transition occurs at slightly different times in different aggregates
during the same synthesis batch.

All of the aggregates analysed in this section were allowed to grow for 10 hours.
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Note that in these experimental systems pH was only varied one pH unit. It is
expected that at even lower pH less aggregates will form, which will adopt globular
morphologies, whereas at even higher pH more nucleation points are expected and
therefore smaller and a more varied mixture of morphologies should be observed.
The varying Si/Ba ratio observed in both double helices and worms could be
caused by the varying adsorption of soluble silica or silica colloids on the already
formed aggregate. The constant or decreasing Si/Ba ratio would speak for such a
scenario. Especially in the latter case, preferential adsorption would have to occur
at the base of the aggregate, and continue in the growth direction. This argument
is only possible if the composition of the interior of the aggregate remains constant
throughout the aggregate; a fact that has not been shown. Asreaction time is increased,
the concentration of soluble silica able to interact with the witherite crystallites is
reduced, which could account for the decreasing Si/Ba ratio seen in some biomorphs.
The ambiguities regarding the presence of a silica skin further suggests that this skin is
a secondary phenomenon, not related to the growth mechanism of twisted aggregates.

3.4.3 Variation in sodium silicate concentration

By changing the initial Ba/Si ratio, one would expect the production of additional
distinct morphologies. Decreasing the sodium silicate concentration should decrease
the effective ability of silica to modify the morphology. Increasing the sodium silicate
concentration, on the other hand, can have two effects on biomorph growth. First,
the interference of silica should increase as a result of higher concentrations. Second,
higher concentration should also lead to more precipitated amorphous barium silicate
during the initial stages of the synthesis. Such precipitation would effectively reduce
both barium and silica activities in the system. The Ba/Si ratio in the initial reaction
mixture is therefore believed to be important for the morphogenesis of biomorphs. In
this section results from experiments conducted with varying sodium silicate concen-
trations are presented.

Varying the sodium silicate concentration, while keeping all other parameters
constant, evidently has an effect on the morphology produced. In Figure 3.26 a series
of optical images can be seen where the silicate concentration varies from around 4 to
10 mM while keeping pH around 11 and [BaCl;] at 5 mM. In this figure it is evident
that higher silica concentrations give rise to fewer and larger particles compared to
lower concentrations. It should be noted that the pH varies especially between Figure
3.26 A and F compared to the others which are closer to pH 11. Low sodium silicate
concentration also results in a more rapid change in pH with time, as seen in the table in
Figure 3.26. Atsodium silicate concentrations higher than that of the standard (8.5 mM,
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seen in Figure 3.26 B) results in biomorphs with increasingly globular morphologies
as the concentration is increased. At 9.9 mM, large aggregates are formed that contain
clusters of globular and short helical and worm-like morphologies. Using even higher
sodium silicate concentrations (14.9 mM) results in increasingly worm-like growth
over that of double helices, and mainly globular morphologies are produced. At
a sodium silicate concentration of 0.03M (29.7 mM) very little growth can be seen
within 10 hours. Increasing concentrations of sodium silicate also results in increasing
degrees of flocculation upon mixing with the BaCl, solution, which also results in a
drop in pH.

Using lower concentrations of sodium silicate as compared to the standard ex-
periment results in increasingly varied morphologies. The size of the aggregates are
reduced, and a slight increase in the relative number of helices compared to worms
is seen at 5.9 mM SiO,. Using even lower concentrations results in a complete disap-
pearance of the helical and worm-like morphologies, and growth of small aggregates
with varied morphology is seen. Further lowering the sodium silicate concentration
(0.9 mM SiO,) dumbbells of various sizes, depending on pH , can be seen.

FESEM images of some of the aggregates observed can be seen in Figure 3.27,
which shows that at low sodium silicate concentrations produces aggregates having
sheet- and pinnacle-like morphologies. They grow in small clusters and can extend
up to around 50 ym in length. Sheet-like aggregates often show great variance in
curvature especially as their size increases (compare Figure 3.27 A and C). Pinnacles
are, on the other hand, very straight but with fluctuating diameter. In some cases
these morphologies are also seen to merge at their tips (see Figure 3.27 A and B). The
fluctuations in diameter and the evident banding seen in some of these morphologies
could be due to Liesegang patterns as described in Section 2.5. Increasing sodium
silicate concentration successively gives rise to increasing presence of helical, worm-
like, and globular morphologies, as is present in the standard experiment.

The result of varying both sodium silicate concentration and pH at 5 mM BaCl,
can be seen in Figure 3.28. In this Figure it is evident that high pH and low silica
concentrations give rise to the most nucleation points with the effect of very small
sized aggregates. Conversely, low pH and high sodium silicate concentration result in
fewer aggregates with predominantly globular morphology. Helical and worm-like
morphologies are restricted to both pH and silica concentration. These morphologies
are most prominent close to standard conditions of 8.5 mM SiO, and pH around 11.
Helical aggregates can still be observed at 5.9 mM SiO,, but much less so, and often
occur with a wide range of other types of morphologies as preciously discussed. These
conditions can be seen as a lower boundary for the formation of helical aggregates.
Increasing pH and sodium silicate concentration increases the presence of these typed
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| Sample A PaallECiheDida B iGH
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Figure 3.26: Optical images of biomorphs produced after 10 hours (A 11 hours, and F 6 hours
are the exceptions) at different sodium silicate concentrations, displayed in the table, around

pH 11. Scale bar 100 um in A is valid for all the images.

of aggregates.

FESEM images of biomorphs produced at low sodium silicate concentration and
high pH are seen in Figure 3.29. These images show the presence of pinnacle-like
biomorphs, as are also present at lower pH. Cones and sheets are also present but
to a much lesser degree compared to pinnacles. Pinnacles generally have a varying
diameter in the 3-6 um range, and the base of the pinnacle can sometimes be seen as
a sheet that tapers off into a pinnacle. The growing edge is often very flat (see Figure
3.29 D, F-I), although this varies between the aggregates (compare with Figure 3.29 A
and E). These morphologies clearly show evidence of banding, which can be seen to
correlate between aggregates (see Figure 3.29 G-I). Furthermore, this banding seems to
become more prominent during the later stages of growth. The growth of these types
of morphologies is seen to begin with the formation of a dumbbell (see Figure 3.30).
In Figure 3.30 A and C, the morphological continuum from a dumbbell to a pinnacle
containing aggregates is seen. The dumbbells present in this sample have different
morphologies, from very compact structures as seen in E, to more branched and open
structures as seen in B and C. Some of these dumbbells are not directly related to any

pinnacle growth and may be the result of much later precipitation. The more branched
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Figure 3.27: FESEM images of a aggregates synthesised at pH ~ 11 with different sodium
silicate concentrations; A-C 5mM, D-F 5.9 mM, and G-1 7.4 mM.
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Figure 3.28: Optical images of aggregates synthesised at various pH and sodium silicate
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concentrations at otherwise the same conditions (5 mM BaCl,, room temperature). Note that
the SiO; axis is not linearly scaled. The marked areas represent rough indications of different
morphologies; mixed (M), pinnacles (P), twisted aggregates (Tw), and globular (G).
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Figure 3.29: FESEM images of a aggregates synthesised at pH ~ 11.3 with a sodium silicate
concentration of 5.0 mM at room temperature. A mixture of morphologies are observed, from
cone-like (A) and sheets (C), to is pinnacle-like structures (D-I). These morphologies often
show evidence of banding as is seen in G and 1.

variety, seen in Figure 3.30 A and C clearly is, and is seen to be composed of bundles of
crystallites (see Figure 3.30 D). These bundles of crystallites are around 0.45 um long
and 0.30 um wide and stack together so as to form the central bar of the dumbbell.
The bundles decrease in size and become less prominent as branching of the dumbbell
proceeds. At the point where pinnacle-type growth begins, the bundles can not be
recognised anymore, and a continuous arrangement of elongated crystallites or fibers
can be seen. As in the case of most morphologies that will be discussed in this chapter,
these crystallites are elongated in the growth direction (see Figure 3.30 G-I), and have
a diameter around 40-60 nm and a length of ~ 300 nm. Smaller particles (20x60 nm)
are also seen cemented to the larger crystallites, and account for the globular texture
of the larger crystallites.
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Figure 3.30: FESEM images of different types of dumbbells (A-F) and surface features of
pinnacles (G-I) observed at high pH and low concentration of sodium silicate (see Figure
3.29). The dumbbells are believed to be the earliest stages of growth, as they can be seen at
the base of the pinnacles (A and C). The surface of the pinnacles are composed of hair-like
particles that are elongated in the growth direction.

Discussion

This section has presented the morphological change observed with varying the initial
sodium silicate concentration. The increasing nucleation points and reduction in
biomorph size is evident when the effective silica concentration is reduced. The pH
change observed under such conditions during growth is more rapidly reduced as
compared with higher sodium silicate concentrations. The relative activity of barium
ions should increase as the Ba/Si ratio is increased at lower silicate concentrations.
The amount of barium silicate precipitation is also reduced, although measurements
relating to such precipitates have not been conducted under these conditions. One
can still speculate regarding the possible causes of the morphological changes seen
with changing the initial sodium silicate concentration. The increasing number of
aggregates seen growing at any one time is increasing at reduced sodium silicate
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concentration. This is related to the supersaturation state of the solution, and therefore
to the barium and carbonate activities. Increased supersaturation will give rise to
more nucleation points, and it is therefore suggested that the effective barium ion
concentration is increased as compared to higher sodium silicate concentrations at the
same initial pH. Similarly, at high pH, while keeping the sodium slilicate concentration
constant, also results in an increased number of biomorphs.

3.4.4 Variation in BaCl, concentration

In this section experimental results stemming from varying the initial concentration
of BaCl; are presented. Such variation is also shown to have a strong effect on the
morphogenesis of biomorphs. In the first instance, a morphological overview of the
observed effects is given. The remainder of this section will mostly be concerned with
structures that are precipitated when increasing the BaCl, by a factor of 100 compared
to the standard experiment.

From light microscopy analysis, the morphological change seen with a slight
change in barium concentration is shown in Figure 3.31. At pH ~11, increasing the
BaCl, concentration from 2.5 to 7.5 mM results in increasingly branched morpholo-
gies. These branched morphologies, obtained at 7.5 mM BaCly, contain clusters of both
helical aggregates and worms that are generally shorter than the ones synthesised at
5.0 mM (standard conditions). At pH of 10.4, globular morphologies are produced
that do not express any helical growth. As is the case for 5 mM BaCl, experiments,
increasing pH at both 2.5 and 7.5 mM BaCl; results in an increase in the number of
actively growing particles and a reduction in size. Higher pH is also coupled with
a larger decrease in pH within the 10 hours of growth. This effect is also greater at
higher BaCl, concentrations.

At low sodium silicate concentrations the morphologies observed are quite dif-
ferent (Figure 3.32). In this Figure, it is evident that the number of nucleation point
increase with an increase in barium chloride concentration as well as pH. In all cases
globular morphologies are produced at low pH. At 50 mM BaCl,, cones and sheets are
produced at pH ~11.2.

Further increasing the BaCl, concentration results in more branched and sheet-
like morphologies. At a BaCl, concentration 100 times greater than the standard
conditions drastic changes of morphology occurred. At 0.5 M BaCly, large spherulitic
aggregates formed. When mixing equal volumes of a 1.0 M BaCl; solution with a 17
mM silicate solution at pH of 11.6, the pH is substantially reduced and the solution
becomes opaque within minutes. This white flocculate is believed to be composed
of amorphous barium silicate ‘cements’, and the growth of biomorphs under these
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Figure 3.31: Optical images of aggregates seen after 10 hours of growth at different BaCl; and
pH at 8.5 mM Si0O;. Scale bar is 100 um and valid for all images. The table indicates initial pH
and the pH change observed after 10 hours of growth for each sample.

conditions occured within this precipitate. These aggregates, which are termed floral
spherulites (Hyde et al., 2004), can be described as interconnecting sheets, radiating
from a central core within the aggregate.

From light microscopy analyses, the first growth of these types of structures can be
seen within a couple of hours (see Figure 3.33). These early precipitates display spher-
ical raspberry-like morphology that grow radially outwards to form floral spherulites
with time. Nucleation of such aggregates can occur throughout the experiment, and
often several different stages of growth can be observed at any one time. As canbe seen
in Figure 3.33, prolonged growth gives rise to large (>100 u in diameter) aggregates
after ca. 10 hours. Further growth results in coarsening of the edges. These aggregates
grow suspended in the amorphous precipitate (different focus in Figure 3.33), and the
growth is also affected by the presence of other aggregates. As indicated by the red
arrows in Figure 3.33 D, the growth of two adjacent aggregates is hindered at their

point of closest contact, whereas the rest of the aggregate continues to grow.
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Figure 3.32: Optical images of aggregates seen after 7-9.5 hours of growth at different BaCl;
and pH at 4.2 mM SiO;. Scale bar is 100 um and valid for all images. The table indicates initial
pH and the pH change observed for each sample.

As is the case of all biomorph growth described in this dissertation, the pH was
lowered during progressive growth. In Figure 3.34 the decrease in pH is coupled to
the growth of these aggregates. Since the ionic strength of the reacting solutions is
above 0.1 M, pH measurements are necessarily approximate and complicated by the
precipitation of the amorphous flocculate. The pH data here should therefore be taken
only as an indication of the trend. The growth curves displayed in Figure 3.34 shows
a constant growth rate of about 25-30 um per hour during the early stages of growth.
After ca. 10 hours the growth rate has significantly slowed, a result which can be
coupled to the onset of overgrowth by large barium carbonate crystals.

As can be seen in Figure 3.35 A-D, the early globular raspberry-like precipitates
develop with time pits on their surfaces. As these pits grow, sheets eventually emerge,
and continue to grow outward from the edges of the pits. The resulting aggregate has
a coral-like morphology consisting of interconnected sheets. These sheets are typically
fused to give 120° intersections (see Figure 3.35 F). The sheet thickness therefore varies

somewhat with time, however, aggregates grown for 4-5 hours generally have sheets
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Figure 3.33: Time series of floral spherulites grown under the following initial conditions: 0.5
M BaCl, 7.4 mM SiO;, pH 10.40, room temperature, A 3.75 hour, B 4 hours, C 5 hours, D 6
hours, E 10 hours, and F 18 hours. Scale bar in F is 100 gm.

1-2 um thick. Furthermore, the microstructure of floral spherulites also varies with
time.

In Figure 3.36 FESEM images of cross sections and surfaces of sheets can be seen.
Particles, which are globular and slightly elongated in the growth direction are shown
in cross section in Figure 3.36 E; they have diameters around 50 nm. In many cases the
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Figure 3.34: Time series of floral spherulites growth by measurement of the aggregate diameter
(1-6, inset), coupled with the pH measurements with time (min), under the following initial
conditions: 0.5 M BaCl,, 7.4 mM SiO;, pH 10.40, room temperature. Scale bar in inset image is
100 pm.

texture of the outside surface is very similar to the cross sections and no discernible
silica skin is observed. However, the surface texture changes with time, and the
particles become more and more elongated (see Figure 3.36 F). At prolonged growth
times, the aggregates begin to overgrow with large barium carbonate crystals (see
Figure 3.37). Expansion of the sheet edges is often seen in aggregates (see Figure
3.36 A) of the onset of overgrowth. This overgrowth preferentially occurs at the
sheet intersections (Figure 3.37 A), and can show beautiful rose-like aggregations of
intergrown crystals (Figure 3.37 C). Continuous growth results in complete coverage
of the aggregate by these crystals (Figure 3.37 B), which form a network across the
surface of the aggregate (Figure 3.37 D and E). The surface of such overgrown floral
spherulites has a fibrous texture elongated in the growth direction.

X-ray computed tomography of these aggregates reveals the complexity of these
types of structures on the micron scale. In Figure 3.38 A and B two cross-sections of
the tomogram (3D data set that represents the volume) are shown. In these images
it is evident that the central core and the connection points between the sheets have
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Figure 3.35: FESEM images of successive growth series of floral spherulites.

higher X-ray contrast than the sheets themselves (red coloured regions means lower
contrast compared to blue coloured regions). This implies higher density, possibly
due to higher Ba:Si ratio within the aggregate compared to the surface. However,
other causes can result in the X-ray contrast differences seen in Figure 3.38 A and B.
Beam hardening is stronger on thicker and denser materials. Beam hardening is a

result of low energy X-rays being preferentially absorbed compared to high energy
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Figure 3.36: FESEM images of the walls and associated texture of floral spherulites.

X-rays. However, as the floral spherulites are very small (~ 100 um in diameter) and
have open structures, beam hardening is not expected to be the cause of the density
variations seen. A more probable cause is the resolution of the machine, which is
limited to 2 yum. The tomogram was collected at ~0.7 um resolution, which results in
a 6 voxel blur. This blurring could cause the contrast variations observed, suggesting
that compositional differences are difficult to obtain with this machine on aggregates
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Figure 3.37: FESEM images of overgrown floral spherulites, where carbonate crystals have
been growing on the edges of the aggregates (A). If allowed to grow further the entire aggregate
is covered in this crystal beard (B and C).

with such fine detail.

As stated earlier, the surface character changes with time, which affect the result
of acid treatment of floral spherulites. Early precipitates dissolve completely in 0.1 M
HCI, whereas aged samples retain the overall morphology upon such treatment. This

indicates an increase in silica deposition within the aggregate with time.
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Figure 3.39: Optical images of dendritic structures produced after 18 hours from filtered
solutions. Scale bar 200 ym in A is valid for both images.

The colloidal precipitate that forms upon mixing the sodium silicate and barium
chloride solutions are important for the development of these morphologies. A series
of experiments were conducted in which this precipitate was more or less removed
from the synthesis mixture. The morphologies observed in these experiments are very
different from those of floral spherulites. Instead, 2D dendritic structures are formed
at the bottom of the wells (see Figure 3.39). These structures look very similar to
DLA-type structures discussed in Section 2.5. A further observation is that the growth
of floral spherulites is not restricted to sodium silicate concentrations in the 8.5 mM
region, as worm-like and helical morphologies generally are. These types of structures
can be seen in systems with widely ranging silicate concentrations from 4.2 mM to
at least 30 mM, however, at very low concentrations very few floral spherulites are
produced compared to higher concentrations. The development of floral spherulites
is therefore much more independent of sodium silicate concentrations than other

morphologies investigated so far.
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TEM observations

Thin sections of floral spherulites were prepared by Harri Kokkonen and John Fitzger-
ald as described in Section 3.2. John Fitzgerald also performed the TEM analysis
described in this section.

In Figure 3.40 A-B, TEM images of parts of the thin section of floral spherulites
are shown. From these images it is evident that these structures are made up of
crystallites that are ~40 nm in diameter and ~200 nm long, also seen in the FESEM
images. They are seen to align parallel to the mid-plane of the extending sheets, a
feature also confirmed by optical microscopy under crossed polarisers (Figure 3.40 C).
In contrast to what is visible in the FESEM, TEM images further revealed the porous
nature of these crystallites. These crystallites show evidence of nano pores of variable
sizes, as is evident from the paler areas seen in Figure 3.40 B. Selected area electron
diffraction further confirms that the c-axis is parallel to the long axis of the crystallites,
and that the crystallites are preferentially oriented in the growth direction of the sheet.
In Figure 3.40 D and E, one such EDP is viewed with and without indexing. Similar
to the case of the worms, EDPs of sheets of a floral spherulite show broken powder
rings, indicative of some orientational ordering. Most noteworthy is the 002 reflection,
which forms a dotted arc with an angular spread of around +30°. This is in agreement
with Figure 3.40 A, in which particles at the surface are seen to diverge from the mid
plane of the sheet. Furthermore, the 020 reflection is present as a weak arc, which is
significantly stronger than in the EDP of the worm in Figure 3.12. This is compatible
to the suggestion given by Terada et al. (2003), described in Section 1.2, that the b-axis
is preferentially aligned in the plane of the sheet. EDX analysis in the TEM shows no
compositional differences between the inner core and the outer regions of the floral
spherulite.

Discussion

Changing the initial barium chloride concentration has shown to have a strong effect
on biomorph morphology. The number of nucleation points do not seem to vary with
a change in BaCl, concentration; at least not within 2.5-7.5 mM concentration span at
the same pH. Increasing pH has a stronger effect on the number of nucleation points
than that of BaCl,. Increasing the barium concentration results in increases initial
precipitation of amorphous barium silicate. At 0.5 M BaCly, this precipitate forms the
framework from which floral spherulites grow. Furthermore, the presence of such
precipitate is important for the development of these structures. This suggests that the
silicate present provides the necessary chemical feedback with respect to both barium
and silica to the growing biomorph. As was mentioned in Section 1.2, Terada et al.
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Figure 3.40: TEM images of details of floral spherulites (A-D), and an EDP with (E) and without
(D) indexation. The black line in the EDPs indicate the mid plane direction of the sheet. An
optical image viewed under crossed polars (scale bar 60 um) is seen in C.

(2003) have reported the same kind of structures, made of SrCO;, grown in silica gel. A
similar growth behaviour was observed in their case, although, spirals also developed
at the end of the sheets for aggregates grown in silica gels. This is not the case here, or
for the SrCO; floral spherulites grown in solution at 0.5 M Ba/SrCl,(see Section 3.4.8,
possibly due to the limiting reservoir of reactants. However, further experimental
analyses of biomorphs produced between 5 mM and 0.5 M salt concentrations are
necessary to pinpoint under which conditions helical morphologies are observed.

3.4.5 Effects of temperature

Changing the reaction temperature of the experiments has a dramatic effect on mor-
phology, which becomes more complex at increasing temperatures (see Figure 3.41).
Temperatures ranging from 4 to 70 °C will be discussed here. For the synthesis it
should be noted that no morphological difference could be seen when the barium and
the silica solution were preheated before mixing.
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Figure 3.41: FESEM images of a aggregates synthesised at at different temperatures using
standard conditions. A-C 4° C, D-F 45° C, G-170° C.
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Atlow temperatures globular raspberry-looking aggregates typically develop over
the course of hours to days depending on the temperature. For instance using stan-
dard concentrations and pH experiments performed over night during winter (a badly
insulated laboratory at temperatures around 10° C) often resulted in globular aggre-
gates with a small amount of worm-like aggregates. No helical morphologies were
ever observed under such conditions. The morphological evolution under low tem-
peratures was also confirmed by biomorph synthesis in the laboratory fridge, set at a
temperature of 4° C. Globular morphologies are clearly preferred at low temperatures.

Room temperature experiments at 20-25° C produce a mixture of worms, helices
and globular morphologies, and only very rarely are sheets observed as discussed in
previous sections.

At 45° C cones and helical morphologies are observed (see Figure 3.41 D-E). No
worms are seen at this temperature. The helical morphologies are generally more
sheet-like in nature and not as tightly wound as their room temperature counterparts.

At even higher temperatures of 70-80 ° C, a complex mixture of morphologies
develop. These biomorphs, which are very thin and fragile, are quite difficult to clean
without damaging the structures. As such, these biomorphs were synthesised on a
substrate placed in each well (see Section 3.2). TEM grids can easily be prepared in
this way and analysed using TEM without any further preparation. Most of the results
presented here are of 70° C experiments. ’

70°C

Where reaction mixtures prepared at room temperature give rise to worms and spirals,
at higher temperatures these form a very complex mixture of morphologies. At
70 °C very fragile structures, including sheets, cones, bands, tentacles, and coral-
like structures form within three hours. Treatment of these biomorphs with a weak
acid dissolves the sample entirely, indicating a very low silica composition of the
aggregates. The characteristics of each of these types of morphologies have been
explored using optical, FESEM and TEM analysis.

In Figure 3.42 a series of optical images of biomorphs synthesised at 70 °C can be
seen. The growth of this complex mixture of aggregates begins with the formation of
small nuclei. Within 1 hour visible sheets and cones form (Figure 3.42 A). Continued
growth results in the formation of large thin sheets and cones, as well as long thin
extrusions, like tentacles, which can be seen in Figure 3.42 B-C. Viewed under reflective
light, the cones and sheets show beautiful interference colours (see Figure 3.42 D). The
pH is reduced during the course of growth from the initial 11.0 to 10.0 after 3 hours.

In Figure 3.43 FESEM images of various types of cones or trumpets can be seen.
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Figure 3.42: Optical images of biomorphs synthesised using standard conditions ([BaCl;] 5
mM, [SiO;] 8.5 mM, pH 11.0) but at 70 °C instead of room temperature, A 1 hour, B 3 hours, C 3
hours, D 2 hours. Scale bar in A is 100 um for A-C, observed in transmission light microscope,

and D is viewed using reflection light microscope.

Both symmetric (Figure 3.43 A and B) and non-symmetric (Figure 3.43 C-E) cones are
present which can show a great variety in diameter and height. Open structures, like
curled sheets (waffle cones) (Figure 3.43 G and H) as well as flat sheets are also present,
some of which grow along the plate surface. These can grow as individual structures,
but are more than often associated with a group of cones and sheets emerging from a
central core.

At the micron scale, both sheets and cones have very similar texture; they are
generally very thin, between 300-500 nm, and composed of elongated crystallites,
preferentially ordered with their long axis along the growth direction (see Figure
3.44). The crystallites are around 30 nm in diameter and often arranged in a herring
bone pattern. This configuration is therefore very different and much less ordered
than the ones observed in sheets grown at room temperature (see Chapter 1).

As is evident in Figure 3.45, many sheets grow ‘tentacles’ from the very tip of the

structure. These structures have the same crystallite size and orientation as their parent
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Figure 3.43: FESEM images of cones and sheets synthesised at 70 °C for 2 hours. Both

symmetric (A, B) and non-symmetric (C, D) cones are observed, as well as sheets of highly
variable curvature (D-F).

sheets, and can intertwine with other tentacles originating from different aggregates
(Figure 3.45C and D). Sometimes the tip can split, so as to form new cone-like structures
(Figure 3.45 E, F, and H). Tentacles are also seen growing from the edges of another
type of aggregate also present in the same sample; ‘corals’ (see Figure 3.46). Corals

have a similar morphology to the floral spherulites previously discussed (see Figure
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Figure 3.44: FESEM images of the surface of sheets, synthesised at 70 °C for 3 hours (B-D) using
otherwise standard conditions, revealing the thin nature and complex crystallite ordering of
these structures.
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Figure 3.45: FESEM images of sheets and associated tentacles synthesised at 70 °C. Tentacles

are seen growing off the tips of sheets and cones (A-C), and occasionally they can entangle in
each other (A). They can be straight and smooth, or show evidence of periodic growth burst
that produces a tentacle of variable diameter (E). Tentacles, as well as sheets, are composed of
nano-sized crystallites that are elongated in the growth direction (D, F).
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3.33). In many cases, these aggregates can be seen dividing into two halves, like an
advanced stage of dumbbell growth (see Figure 3.46 B). In between these two halves,
a connecting bar consisting of bundles of neatly stacked parallel crystals can be seen.

Apart from the tentacles, another type of filamentous structure also occurs. We call
these ‘bands’ (see Figure 3.47). Bands and tentacles can be identified in Figure 3.42 B
as fibrous structures. They typically appear during the later stages of growth. They
are always associated with sheet-like structures that are of a very different kind to the
ones encountered so far, and referred to as ‘plates’. In contrast to the morphologies
discussed earlier, bands and their associated plates have elongated crystallites ordered
with the long axis roughly perpendicular to the growth direction (see Figure 3.47 E
and F). These plates do not exhibit significant curvature as compared to the other
type of sheets found in the same sample, and are also substantially thicker (~1 ym as
compared to hundreds of nm). Bands develop from the tip of the plates, retaining the
original orientation of the crystallites. They can grow to several hundreds of ym in
length, and 25 ym in width. However bands having a width of around 1-2 ym occur
most frequently (see Figure 3.47 A and B). The wider the band, the greater sinuosity
of the width can be seen. Thinner bands are, on the other hand, very uniform in
width, and in this case the crystallites are highly ordered parallel to each other. A
slight difference in angle between the crystallites can be seen from side to side in the
wider bands (See Figure 3.48 B-D). The crystal size can vary between bands from quite
chunky large crystals, ca. 200 nm (see Figure 3.48 A), to small ca. 20-30 nm in diameter
(see Figure 3.48 E and F). The crystal size of ca. 20-30 nm is more or less identical to
the ones identified in the other aggregates observed under these conditions.

TEM observations

As witherite crystals are normally elongated along the c-axis, it was assumed that
the long axis of the crystallites observed in the FESEM images coincides with the
crystallographic c-axis of witherite. To confirm this we performed electron diffraction
experiments on many of these biomorphs.

In Figure 3.49 B-D electron diffraction patterns (EDPs) from a ~1 ym? area of the
band seen in A are shown. The EDP in Figure 3.49 B is viewed down the <010>,
(subscript o indicate orthorhombic indexing) zone axis EDP of witherite, although the
hOl, h odd reflections are very weak (for example see Figure 3.49 B 102, reflections). A
small spread in crystallite orientation can be discerned as the reflections are arc-like.
Upon tilting the band 30° (not 90°) around the witherite c*-axis, the zone axis [110],
should appear. However, the EDP in Figure 3.49 C is not compatible with this as weak
extra reflections appear. Instead, this EDP corresponds to that of an <100> zone axis,
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Figure 3.46: FESEM images of corals synthesised at 70 °C. Some of these morphologies (A-C)
are similar to floral spherulites, discussed in Section 3.4.4. Many of these corals are seen being
composed of two halves (A, B), in which the mid section has perfectly aligned crystallites (see
inset in B). Tentacles are also observed growing from the edge of these coral-like structures (C,
D). Smaller bud-like morphologies (E, F) are also present in this sample.



162 Biomorph syntheses

Figure 3.47: FESEM images of bands and associated plates synthesised at 70 °C under otherwise
standard conditions. Bands can have a wide range of diameters and sinuosity (A, B) and are
seen growing off the tips of plates (C, D); a different type of sheet compared to the ones
discussed so far. In both bands and plates, the crystallites are oriented perpendicular to the

growth direction (E, F).
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Figure 3.48: FESEM images of bands synthesised at 70 °C. Although variable crystallite size
can be seen in between samples (A, B, E, F), they are in all cases oriented perpendicular to the
growth direction. Depending on the sinuosity of the band, some shift in orientation can be

seen between the edges of a band as indicated by the dashed white lines in C.
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Figure 3.49: The two types of diffraction patterns observed while tilting the band seen in A

around the c-axis. Reflections are indicated using the orthorhombic (0) and the hexagonal (h)
lattice systems. (The reflections with q=1/2[100]; are not visible in the zero order Laue zone.)

The modulation wave vector q can be used to describe the twinning behaviour of witherite in

the hexagonal lattice system.
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but with the 0kl, k odd reflections very weak. Identical patterns are obtained if instead
the band is tilted -30° around the c*-axis (see Figure 3.49 D). To interpret this behaviour,
which is not compatible with a single crystal EDP of witherite, it is necessary to note
the twinning behaviour of witherite (see Section 2.2.2).

In witherite, as was described in Section 2.2.1, the barium atoms approximate an
hexagonal closed packed array. The space group symmetry of such an array is ideally
P63/mmc, and the Bragg reflections would form an hexagonal lattice such as the large
black discs in Figure 3.50 A-D. The carbonate groups lie flat parallel to (001) in all
octahedral interstices of the hcp array (see Figure 2.2), but are displaced so as to take
one of two different heights (and also adopt two different orientations). The ordering
pattern of the carbonate groups into these positions destroys the overall hexagonal
symmetry. The resulting space group then becomes Pmcn, which is the space group
of witherite. In reciprocal space, this gives rise to additional reflections compared to
the underlying hexagonal (indicated by h) sublattice. These extra reflections can be
described with a modulation wave vector q=1/2[100]’l‘1, which means that all the Bragg
reflections of witherite can be characterised by H = G +1/2[100];, where G is the set
of Bragg reflections from the hexagonal subcell. In the hexagonal reciprocal sublattice
there are three equivalent <100>; directions, but the orthorhombic witherite structure
gives rise to reciprocal lattice points half way to only one set of 100y, reflections (i.e. if
q=1 /2[110];\, thennot1/2[010]; nor 1/2[100]; ) (see Figure 3.50). Note also that q canbe
expressed differently; q = 1/2[110]; represent the same lattice points as q = 1/2[110}; .
For example, assuming that the EDP seen in Figure 3.49 B is viewed along zone axis
[110], along the arrow in Figure 3.50 A (with 1/2[110]; reflections present although
weak), then upon tilting the band 30°, the zone axis [010]}, is reached (see Figure 3.50
B). However, according to Figure 3.50 A, no extra reflections should be present at
1/2[100];, but in the experimental EDP, they clearly are. A 90° tilt (viewed along zone
axis [110],) should be necessary to see those reflections. The explanation for this is
that all three possible twin orientations with the hexagonal sublattice are present and
contribute to each experimental EDP. This is visualised in Figure 3.50 B-D. In B and
C the other two possible twin orientations are shown, while in D the reflections of
all twins are present. Successive tilting of 30° of the situation seen in Figure 3.50 D
gives rise to the reflections seen in the EDPs in Figure 3.49. Experimental EDPs of
bands are therefore only compatible with a model in which all three twins are present
in roughly equal amounts within the selected area apperture. It is difficult to assess
from the EDPs whether these twins are all present within each crystallite, or if each
crystallite contains only one, or two of the possible twins. Furthermore, the EDPs seen
here most likely derived from crystallites present at the very edge of the band, as the
beam barely penetrates the thicker central part of the band.
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Figure 3.50: The reciprocal hexagonal lattice viewed along c*-axis. The EDPs that arises from
each twin, viewed perpendicular to the c*-axis (fat arrow), can be described using modulation
wave vectors (q). All the twins are present in D, and their respective reflections are 1/3 of the
intensity as seen in A-C.

In the sheets, FESEM observations have shown the presence of elongated crystal-
lites in the growth direction of the sheet, however, the crystallite orientational order
is more complex than in the bands (compare Figure 3.44 and 3.48). To investigate the
crystallite orientation within the sheets, EDPs were recorded from selected areas of
such aggregates. In Figure 3.51 such EDPs are shown. At first instance they have the
appearance of being partially ordered powder EDPs. The arc-like 020 reflections are
strong in all EDPs, except in C, indicating that the c-axis are in the sheet-plane and
directed towards the periphery. In C, however, the c-axis is not exactly in the plane of
the sheet. Furthermore, the EDPs seen in Figure 3.51 are not symmetrical around the
c-axis; they do not exhibit an mm symmetry. This could be compatible with a bimodal
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C D

Figure 3.51: EDPs (B-D) of different areas of a sheet indicated by rings and letters in A. Most
noticeable in these EDPs is the orientation of the 002 reflection, which is arc-like and always
in the direction towards the edge of the sheet.

orientational crystallite distribution, indicating a more complex orientational order.

Discussion

In this section, biomorphs precipitated at various temperatures using the standard
synthesis conditions have been discussed. It is evident that at higher temperature a
very complex mixture of morphologies are observed. As summarised in Figure 3.52,
the morphological evolution from low to high temperature can be seen as a gradual
change from globular — globular, worms — globular, worms, helices, (sheets) — he-
lices, sheets — complex mixture of sheets, corals, bands. This morphological sequence
involves a reduction in the dimensionality of the aggregate with increasing tempera-
ture. 3D globular aggregates preferentially form at lower temperatures, whereas high
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Temperature, ° C

Figure 3.52: Schematic drawing of the different morphologies observed at different tempera-
tures using standard condition.

temperatures produces 2D sheets and cones, as well as quasi-1D bands. Worms and
helices have a dimension somewhere in between; they grow as a 2D sheet that twist
around itself to produce an aggregate with a lower dimension than 3.

It is also clear that the time required for biomorph growth decreases with tem-
perature. This is most likely caused by the decreased solubility of barium carbonate
at higher temperatures (see Section 2.2.4.2). Carbon dioxide is less soluble at higher
temperatures, but the high pH acts as a sink for carbon dioxide and quickly converts
it to aqueous carbonate. Carbonate supersaturation is therefore reached very quickly
at high temperatures, leading to many more actively growing aggregates compared to
lower temperatures.

The morphological sequence can therefore be related to deposition rates. At low
temperatures, 3D globular aggregates form in response to slow deposition rates which
act to grow spherical morphologies from initial dumbbell-like aggregates (see Section
2.2.4.3, Figure 2.15). It is believed that these dumbbells are present as the growth seed
of all the different morphologies observed. All aggregates produced at 70 ° C can
be seen in relation to dumbbells. It is therefore suggested that the relative growth of
specific areas of the dumbbells can explain some of the morphological differentiation
observed. For instance if preferential growth occurs along a rim on the growing
dumbbell, which overtakes the growth of the inner parts of the aggregate, a sheet or a
cone could be produced. The crystal direction in these sheets are more or less aligned
in the growth direction, as indicated by both FESEM and TEM analyses.

TEM observations of the high temperature aggregates show that the crystalline
order in these morphologies varies between the aggregates. The bands show the
presence of all three twins that are well ordered around the c-axis. Other morphologies,
like the sheets for instance, show a higher degree of disorder between the crystallites.
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Figure 3.53: Schematic drawing of the two different types of sheets observed at 70 °C. Filaments
can grow outwards from the tip of these sheets, which will adopt the crystal orientation of the
sheet in question. In sheets where the crystals are aligned along the growth direction, tentacles
having the same crystal orientation can emerge. In sheets where the crystals are perpendicular
to the growth direction, bands retaining this orientation can grow outward.

3.4.5.1 High temperature and low silica concentration

Experiments performed using low sodium silicate concentration and high temperature
further revealed a different morphology, palm trees, produced using 4.2 mM SiO; and
5 mM BaCl; at 80° C. In Figure 3.54 a selection of optical images can be seen of these
morphologies, formed at different initial pH. As is the case in other biomorph growths,
nucleation sites increase with increasing pH, producing smaller aggregates. At pH
10.2, more than 200 ym long aggregates are produced, and the length decreases as the
pH is increased. However, in all cases the aggregate structure is retained irrespective
of pH. The morphology produced under these conditions are reminiscent of palm trees
in that they contain a stem from which "leaves” extend (see Figure 3.55). The leaves
further display a six-fold rotational symmetry around this stem, as visible in Figure
3.55 A. Such symmetrical morphologies are indicative of twinning, as discussed in
Section 2.2.2.

Under crossed polars, the orientational ordering of the crystallites is easily visible
(see Figure 3.55 B-D). The entire aggregate seen in Figure 3.55 B has a uniform blue
colour throughout the aggregate, except in the central stem which shows slightly more
yellowish colour. A piece of a stem viewed under crossed polars can be seen in Figure
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Figure 3.54: Optical images, taken using reflection light microscope, of biomorphs synthesised

at 80°C (3 hours of growth) using [BaCl;] 5 mM, and low [SiO;] 4.2 mM, and varying initial
pH; A pH 10.20, B pH 10.71, C pH 11.14, D pH 11.29. Scale bar in A is 200 yum and valid for all
images, .

3.55 C, which shows red colouring on the fringes of leaves attached to the stem, which
in turn has an almost grey-ish colour. Leaves are most often seen having a uniform
colour throughout the structure, however, very large leaves can display a continuous
variation in coloration. As interference colours are dependent on the thickness and
the direction of the plane polarised light compared to the crystallographic orientation
(different refractive indices along the three axis), it is at first hand not easy to interpret
these images. Even though witherite is biaxial, ng (refractive index along the b-axis,
1.676) and n, (refractive index along the a-axis, 1.677) only differ by 0.001. It may
therefore not be possible to observe the birefringence in such thin materials as the
palm tree unless viewed normal to [001]. Furthermore, as all witherite twins share the
same c-axis, it is not possible to observe any twinning under such conditions (Brown
et al., 1962). The leaf seen in Figure 3.55 D has an interference colour indicative of
a single crystal. The witherite present has the same crystallographic orientation all

through the leaf. The same is observed for the fringes seen in C. It seems that the
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Figure 3.55: Optical images of ‘palm trees’ using both reflection (A) and transmission mi
croscopy under crossed polars (B-D). Scale bar in A is 50 um.

entire palm tree has the same witherite crystallographic orientation throughout the
morphology even though the structure contains branching leaves. This suggests that
all leaves present including the stem is in fact one crystal.

FESEM analysis further revealed the unusual morphology of palm trees. In Figure
3.56 B it can be seen that the leaves show a six-fold rotation axis around the stem as
also indicated in the optical images. The leaves are seen extending from the central
stem as plates, whose thickness seem to vary. Layers of leaves can be seen growing
outward in the same direction on top of each other. In Figure 3.56 A it can also be
observed that they can split into several growing tips along the growth direction. The
thicker part of the leaves, seen close to the stem, is around 3 um in diameter, whereas
the thickness is reduced to around 200 nm further away from the stem. The leaves also
show very flat surfaces, that in some cases are pitted with ~50 nm holes (see Figure
3.56 C-E). At the edges of such leaves, small elongated fringes that are perpendicular
to the growth direction extend from the short surface of the leaves (see Figure 3.56

E). These fringes are around 10 nm in diameter and, in contrast to previous structures
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discussed, these fringes do not seem to from individual particles that are cemented
with silica. Although it is difficult to tell from FESEM analysis, it seems that these
fringes are all connected, and not separated by amorphous silica; i. e. no individual
particles can be seen. Further pointing towards a crystallographic reasoning behind
these types of structures are the apparent ‘fish-tail’-like morphology of some of the
cross section of the leaves very close to the stem. The angle between the two tails
ranges between 120-130°, which is similar to the normal {110}twinning angle seen in
witherite.

TEM observations

To further investigate the crystallographic properties of this type of morphology TEM
analyses were performed on as-prepared samples. The palm leaves are so thin that no
preparation was needed for electron diffraction, and the samples were directly grown
on the TEM grids. From the optical and FESEM images it is not obvious how this
biomorph is structurally ordered, as no elongated crystallites can be seen. As witherite
crystals are normally elongated along the c-axis, it was assumed that the long axis of
the palm leaf morphology, as observed in the FESEM and optical images, coincides
with the crystallographic c-axis of witherite. To confirm this electron diffraction was
performed on these samples.

Figure 3.57 C to F show EDPs taken from the palm leaf seen in A, specifically on the
selected areas indicated by red circles in B. The EDP seen in Figure 3.57 C is compatible
with a < 310 >, zone axis EDP of witherite. At first sight it seems to be a normal single
crystal EDP. However, a closer look reveal the ‘apparent” weak satellite reflections at
q = 1/4[130];, indicated by a blue circle in Figure 3.57 C. To interpret this behaviour
it is, again, necessary to consider the twinning behaviour of witherite. Tilting +30°
around the c-axis from the EDP seen in Figure 3.57 C, the EDP in D is observed. This
EDP is compatible with a <100>, zone axis EDP of witherite. The Okl, k odd reflections
are more intense compared to the ones observed for the bands (see Figure 3.49), but
not as intense as in a single crystal of witherite. An identical EDP is observed when
tilting -30 ° around the c-axis from the EDP seen in Figure 3.57 C.

All these observations are compatible with the presence of two out of the three
possible twins. Analogous to the reasoning presented for the bands in Section 3.4.5,
consider the reciprocal lattice seen in Figure 3.58 A. Assuming the EDP seen in Figure
3.57 C is viewed along zone axis [310],, along the arrow in Figure 3.58 A, it is evident
that no reflections at q=1/2[110]; are observed. Upon tilting the palm leaf +30° around
the c-axis, the zone axis [100], (= [010],) is reached (see Figures 3.57 B and 3.58 A). The
modulation wave vector q=1/2[100]; is now present and correspond to 010,. However,
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Figure 3.56: FESEM images of palm trees synthesised at 80 °C. These morphologies are
characterised by a thin leaves growing off a central stem (A, B).). Leaves are composed of
fingers and show a pitted surface (C, E). In many cases such morphologies adopt a six-fold
rotational symmetry around this stem (B). At the base of the leaves, close to the stem, fish-tail-

like patterns are seen, indicative of twinning (D, F).
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Figure 3.57: Diffraction patterns of selected areas of a palm leaf structure (A), indicated by red
rings in B. Scale bar in B is 2 um. Reflections are indicated using the orthorhombic (o) and the
hexagonal (h) lattice systems. The coloured arrows in C, E, and F indicates 1/4[110]; reflections
(see text and Figure 3.58 for details). The EDP shown in D is observed when tilting +30° away
from C along the c-axis. The EDPs seen in E and F correspond to areas seen in B.
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upon tilting -30°, the EDP is identical to the EDP in Figure 3.57 B, which is clearly not
compatible with a single crystal of witherite (as there is no modulation wave vector
q=1/2[010]} in Figure 3.58 A). Instead, this is compatible with the scenario depicted in
Figure 3.58 B, where 010, now coincides with q=1/2[010];1. Both these orientations of
the witherite reciprocal lattice are drawn in Figure 3.58 C and it is clear that this model
accounts for all observations: when the zone axis is normal to the palm leaf, the EDP
is compatible with a < 110 >}, zone axis of the underlying hexagonal substructure. If
the palm leaf is tilted +30° around the c-axis (corresponding to the stem direction), the
EDPs must be described with a modulation wave vector in addition to the underlying
hexagonal sublattice: q=1/2[100}; in the case of +30° and q=1/2[010]; in the case of
-30° (Figure 3.58 C). It is hence shown that only two of the three possible twins are
presentin each leaf. A closerlook at the EDP in Figure 3.57 A reveals weak additional
reflections at q=1/4[110]; indicated by the coloured arrows. Such a modulation vector
is not compatible with the reciprocal lattice of witherite. The zone axis [310], is a
minor axis in witherite and it is evident from tilting experiments that these reflections
are from higher order Laue zones (HOLZ). The reflections indicated by blue arrows
are enhanced in Figure 3.57 E and F, which represent different fingers of the same palm
leaf. A slight off axis viewing direction will give rise to stronger q=1/4[110]; reflections
indicated by the blue arrow in Figure 3.58 D. Although a small orientational difference
can be seen between Figure 3.57 C, D, and E (a 9° tilt between zone axis [?)TO]o in C
and zone axis [T'7, 7,2)o in F), it is evident that the c-axis is oriented perpendicular to
the extending fingers. This also confirms that the elongated stem is aligned with the
c-axis, and the palm leaves retain this configuration upon growth. All weak reflections
visible in Figure 3.57 C can therefore be explained as originating in the modulation
wave vector q =1/2 <100 >} of HOLZ. The effect is increased by the fact that the
structure is very thin so that the reflections are rod-like along the viewing direction.
This means that the HOLZ reflections cut the Ewald sphere closer to the origin of the
EDP. The weak reflections indicated by a green arrow in Figure 3.57 C can also be due
to trace levels of the third twin. Part of these reflections could be due to dynamic
scattering, but the elongated reflections indicate a slight hint of the third twin, which
is most likely present as stacking faults in small domains.

Discussion

In this section morphologies arising from low sodium silicate concentration and high
temperature conditions have been discussed. Although the resulting palm tree-like
morphology is clearly different from normal witherite morphology, this type of mor-
phology is probably on the boundary of what can be seen as biomorphs. No individual
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Figure 3.58: Schematic representation of the reciprocal lattice of twinned witherite viewed
along the c*-axis. Rectangles show the reflections present in Figure 3.57, viewed along the
different directions indicated by the fat arrows. In D the elongated reflections give rise to the
apparent modulation wave vector q=1/4[110],," indicated by the blue arrow.

crystallites are easily discerned, and the crystallographic order is consistent with a
twinned crystal of witherite. The orientation of the c-axis, which is the long axis of the
interior stem, is preserved throughout the palm tree.

The crystallographic order seen in the palm leaf discussed above should also apply
to all other palm leaves around the central stem. As the palm trees contain a six-fold
rotation axis around the stem from which the palm leaves extend (see Figures 3.55 A
and 3.56), and each leaf contains two out of three witherite twins, there is only one
simple way of describing the morphological and crystallographic order seen in these
structure. This is visualised in the model seen in Figure 3.59, which shows that the
entire palm tree is composed of six twins with three different directions indicated by
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Figure 3.59: Schematic representation of a model of the palm trees. Red dashed lines represent
the {110} twin planes, black dashed lines represent the {010} planes, and solid black lines
represent the {110} faces. The thick black dashed line in the interior represents the stem from

which the leaves can be seen growing. The different shades of grey represent the different
twins.

the different shades of grey. The interior stem is visible as a thick black dashed line,
which shows the {010} faces forming a hexagonal outline. In this model, each twin
is v-shaped and bounded by {110} twin planes. The {110} planes also form the faces
of the entire palm tree, forming fish-tailes at the leaf forming edge. This is consistent
with the FESEM images seen in Figure 3.56 D and F. However, it is also possible that
the {010} planes are formed at some of the growing edges of the leaves (see Figure
3.59). Regardless of which edge is forming the outer boundary of the leaves, the
model is consistent with a star-shaped morphology exhibiting a six-fold rotation axis
around the central stem; all of which is in line with TEM and FESEM observations
presented in this section. The growth of palm trees can be seen as beginning with
a normal witherite growth of pseudo-hexagonal columns. Preferential growth along
the twin planes (along the [110] direction), gives rise to extended leaves from central
stem. The same morphology arises more or less irrespective of pH, although the
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dimensions of the aggregates decrease at higher pH. As discussed in previous sections,
high pH ensures high solubility of both carbon dioxide and silica. However, at high
temperature carbon dioxide and BaCOj3 solubility are reduced, so dissolution of carbon
dioxide quickly results in high barium carbonate supersaturation which forms more
nucleation points as compared to lower pH. The low concentration of sodium silicate
used in these experiments is probably present as precipitated amorphous barium
silicate in the initial stages of the synthesis. However, the high temperature used in
these experiments further increases the solubility of such species. The initial growth
of the pseudo-hexagonal stem, which is similar to standard witherite morphology,
results in a further reduction of the pH and barium concentration, which reduces silica
solubility. The growth of the leaves can therefore be seen as an effect of the presence of
silicate, as is the case of all biomorph growth. Anionic silicate species can effectively
adsorb onto the growing crystal thereby altering the morphology produced. In the
palm tree case, one can speculate regarding such an interaction. As the large surface
of the palm leaves display {110} faces, which show a pitted surface, it is believed that
silica effectively adsorbs onto these faces and poisons further growth. This scenario
then favours the presence of {010} faces at the growing edge, as previously discussed.
Apparently, growth along the twin planes are favoured in this system, causing the
branched leaf-like morphology to arise.

It is evident that even very low concentrations of silica can have an effect on the
morphology produced at high temperatures. The leaves are in some ways reminiscent
of the bands seen in similar experiments at higher silica concentrations. Both these
morphologies have the c-axis perpendicular to the growth direction. All three twins
are present in the bands, whereas only two are seen in each leaf. In the bands, particles
of barium carbonate are present, a feature not seen in the leaves, and the silica is seen
to poison all faces, causing a miniaturising effect on the crystals. In the leaves, silica
is seen poisoning mainly {110} planes. Although it is difficult to draw any parallels
between the two morphologies, it appears that low sodium silicate concentration and
high temperatures favour witherite growth perpendicular to the c-axis.

As was described in Section 2.2.4.3, Kotachi et al. (2003) and (Kotachi et al., 2004)
reported the formation of barium carbonate films on chitosan surfaces in the presence
of silca. Those structures formed planar hexagonal subunits, which are believed to
have been formed by the preferential interaction of silica on the {001} faces (see Figure
2.22). A similar reasoning can be applied in the palm tree case. The {110} faces, seen
in the palm trees, have alternating layers of barium and carbonate ions. Adsorption
of anionic silicate ions can effectively screen the surface charge of the barium layers
thereby limiting further growth.
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3.4.6 Variation in type of additive and concentration

As was discussed in Section 3.4.1, the synthesis of biomorphs under standard condi-
tions results in globular, worm-like, helical and, occasionally, sheet-like morphologies.
If the growth of these biomorphs is a colloidal phenomenon, it should be affected by
the presence of additives, as colloidal interactions between carbonate and silica can
be tuned by the presence of extraneous electrolytes. Recall that the colloidal stability
of carbonate and silica colloids is also affected by increased ionic strength (see Section
2.3.2). Adsorption of ions at the surface reduces the screening length, which can cause
flocculation at sufficiently high concentrations. Furthermore, carbonate precipitation
and growth in the presence of additives can effectively alter the morphology pro-
duced. Both carbonate growth and the colloidal stability of the biomorph growing
system should therefore be affected by foreign species.

In this section the effect of adding NaCl, CTAB, LaCl3 and Yb(NOs3); to the standard
synthesis of biomorphs is presented. The syntheses were conducted by Matthias
Kellermeier in 2005 (Kellermeier, 2005).

NaCl

In these experiments the NaCl concentration was varied between 0.5 mM - 1.0 M
at pH 10.80. Upon mixing the NaCl-containing BaCl, solutions with the sodium
silicate solution, the resulting reaction mixtures became slightly opaque at a total NaCl
concentration >0.5 M, whereas at <0.05 M NaCl the solutions remained transparent.
The resulting biomorphs were collected after 10 hours of growth.

At low NaCl concentrations (0.5 and 1.0 mM) no significant morphological differ-
ence can be seen compared to morphologies observed in the standard reference sample.
Both worm-like and helical morphologies are obtained, as well as globular aggregates.
The morphological variety seen in the reference sample is slightly different compared
to what was reported in Section 3.4.2, in which no helical aggregates were observed
at such low pH. We note that the morphological comparison reported here is with a
standard experiment conducted at the same time from the same stock solution as the
experiments conducted in the presence of NaCl. It is, however, important to note that
slight morphological differences can occur between samples supposedly conducted
using the same conditions (pH, sodium silica concentration, and BaCl; concentration).

Stronger morphological change is observed at a NaCl concentration of 0.05 M. The
main morphology observed in this sample is globular aggregates that on occasion
have short worm-like extrusions (see Figure 3.60). One helical aggregate showing
unusual internal morphology was observed in this sample. In Figure 3.60 D-E the
broken helical aggregate can be seen to be composed of overlapping twisting sheets.
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Figure 3.60: FESEM images of a aggregates synthesised at pH 10.8 with a NaCl concentration
of 0.05 M after 10 hours of growth at otherwise standard conditions.

Furthermore, this aggregate does not seem to have any obvious silica skin.

The prevailing globular morphology seen at 0.05 M NaCl vanishes completely at
NaCl concentrations >0.5 M. In fact, no biomorphic growth is observed at all; at least
not within the 10 hours of growth allowed in these experiments. High concentrations of
NaCl can evidently prevent biomorph precipitation all together. To further investigate
the effect of electrolytes, we have used polyvalent electrolytes. Atsuch high pH values,
used for the biomorph synthesis, the only polyvalent additives are rare-earth salts.
Their effective charge in these solutions is likely 2-3+.

Trivalent lanthanides

Both lanthanum and ytterbium occur ideally as electropositive trivalent ions; La®* is
similar in size to Ca®* while Yb** is smaller (Shannon and Prewitt, 1969). In these sets
of experiments, lanthanide concentration was varied from 0.1-1.0 mM. Upon mixing
the lanthanide-containing BaCl, solutions with the sodium silicate solution, the pH
is decreased with increasing lanthanide concentration. This is a likely result of the
formation of lanthanide-hydroxo complexes. The lanthanide-containing silica sol was
then adjusted to the pH of the reference, in this case 10.8, by the drop-wise addition
of 1 M NaOH. The resulting reaction mixtures showed evidence of flocculation due to
further formation of hydroxides. As a result of this flocculation, biomorphs produced
under these conditions were formed within this gel-like precipitate. The reference
experiment, without added lanthanide, showed normal biomorph growth at the bot-
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Elemental composition of disks

Compound Lag Yb; Yb;
Na,O 092 067 096
SiO, 456 494 1.86
Cl,0, - - 001
BaO 61.77 60.56 63.57
LnyO3 099 -022 014
CO; (calc.) 17.73 1738 18.25
Total 8595 8339 8495
Si/Ba atomicratio | 019 021 0.07

Table 3.4: EDX results (wt% oxide, Si/Ba ratio) of the surface of disks synthesised in the
presence of lanthanides (Ln), either ytterbium (Yb) or lanthanum (La).

tom of the wells from transparent solutions. After 9 hours of growth, remarkable
morphological differences with increasing lanthanide concentration is observed (see
Figures 3.61 and 3.62).

In the lanthanum case, low concentrations (<0.325 mM) results in mainly helical
aggregates with small contributions of worm-like aggregates (see Figure 3.61 A-C).
These aggregates form clusters with globular centres. The double helices grow to
around 90 ym in length and often show an increase in diameter towards the end.
Higher lanthanum concentrations (0.55 mM) result in increasingly helical aggregates
that emerge from sheet-like cores (see Figure 3.61 D and F). In Figure 3.61 D a beautiful
example of how the growth of a spiral is preceded by the curling of the sheet in
opposite directions can be seen. These double helices are generally slightly shorter
than the ones observed at lower concentrations, and some also show evidence of
imperfect growth and Liesegang ring-type patterns (see Figure 3.61 E). At even higher
lanthanum concentration (> 0.775 mM) the observed morphology is dramatically
changed; circular sheets or disks are almost exclusively produced. As can be seen
in Figure 3.61 G-H, these disks can adopt various Gaussian curvatures, from being
almost flat to large cone-like aggregates. The disks are also seen to form complex 3D
aggregates of intergrown sheets. The disks have a diameter of around 60 ym and a
thickness of 1.5-3.5 um. In several cases the edge of the disk is seen to scroll over. Most
disks also show Liesegang ring-type patterns as concentric rings on the surface (see
Figure 3.61 I). From FESEM analyses it is also evident that the carbonate particles are
. elongated in the growth direction of the disk, i.e. along the radius.

Elemental EDX analysis of these disks has a Si/Ba ratio of 0.2, which in one case was
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Figure 3.61: FESEM images of a aggregates synthesised at pH ~ 10.8 with different LaCl;
concentrations; A-C 0.1mM, D-F 0.55 mM, and G-I 1.0 mM, at otherwise standard conditions.
InJ, part of a cross-section of a helical aggregates is shown. In K and L, parts of the disk surface

can be seen.

seen to decrease at the edge of the disk to 0.07 (see Table 3.4). None of the aggregates
analysed showed lanthanide concentrations above the ~0.2% detection limit. The
reported values in Table 3.4 are all below detection limit, and in one case a negative
value was obtained. Lanthanide concentrations within the aggregates are expected to
be low, as very low concentrations were added to the synthesis, and the analysis in

Table 3.4 confirms that this is the case if ytterbium or lanthanum are present.
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Figure 3.62: FESEM images of a aggregates synthesised at pH ~ 10.8 with different Yb(NO3)3
concentrations; A-C 0.1mM, D-F 0.55 mM, and G-L 1.0 mM, at otherwise standard conditions.
In J-L details of the surface and interior of disks can be seen.

Very similar morphological evolution is seen in the ytterbium case. At low concen-
trations (<0.55 mM) helical and worm-like aggregates are the dominant morphologies
observed. Helical aggregates grow up to 200 um in length, which is significantly longer
than in the lanthanum case. Increasing concentration of Yb(NO;); yields shorter he-
lices and worms, often seen emerging as single entities instead of clusters, as is the case
at lower concentration (see Figure 3.62 A-C and D-F)). At even higher concentrations
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(=0.775 mM) disk-like aggregates are formed that have morphology comparable to the
disks seen in the lanthanum case. Some of the disks produced at 1.0 mM Yb(NO3)3
have extrusions growing outward from the centre of the disk (see Figure3.62 I), while
others do not show any evidence of such growth. Disks are seen to grow up to more
than 100 ym in diameters, but are generally in the 60-70 um range. As is the case
with lanthanum as an additive, ytterbium also produces curved disks or sheets, which
in some cases show evidence of lip-curling (see Figure 3.62 H). At 1.0 mM Yb(NO3)3
some evidence of helical growth is also seen in addition to the disks. In Figure 3.62 G
it is shown that these helical aggregates are very short and not well developed. After
9 hours of growth, some of the disks show overgrowth of blocky crystals at the rim of
the disk (see Figure 3.62 ]). These crystals are presumably regular witherite crystals.
Some of the faces of these crystals are very smooth (possibly {110}, or {010}) compared
to the ragged face perpendicular to the smooth faces (possibly {021} or {012}). The
interior of the disks are composed of crystallites elongated in the growth direction (see
Figure 3.62 K and L).

CTAB

We have noted above that biomorph growth typically occurs at the bottom, or at
the well walls, as well as on the air-solution interface. Further exploration of this
propensity has been conducted by adding simple cationic surfactants that provide an
electrolytic effect and a surfactant effect by likely aggregation in solution. We use
CTAB, a well-explored single-chain surfactant.

As was discussed in Section 2.3.2, CTAB has an affinity for silica surfaces. The
addition of CTAB to the standard synthesis reaction mixture is therefore expected to
induce morphological changes, as biomorph formation is believed to be caused by a
balance of interactions between carbonate and/or silica colloids. In these experiments
the CTAB concentration was varied between 0.01-1.10 mM at pH 10.92. Upon mixing
the CTAB-containing BaCl, solutions with the sodium silicate solution, the resulting
reaction mixtures were, in all cases, free of any visible precipitate. As with most
biomorph syntheses, precipitation at the air-solution interface also took place. The
degree of surface precipitation decreased as the CTAB concentration increased. The
morphological variety seen after 9 hours of growth in the presence of various CTAB
concentrations can be seen in Figure 3.63.

At low CTAB concentrations (<0.50 mM) the morphological change is minor com-
pared to the standard reference experiment conducted without the addition of CTAB
(see Figure 3.63 A-C). It can be noted that the amount of helical aggregates are reduced
and mostly overtaken by worm-like growth at 0.01 mM CTAB concentration. Increas-
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Figure 3.63: FESEM images of a aggregates synthesised at pH 10.9 with different CTAB
concentrations; A-C 0.1mM, D-F, ] 0.5 mM, and G-I, and K-L 1.0 mM, at otherwise standard
conditions.

ing the concentration further (0.10 mM) results in shorter and less regular worms,
extruding from undefinable globular aggregates. No double helices are observed in
this sample.

Above a CTAB concentration of 0.5 mM more significant morphological changes
are observed. Worms are diminished altogether, and growth of mainly globular, sheet-
like aggregates, and occasionally helical aggregates are seen. The few helices observed
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are short and irregular in nature (see Figure 3.63 D). The more common morphologies
seen in this sample are aggregates that display a tendency to grow sheets. There seems
to be a continuous variation from globular to floral spherulite-type aggregates at 0.5
mM CTAB concentration. At even higher concentrations (1.0 mM) this tendency is
more pronounced.

It is clear from Figure 3.63 G-H that CTAB concentrations of 1.0 mM induce a large
morphological change in the biomorphs produced. Aggregates produced during these
conditions display a wide range of morphologies, from raspberry-like to aggregates
having a morphology very similar to floral spherulites (compare Figure 3.35), or corals
synthesised at high temperatures (compare Figure 3.46 A and B) (see Figure 3.63 Hand
D). Globular aggregates are composed of increasingly smaller globular entities towards
the interior of the aggregates (see Figure 3.63 G), resulting in a "tree’ of globules with
branching morphology.

FESEM analyses of aggregates produced in the presence of CTAB also reveal the
rough porous surface texture and easily visible particles that are the building blocks
of these aggregates (see Figure 3.63 J-L). No silica skin is recognisable on any of the
aggregates analysed. This is further confirmed by the dissolution of the carbonate
entity by a 0.01 M acetic acid, which results in complete dissolution of the entire
aggregates. No silica skin is observed after such treatment. However, as has been
previously discussed, it seems that excessive cleaning of biomorphic aggregates can
etch the structure. The porous nature of these aggregates indicates that some of the
silica could have been dissolved during the cleanup procedure.

Asisevidentin Figure 3.63 the presence of CTAB can efficiently alter the developing
morphology at concentrations above ~ 0.5 mM.

Discussion

As is evident in Figures 3.63, 3.61, and 3.62, additives clearly exert a morphological
change in aggregates synthesised using otherwise standard conditions. The specific
type of additive further induces specific morphologies, which in the lanthanide case
are unique. Perfectly concentric disks, such as those seen in Figure 3.61 G and I, have
not been encountered in any of the biomorph systems studied so far. The specific
effects induced by additives are not straightforward, and some discussion on how this
effect is manifested in the biomorphs synthesised is in order. In this section a brief
discussion is given regarding the possible cause of morphological change seen by each
additive.

The effect of adding salt to the biomorph synthesis mixture increases the ionic
strength of the solution, which affects both carbonate and silicate chemistry. As dis-
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cussed in Section 2.2.4.2, higher ionic strength reduces the activities of all solutes and
therefore affects carbonate precipitation thermodynamics, kinetics and morphology.
Additives can adsorb on the crystal surfaces at high energy sites which reduces crys-
tallisation rates and also affects the way the crystal grows. The colloidal stability of
carbonate and silica colloids is also affected by increased ionic strength (see Section
2.3.2). Adsorption of ions at the surface reduces the screening length, which can cause
flocculation at sufficiently high concentrations.

The details of interactions present in the biomorph producing system are difficult
to assess as it is a very complex, undefined, mixture of carbonate and silicate species
in solutions whose composition changes with time. However, as the biomorphs pro-
duced contain both silica and crystalline barium carbonate, one can generalise the
interactions to these two components. First, the additive can interact with silicate
species, which effectively reduces the silicate concentration available for biomorph
precipitation. Furthermore, such interactions can also occur with barium and car-
bonate species, which also reduces the activity of these ions. Second, additives can
adsorb on the witherite crystal surface, effectively changing the interactions between
the crystals and the silicate species. Third, the presence of the additives can affect
the growth of the aggregate in that it adsorbs on specific surfaces of the biomorph,
thereby directing the morphology of the aggregate. Poisoning of growth in certain
directions is then expected. All of these interactions should be considered in relating
the morphological change seen in the presence of the additives studies here.

Cationic interaction with especially anionic silicate species will, at sufficient con-
centrations, induce polymerisation and silicate flocculation. For instance, the addition
of high concentrations of NaCl or lanthanides results in clouding of the silicate sol.
This clouding can be caused by either hydroxide or silicate precipitation.

In the NaCl case sodium silicate precipitation is more likely as the corresponding
hydroxide is soluble. In such a scenario competing interactions of Na and Ba with
available slilicate species most likely produce an undefinable silicate mixture. At
high NaCl concentrations the Na-silicate interaction is likely to overcome that of the
barium even though barium is divalent. The development of globular aggregates
at 0.05 M NaCl concentrations is consistent with low silica concentrations and low
pH (see Figure 3.28). This could indicate that the effective silica concentration is
significantly reduced at such high concentrations. Even higher concentrations resulted
in complete inhibition of biomorph growth, which further points towards a drastic
drop in soluble silicate species. Adsorbed Na on colloidal witherite or silica will reduce
the electrostatic repulsive force, which can aid the interaction between these colloids.

In the lanthanide case on the other hand, both hydroxide and silicate complexation
can occur. As mentioned in Section 2.3.2 La®" have been shown to have a very high
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affinity for silica and can cause flocculation at low concentrations. Furthermore, lan-
thanides can also form complexes with both carbonate and hydroxide species at high
pH (Lee and Byrne, 1992), which further makes it difficult to assess the specific causes
for the morphogenesis seen in these samples. As was also mentioned in Section
2.2.4.1, lanthanum can at very low concentrations (umol) inhibit calcium carbonate
precipitation, which is believed to be caused by surface adsorption of the trivalent
lanthanum ions. In the system studied here, Ln(CO;);, Ln(CO3)*, and the hydroxy
complexes Ln(OH)(l)jg‘f are expected to be present in various amounts. The activity of
the lanthanide counterion will therefore be reduced. Free Ln* is highly unlikely at
the high pH present in the silicate sols used for biomorph precipitation. Regardless
of which lanthanide state is prevailing (silicate-, hydroxide-, or carbonate complex),
the morphological change seen asserted by lanthanum and ytterbium is very similar.
The morphological effect observed increases with lanthanide concentration, suggest-
ing that these ions or complexes increasingly interfere in the process giving rise to
the biomorph morphology. Increasing lanthanide concentration first induces helical
aggregates over worm-like biomorphs, which at even higher concentrations almost
exclusively result in disk-shaped aggregates, whose composition is similar to stan-
dard worm-like and helical aggregates reported in Section 3.4.2. However, the disks
observed here do not seem to be encased in a silica skin. This may suggests that the
lanthanide present affects the self-assembly process by electrostatic interactions with
witherite crystallites or silica species or colloids, which somehow effectively stabilises
the growth of sheets or disks. These disks are morphologically very similar to the
calcitic disk-like aggregates described in Section 2.2.4.3 (see Figure 2.16). The systems
producing the disk-like morphologies are very different; the calcitic disks were pro-
duced in the presence of double hydrophilic block copolymers (DHBCs), whereas in
our case a complex silicate mixture involving unidentified lanthanide complexes are
causing the growth of aragonite-type disks. It is therefore very difficult to draw any
parallels between the two systems other than to conclude that similar morphologies
are formed. No definitive reason for the formation of these disks can be given at this
time.

In the CTAB case, hydrophobic interactions need to be considered in addition to
pure electrostatic interactions. As described in Section 2.3.2 adsoption of CTAB on
silica is substantial well below CMC. Though we have not measured the CMC for
CTAB in biomorphic solutions, it is reduced at high ionic strength, and likely to be
below 0.9 mM (CMC for CTAB in pure water) and possibly below 0.125 mM (CMC
for CTAB in 10 mM KBr). It is possible to interpret the morphological evolution seen
in biomorphs in respect to CTAB concentration as an effect of surface charge and
adsorption (see Section 2.3.2).
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Compared to standard experiments without CTAB, low concentrations of CTAB
(0.10 mM) largely result in globular aggregates with small contributions of worm-
like aggregates (see Figure 3.63) A-C). Increasing the CTAB concentrations results in
increasingly sheet-like growth, which at 1.0 mM develops into floral-spherulite-type
aggregates. These structures are similar to the ones produced at 0.5 M BaCl; (see
Figure 3.35) or at high temperature (see Figure 3.46). This sequence observed with
increasing CTAB concentration evidently results in an increase in the total surface
area of the biomorphs. For instance, the globular aggregate seen in Figure 3.63 C
has significantly less surface area compared to the aggregate seen in Figure 3.63 H.
As previously discussed, CTAB has a great affinity for silica surfaces. The degree of
adsorption of CTAB depends on the concentration available in solution relative to the
CMC. In our systems, the actual concentration in solution will be influenced by the
surface area available for adsorption. A simple calculation reveals that a considerable
proportion of the available CTAB is present as adsorbed species effectively lowering
the CTAB concentration in solution. In all cases, CTAB adsorption will change the
charge and hydrophobicity of the silica surface. At low CTAB concentrations, the sur-
face is hydrophobic and charge neutral (see Figure 2.30 scheme B). The hydrophobic
nature of such a surface will favour morphologies that minimise surface area. Such
a scenario could explain the globular morphologies observed at low CTAB concen-
tration. These globular aggregates have less surface area compared to the extended
double helices and worms that otherwise occur under standard conditions, in the
absence of CTAB. Electrostatic adsorption of CTAB generates a hydrophobic neutral
surface, which drastically reduces the surface potential. Both the surface of biomorphs
and other anionic aggregates such as silica colloids would be affected by adsorbing
CTAB. Increasing concentration of CTAB results in surface charge reversal, leaving the
surface cationic and hydrophilic. This increasingly cationic hydrophilic surface will
result in fractal surfaces as growth is prevented in valleys by electrostatic repulsion.
Surfaces with positive Gaussian curvature will therefore preferentially grow. Such a
scenario could account for the change in morphology to higher surface area to volume
seen at higher CTAB concentrations. At concentrations close to CMC, the surface is
covered with admicelles and the cationic charge is at a maximum, which can explain
the highly dendritic and open structures seen at 1.0 mM.

So far, the discussion has only been related to the actual structure directing effectas a
response to surface charge. In the biomorph system, the initial conditions upon mixing
the CTAB enriched BaCl, solution with the sodium silicate solution could also be
affected by varying the CTAB concentration. No large scale flocculation was observed
in any of the solutions, irrespective of CTAB concentration, possibly indicating that
the injtial conditions are superficially constant in all experiments. CTAB effectively
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competes with divalent barium ions for anionic silicate species and colloids present.
Due to the very high initial concentration of BaCl, compared to CTAB in all the
experiments, as well as the divalent charge on the barium ions, it is believed that
barium-silicate interactions will out-compete the CTAB-silicate during the first stages
of synthesis. As the carbonate concentration is increased, barium carbonate will
eventually form, leaving CTAB to interact with both carbonate and silicate. Due to the
fast exchange of the small amount of adsorbed CTAB and the large positive Gaussian
curvature of nano-sized carbonate or silica particles, the interactions between such
particles will not be greatly affected by the presence of CTAB. The total surface area free
to interact with CTAB increases with time, as the number of aggregates (biomorphs,
colloidal silica and carbonate) increases with time. The progressive morphological
development seen when increasing the CTAB concentration, indicates that whatever
the state of the adsorbed CTAB, it is clear that milli molar concentrations have a
great effect on biomorph morphology. This lends us to believe that the nature of
the biomorphs surface, i.e. charge and hydrophobicity, may be important for the
development of specific morphologies.

The experiments presented in this section further confirm the importance of electro-
static interactions between Ba?*, CO%‘, and anionic silicate species, and the aggregate
for the biomorph morphogenesis.

3.4.7 Variation in silicate source

This chapter has so far been concerned with biomorphs produced using sodium sili-
cate solutions. Under certain unknown conditions, the morphology developed using
standard conditions are not always exactly the same. Several possible explanations
for this occasional non-reproducible character can be identified, of which one is the
source of silica. Concentrated sodium silicate solutions contain ~ 27% SiO, and ~14
% NaOH, and its chemistry is complex as it is composed of an undefinable mixture of
silicate species. The age of water glass solutions is expected to change with time, as
adsorption of carbon dioxide from the air will affect the pH and therefore its chemistry.
As has been shown in this chapter, pH and silica concentration is crucially important
for morphogenesis of biomorphs, and as such, investigations into other silica sources,
whose chemistry is more well-defined, is equally important. As already mentioned
in Chapter 1, using silica gels is one way to produce biomorphs. However, it is very
difficult to follow the chemistry of individual biomorph morphologies with time as
growth of a wide range of morphologies are seen in a single experiment. Solution
based experiments is therefore an advantage, as has been shown in this chapter. The
most natural choice of silica source is tetraalkoxysilanes (Si(OR);). These are available
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pure, easily dissolve in water-miscible organic solvents such as ethanol, but hydrolyse
readily in water to produce silicates and only alcohols as byproducts, which are easily
removed. These materials are commonly used in the synthesis of mesoporous silicates
(see Section 2.3.3).

Series of experiments have recently been conducted by Matthias Kellermeier and
Alina Voinescu that show that biomorph synthesis using TEOS indeed produces the
same morphologies as described in this dissertation. These experiments were con-
ducted in the presence of ethanol, so as to increase the solubility of TEOS, which was
fully hydrolysed before mixing with BaCl, solutions. Ethanol (EtOH) is also pro-
duced during the hydrolysation of TEOS. In that sense, the addition of EtOH may
be unnecessary for the sake of TEOS hydrolysis. As was described in Section 2.2.4.3,
alcohol can affect carbonate precipitation. This is also the case in biomorph synthesis.
The presence of alcohol during the precipitation does significantly affect the specific
morphologies produced (Voinescu et al., 2006a). High EtOH concentrations (>5 vol%)
result in mainly large globular aggregates in the 100-150 y range. Also evident at high
EtOH concentrations is the increase in nucleation points that give rise to biomorphic
growth.

3.4.8 Variation in metal carbonate

So far, biomorphs synthesised with barium as the carbonate cation has been discussed.
Considering the different solubilities of the aragonite-type carbonates and their differ-
ent interaction with soluble silicates, one would expect a difference in the morphologies
produced between the different alkaline earth carbonates. In this section, preliminary
results are presented concerning the use of strontium and calcium as carbonate cations
during biomorph synthesis.

At high concentration of SrCl,, the morphologies produced are very similar to the
BaCO3 biomorphs. Floral spherulites with their interconnected sheets are produced
at 0.5 M SrCl; concentration. The growth of these morphologies was described in
Section 3.4.4, and the Sr case shows a similar growth pattern, as can be seen in Figure
3.64. The growth rate, calculated by the diameter of the aggregate, is linear during
the early stages of growth, and decreases with time. For example, floral spherulite
1 in Figure 3.64 has an initial growth rate of 0.37 pym/min, compared to 0.24 ym/min
for aggregate 5. However, the growth rates are steadily reduced with increasing time
for all aggregates, and are at any one time similar in all the aggregates irrespective of
when the aggregate started growing.

At lower concentrations of SrCly, different growth patterns evolve compared to
the BaCl, case. Studies made by Alina Voinescu have shown that floral spherulite-
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type morphologies develop that, with time, develop helical aggregates at the tips of
the sheets.This behaviour is very similar to the gel-grown strontianite biomorphs as
reported by (Terada et al., 2003) (see Chapter 1). Those were, however, grown at 1.0
M SrCl,. Strontium carbonate is less soluble than barium carbonate, which could then
be related to the morphological effect observed. More experimental investigations are
needed to show such correlation.

As calcium carbonate, specifically in the aragonite form, is a major biomineralisa-
tion material that is known to produce the most intricate morphologies (see Section
2.4), the prospect of forming biomorphic materials with calcium carbonate is of con-
siderable interest. Using CaCl; in the alkaline sodium silicate solutions at variable pH
at room temperature gives rise to calcite crystals, easily identifiable by their rhombo-
hedral nature. However, on very rare occasions, morphologies reminiscent of floral
spherulites have been spotted. The reproducibility of these morphologies is very
low, and therefore no detailed analysis of these structures was performed. Recently,
Alina Voinescu and Matthias Kellermeier (Voinescu et al., 2006b) have reproducibly
produced both floral spherulite-type morphologies and dumbbells in experiments at
high temperature (80 °C) using TEOS as silica source. These morphologies consist
of densely packed aragonite crystallites encased in a silica, similar to biomorph mor-
phologies in general. Higher temperature favours the formation of aragonite over
calcite, which seems to be a requirement for the synthesis of silica-carbonate mor-
phologies. This suggests that the synthesis of biomorphs is related to the crystal
structure of the carbonate in question.

It is therefore shown that biomorphs can be produced with aragonite-type carbon-
ates, although the specific morphology produced will be determined by the specific
chemical and physical interactions between the species in solution. Some plausible
mechanisms of formation of biomorphis materials will be discussed in the next chapter.

3.5 Discussion

This chapter has explored the morphological changes observed upon changing pH,
concentration of the reacting species, and temperature. The great variety of morpholo-
gies observed reflects the complex nature of biomorph formation. To summarise the
effects observed, the following points can be made:

¢ pH effects both carbonate and silica solubility, and the morphological changes
observed with varying initial pH should be related to such changes. High pH
results in an increased number of growing aggregates, and smaller and more
varied morphologies that are somewhat enriched in silica as compared to low
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pH conditions. The number of nucleation points is related to the supersaturation
state of the biomorph nuclei, which may be controlled by the carbon dioxide ab-
sorption and conversion to aqueous carbonate species. This reduces the pH with
time, which affects the concentration and speciation of silica in solution. The
lower the pH, the greater the relative presence of polynuclear silica species with
less anionic character. As such, the silica-enriched morphologies produced at
high pH can reflect the increased anionic nature and of available silica able to in-
teract with precipitating barium carbonate. The morphological change observed
with increasing pH can be described as an increase in aggregate dimensionality;
low pH produces globular aggregates of 3D structure. Athigher pH, increasingly
sheet-like and more branching structures are produced.

Sodium silicate concentration has also been shown to affect the morphologies pro-
duced. A decrease in concentration results in more nucleation points, and smaller
aggregates. As in the case of pH, the morphological evolution with a deacrease
in sodium silicate concentration can be described as an increase in the dimension
of the aggregates. Pinnacles, which are produced at low concentrations are The
pH change observed is also greater, possibly reflecting the decreased buffering
capacity of silica at low concentrations. Less visible barium-silicate precipita-
tion is evident at lower sodium silicate concentrations, and the silicate species
available in solution will therefore depend on the effective interaction with Ba?*.

Barium chloride concentration affects the number of actively growing aggregates.
Higher concentrations result in an increase in nucleation density, which show
increasing floral spherulite-like character. More initial precipitation of presum-
ably amorphous barium silicates is also evident at higher concentrations. This
phase may serve as a resource of reactants to sustain the growth biomorphic ag-
gregates. The growth behaviour of floral spherulites is related to that of dumb-
bells, which are the earliest forms observed. Preferential growth along rims of
such aggregates leads to the development of interconnected sheets, consisting of
nanocrystalline carbonate particles aligned parallel to the growth direction.

Temperature; increasing temperature produces increasingly sheet-like and branch-
ing aggregates and growth proceeds much faster than atlower temperatures. The
morphological evolution observed with increasing temperature can be described
as an increase in the aggregate dimensionality as follows; globular (low T) 3D;
helical- and worm-like aggregates (RT) >2D; sheets ~2D, bands ~1D and corals
<3D (70 ° C. Helical aggregates are not present at 70° C within the 3 h time-frame
analysed. These morphologies are most prominent at 45° C. High temperature
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experiments conducted with low sodium silicate concentration result in the de-
velopment of palm trees. These morphologies are characterised by the growth
of extended leaves from a central stem. These leaves exhibit a 6-fold rotational
symmetry around this stem. In contrast to the other morphologies described
in this chapter, palm trees are not polycrystalline. They consist single crystal,
in which each leaf contain two twin orientations. The large faces of the leaves
correspond to {110}faces, which are believed to be inhibited to further growth by
the preferential adsorption of silicate species.

e Additives can effectively alter the growth of specific morphologies. This is es-
pecially the case for CTAB, and lanthanum and ytterbium salts. At present, it
is not clear how the additives affects the morphology, but it may be related to
surface adsorption and surface charge effects, or to interaction with available
silicate species.

e Metal carbonate; the type of alkaline earth carbonate precipitated also has an
effect on the morphology produced, depending on the reaction conditions. High
concentrations of Sr result in floral spherulites, as is the case for barium carbonate
biomorphs. At lower concentrations, a different growth patterns is observed;
floral spherulites are initially produced that grow helical protrusions from the
edge of the sheets. This suggests that the solubility of the alkaline earth carbonate
isimportant for the growth of specific morphologies. In the Ca case, the aragonite
polymorph of CaCOs gives rise to biomorphic aggregates. This signifies that
crystal structure is important for biomorph growth.

In the next chapter, investigations into the nature of particles observed in the solu-
tion with time is given, as well as discussions regarding possible biomorph formation
mechanisms.
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Figure 3.64: Time series of floral spherulites growth (A-F), and a graph displaying mea-
surements of aggregate diameter (1-6) with time as defined in F under the following initial
conditions: 0.5 M SrClp, 7.4 mM SiO,, pH 10.2, room temperature. Scale bar in F image is 100
pm.
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Chapter 4

Nucleation and growth of
biomorphs

4.1 Introduction

The morphologies of silica-carbonate biomorphs are extremely varied, as seen in the
previous chapter. Although these morphologies are different in shape and size, they
are all composed of crystalline barium carbonate and amorphous silicate. It is likely
that full analysis of the reaction medium will give clues to the nature and concen-
trations of the reacting species, which in turn can aid the development of a reaction
mechanism for these biomorphic structures. In this chapter, results concerning the
solutions, from which the various biomorphs grow, are analysed with the help of
Transmission Electron Microscopy (TEM), Dynamic Light Scattering (DLS), Atten-
uated Total Reflectance Infrared Spectroscopy (ATR IR) and #Si Nuclear Magnetic
resonance (NMR). The objective was to deduce the distribution of chemical species
and particles in the solutions, and their change during biomorph synthesis. I con-
clude this chapter with a discussion on possible formation mechanisms based around
chemical and morphological arguments.

4.2 Materials and Methods

All silicate solutions were prepared by diluting concentrated sodium silicate solution
(Aldrich, reagent grade) with distilled water (MilliporeQ) and 0.1IM NaOH. Subse-
quent mixing with BaCl, solutions of various concentrations yield the reacting solu-
tions for biomorph synthesis as described in the previous chapter (see Chapter 3). The
particles forming in the sol during mixing of the silicate and the alkaline earth metal
solution were analysed regarding size and shape with both dynamic light scattering
(DLS) and TEM. The DLS experiments were conducted on a Malvern Autosizer 4700
by David Dunstan at the Department of Chemical and Biomolecular Engineering, the
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University of Melbourne.

The speciation of silicate and carbonate was analysed using ?Si NMR and IR
spectroscopy. IR spectra were obtained using a Mettler Toledo ReactIR 4000 spec-
trometer using a diamond composite attenuated total reflection probe was used to
asses the chemical composition of the solutions. 256 scans at a resolution of 4 cm™
were collected for each sample. All spectra were obtained by subtracting a pure water
spectrum from the sample spectrum.

For TEM analyses, copper grids were made hydrophilic, thus facilitating easy
spreading of aqueous solutions, by treatment in a Emitech Glow Discharge Unit oper-
ating at 15 mA for 2 minutes. A drop of solution was then placed on the grid and with
the use of a filter paper the superfluous solution was absorbed from the grid, leaving a
thin film of solution on the grid which was left to dry. No staining was needed to view
the particles in the TEM. Two different transmission electron microscopes were used.
A Hitachi H7100FA TEM operating at 75 kV was used to image the particles extracted
from solution. A SIS Megaview III Widefield CCD camera (1300 x 1024 pixel, 12 bit)
was used to collect the images. Some samples were also characterised by electron
diffraction and elemental analyses, using a Philips EM430 TEM, operating at 300 kV,
and equipped with Oxford ISIS EDXA.

4.3 Particle analyses

From the previous chapter, it is clear that pH, temperature and concentration have a
strong effect on the morphology produced. High initial pH induces an increase in the
density of biomorph nucleation sites, which results in smaller biomorphs. There is an
associated increased drop in pH during growth, Ayg. The morphology produced is
also increasingly sheet- and pinnacle-like, which can be seen as an effective decrease
in the degree of dimensionality of the morphology with an increase in pH. At low
pH, on the other hand, globular morphologies are produced. Using a low initial pH
also produces less actively growing biomorphs, and a smaller A,y is evident. The
reaction temperature also has an effect on the morphologies produced. Proceeding
from low to high temperature, one can see the following sequence of morphology
development: globular to a mixture of globular, helical, and worm-like morphologies
to helical and sheet-like morphologies to a complex mixture of sheets, bands and
coral-type morphologies at high temperature (see Figure 3.52).

Another factor affecting the morphology is the concentration of sodium silicate.
Low concentrations give rise to increasingly pinnacle-like morphologies that evolve
from a large number of nucleation sites. A,y observed after growth is larger at low
sodium silicate concentrations. Increasing the sodium silicate concentration results in
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Figure 4.1: Particle size observed (DLS) with time in solutions used for the standard synthesis
of biomorphs. Analysis conducted using the Malvern Autosizer 4700 at a scattering angle of
90 °.

increasingly globular morphologies with a decrease in the Appy. Athigh concentrations
of sodium silicate, early precipitation of a flocculate is evident during the first minutes
after mixing the solutions. This effect is also evident at higher BaCl, concentrations.
Even at standard conditions, flocculation occurs as soon as the sodium silicate solution
is mixed with that of the BaCl,. This is invisible to the naked eye, but is evident from
light scattering and TEM analysis of the sols.

Dynamic light scattering investigations show the presence and growth of particles
in the reaction mixtures with time. In Figure 4.1 it is evident that particles of a couple
of hundreds of nanometres in radius form as soon as the BaCl, is in contact with
the silicate solution. These particles continue to grow to considerable sizes of several
micro metres over time. Higher BaCl, concentrations result in a quicker growth of
large particles compared to the standard conditions. Atlower concentrations of BaCly,
a longer time is needed to reach a given particle size.

From TEM analysis of the solutions with time, it is evident that particles are formed
instantaneously after mixing. In Figure 4.2, TEM images reveal that the particles
observed 5 minutes after mixing, as observed with DLS, are a conglomerate of smaller
globular particles that form a dendritic network, similar to that of diffusion limited
aggregation of particles (see Section 2.5). These globular particles generally have
a diameter in the 30-40 nm range, and are believed to be primary particles of the
flocculated material. Some of these particles show a darker core region and the
presence of smaller ~10 nm surface features (see Figure 4.2 C and E). After 2 hours,
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Figure 4.2: TEM images of particles extracted from the solution between 5 minutes and 5 hours
after mixing, as indicated in the images. Scale bars; A 200 nm; B 300 nm; C 50 nm; D 100 nm;
E 30 nm; F 100 nm; G-H 50 nm.
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more particulate material is deposited on the grid compared to the 5 minute sample.
Similar to the particles observed after 5 minutes, darker core regions are also observed
in particles in the 2 hour sample (Figure 4.2 G). With increasing time, the particles
observed show increasingly wider size distributions. After 5 hours of growth, a
bimodal distribution of particle sizes is observed. Smaller and also brighter particles
in the 15-30 nm range are seen (see Figure 4.2 B) as well as larger and darker particles
with a diameter in the 70-100 nm range (see Figure 4.2 D and F) are seen. Many of
these particles also contain smaller (5-15 nm) globular particles on the surface (Figure
4.2 H). However, as can be seen in Figure 4.2 F, the carbon film also shows evidence of
similar features, suggesting that they may not be an integral part the primary particles.
6 hours after the synthesis experiment begun, three different particles sizes are noted
(see Figure 4.3 A); large (100-150 nm), medium (50-70nm), and small (35-50nm).
These different particles are compared in Figure 4.3 B-D. All these particles contain
darker core regions, as also noted for other particles extracted at different times. The
larger particles show a ‘striped” pattern (see Figure 4.3 B), whereas the medium and
smaller sizes particles have a single dark core. This single dark core is further seen to
be continuous across particle intersections and branches between adhering particles
(see Figure 4.3 C and D). In cases where a junction adopts a bottle-neck configuration,
no dark core is seen. Itis further noted that the size of the core in relation to the particle
size is constant (~0.3-0.4).

In a different sample, synthesised under the same conditions and extracted after
6 hours, no such dark core regions could be observed. Instead, most particles show
the presence of the nm sized particles on the surfaces (see Figure 4.3 E and F), as
also observed in other samples (see Figure 4.2 H). Both features could be related to
contamination or drying effects. The presence of nm-sized particles attached to the
aggregates and the carbon film can either be interpreted as evidence of smaller particles
in the sol that are deposited during sample preparation, or an effect related to drying
of an aqueous film covering the particles. The presence of such films is suggested in
Figure 4.3 E where it is seen connecting between two particles. A scenario for the
formation of particles containing dark cores and striped patterns is that the particles
have formed by the initial precipitation of a barium-rich phase (dark) that is later
covered by a silicate phase that is depleted in barium relative to the darker inner
core. The large striped particles, seen in Figure 4.3 B, can therefore be interpreted as
having formed by episodical precipitation of barium-rich and barium-poor silicate.
Each dark ‘stripe’ then represents a shell of a silicate phase rich in barium. As the
cores generally have constant diameter in relation to that of the host particle, another
explanation for this feature could possibly be related to partial drying of Ba-rich
aqueous particles. During evaporation, the drying front will propagate towards the
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Figure 4.3: TEM images of particles extracted from the solution 6 hours after mixing, showing
three different particle sizes as seen in A. Scale bars; A 2 yum; B 100 nm; C-F 50 nm.
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Figure 4.4: EDP of particles extracted after 2 hours (A), and the observed Si/Ba ratio of particles
analysed at different time during the synthesis using standard conditions (B).

centre of the particle increasing the concentration of barium as the particles dry. The
dark core could therefore be a barium-rich deposit within the particles as an effect of
drying. However, such a scenario does not explain the striped pattern seen in the
larger particles (see Figure 4.3 B).

Some samples were further analysed in terms of composition and crystallinity by
A-. K. Larsson using the Philips EM430 TEM. All particles analysed so far (5 min -
9 hours) are amorphous as indicated by the EDP seen in Figure 4.4 A. This EDP is
compatible with EDPs of amorphous silica, as observed by others, see for instance
Holtzhiiter et al. (2003). EDX analyses further reveal that the particles are composed
of an ill-defined barium silicate (BaxSinzO(x+z),+§,) in which the Si/Ba ratio is seen to
vary between 2.7 to 29 with time (see Figure 4.4 B). It is evident that particles observed
during the early stages of synthesis contain considerably more barium compared
to some of the ones observed after 9 hours (see Figure 4.4 B). One explanation for
this behavior is that as biomorphs continue to grow, the solution pH is reduced and
continuously depleted in Ba?*, leading to barium-depleted particles. Furthermore,
Figure 4.4 can also be taken as an indication that the initial Ba-rich particles serve as
a source of barium during biomorph growth; the depletion seen is then a secondary
effect. However, as described in Section 3.4.1, it is evident that particle precipitation
increases with time, which suggests that the particle compositions seen after 9 hours
are a result of ongoing precipitation. Barium-depleted particles would then represent
precipitation at a later stage compared to barium-enriched particles.

On rare occasions, other particles, in addition to the barium silicate ones, were also
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Figure 4.5: TEM images of particles (A-C) and corresponding EDP (D), which is compatible
with barite. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>