TU @ NAWI

Grazm Graz

Doctoral Thesis

Transformation Dynamics of Amorphous to
Crystalline Carbonates

submitted by

Florian Konrad

in partial fulfillment of the requirements for the
doctoral degree of natural sciences of

Graz University of Technology

Supervisors

Martin Dietzel - Florian Gallien

Reviewers

Martin Dietzel - Patrick Gane - Attila Demény

Graz, July 2017



Abstract

The versatile industrial applications of carbonate minerals require highly diverse material properties,
which are not entirely covered by common natural limestone, chalk and marble. Hence, a high demand
exists on synthesizing carbonates with tailored characteristics and properties, but the control on e.g.
polymorph development as well as particle size and shape is highly challenging. About two decades
ago, it was discovered that many organisms are building their complex calcium carbonate-based
skeletons via an amorphous precursor, which points to a potential pathway on how an enhanced
control over carbonate mineral formation might be achieved. An understanding of the transformation
dynamics of amorphous to crystalline carbonates is therefore advantageous for the development of
new synthesis methods and tailored materials. Amorphous calcium carbonate (ACC) - as the calcium
end-member precursor - is a hydrated phase forming spherical nanoparticles with a short-range but no
long-range order. This absence of a structural order is utilized by organisms to direct polymorphism,
particle size and shape of the crystalline transformation product. Many studies have been conducted on
the synthesis of amorphous calcium carbonate and its transformation behaviour. But as the amorphous
synthesis product mostly transforms within minutes at ambient conditions into a crystalline calcium
carbonate individual, polymorph dependent (trans)formation kinetics and mechanisms are difficult to
study. In this thesis, the transformation kinetics and mechanisms of additive-free amorphous
carbonates, in particular ACC, was experimentally studied to decipher the physicochemical boundary
conditions necessary for controlling ACC metastability and its crystallization pathway in air and in
aqueous solution. The experimental data indicate that under air exposure the metastability of ACC is
governed by the physisorption of H,O from the gas phase. The uptake of H,O triggered the
transformation of ACC after reaching a critical H,O level of four monolayers of water on the surface
of ACC nanoparticles. The lifetime of ACC was prolonged indefinitely in air-sealed vessels with
restricted availability of gaseous H,O, facilitating the handling of further processing steps.
Experimental results of ACC transformation pathways in aqueous solutions show that the formation of
distinct calcium carbonate minerals can be controlled by temperature and/or fluid chemistry
adjustments of the reactive solution. For instance, ikaite was precipitated from ACC by the adjustment
of temperature of the reactive solution. The formation of aragonite through intermediate
monohydrocalcite, instead of calcite and vaterite, was triggered by the adjustment of magnesium-
concentration in solution. Furthermore, aging experiments of ACC in different (heavy) metal-solutions
show high elemental exchange rates with partly complete replacement of calcium during
transformation, resulting in the formation of different metal carbonates. This leads to the conclusion
that the fate of the amorphous carbonate phase with respect to crystallization pathways and chemical
composition depends primarily on the physicochemical conditions during its transformation.
Considering the ubiquitous use of calcium carbonates in industrial products, the presented results
illustrate new possibilities to enhance control over the crystallization process in order to produce

carbonate minerals with tailored material properties.



Outline

Carbonate minerals crystallize from solution by spontaneous ion clustering. According to the
classical theory of nucleation, once a critical cluster size has been formed, nucleation starts
and the cluster grows by the attachment of ions on the surface. However, in biomineralization
the general validity of this classical crystallization theory has been challenged with the finding
that organisms can build their carbonate-based skeletons via an amorphous carbonate
precursor, which infers a non-classical, particle-mediated nucleation via stable prenucleation
clusters. The formation of crystalline carbonates via an amorphous precursor offers new
possibilities to unveil certain phenomena, like the natural occurrence of high Mg-calcites that

cannot be explained by classical nucleation.

In this thesis, the non-classical nucleation via a stable prenucleation cluster, in particular
amorphous calcium carbonate (ACC), and its transformation behaviour into distinct
crystalline carbonates was investigated, in an attempt to close some existing gaps and to

obtain a better understanding of this newly discovered nucleation pathway.

The present thesis comprises four chapters, one of which was published in 2016 and three of
them are prepared for submission. Chapter 1 describes a synthesis method for obtaining
additive-free amorphous calcium carbonate in the first place and furthermore focuses on the
transformation behaviour of ACC in air and in this respect on the metastabilization of this
short-living precursor material. In the following chapters, the previously synthesized and
characterized ACC powder was dispersed into aqueous solutions, in order to study the
influence of solution chemistry as well as temperature on the transformation of ACC. Chapter
2 focuses thereby on the specific influence of magnesium concentration in solution on the
crystallization pathway of additive-free ACC and sheds light on the contribution of fluid
chemistry on the metastability of amorphous precursor. Chapter 3 investigates temperature
dependent transformation of ACC and discusses the possibility of ikaite formation, a cold
temperature indicator mineral, via an amorphous precursor. Finally, Chapter 4 introduces a
screening study, in which the general influence of metals in solution on the transformation of
ACC into a crystalline carbonate was examined. It further elucidates on the cation sorption
capacity of ACC and the possibility to transform the amorphous blank phase into crystalline

carbonate minerals with desired chemical compositions and crystal structures.
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Chapter 1

Transformation of amorphous calcium

carbonate 1n air

ABSTRACT: In air, the mechanisms of amorphous calcium carbonate (ACC) transformation into
crystalline polymorphs of CaCOs; and whether the atomic ordering is attributable to a solid-state
transformation or a dissolution and re-precipitation process are still under debate. While some studies
observed a significant influence of relative humidity on ACC transformation, other studies suggested a
dehydration process of ACC prior to crystallization. In the present study, we focus on the metastability
of additive-free ACC in air and in particular on its dependence on relative humidity. Our findings
indicate that the transformation of ACC into crystalline CaCO; is triggered only after the
physisorption of a critical H,O level. Consequently, ACC metastability was prolonged by retarding
H,O uptake and by keeping the physisorbed H,O below the critical level, ACC remained in its
metastable state. Therefore, the conceptual formation of a “thin film” of about 4 monolayers of
physisorbed H,O is considered to govern the transformation of ~90 nm sized ACC particles via partial
dissolution and re-precipitation. Furthermore, we observed simultaneous formation of calcite, vaterite
and aragonite from ACC, where distinct proportions correspond to different H,O exposure conditions.
Thus, polymorph formation from ACC depends also on physicochemical boundary conditions during

transformation rather than on pre-structural formation within ACC alone.

1.1 Introduction

Amorphous calcium carbonate (ACC) is of great interest for material science and known to be
an important precursor in biomineralisation of crystalline CaCOs. It is also of remarkable
interest when it comes to crystallization pathways in order to understand how crystals can be
formed and grow (Raiteri and Gale, 2010; Rodriguez-Navarro et al., 2016). A large number of
studies and synthesis protocols of ACC have, therefore, emerged from a wide variety of
different fields. For designing or functionalizing materials, ACC bears great potential, as
evidenced by the use of amorphous CaCO; as a drug-delivery carrier (Zhao et al., 2015),
acting against osteoporosis (Meiron et al., 2011) and by fabricating micropatterned single

crystals (Aizenberg et al., 2003) as well as microlens arrays (Lee et al.,, 2012). In



biomineralisation, ACC has been identified as source for the development of calcium
carbonate based shells, spicules or spines (Aizenberg et al., 2002; Addadi et al., 2003; Politi et
al., 2004) and offers, for example, an explanation for the fast skeletal re-building of living
organisms after moulting (Levi-Kalisman et al., 2002), not least because of its high solubility
(Brecevi¢ and Nielsen, 1989; Clarkson et al., 1992). Although biogenic ACC contains foreign
ions as well as organic ligands, such as amino acids or polysaccharides (Addadi et al., 2003;
Gal et al., 2010; Habraken et al., 2015), the interrelationship of inorganic and organic
components therein, is so far only poorly understood (Xiao and Yang, 2011). The study of
pure additive-free ACC is essential to understand the intrinsic amorphous state and its
subsequent transformation behaviour. Determining the actual mechanism of transformation in
air and its distinct polymorph formation is of relevance not only for material science but for
biomineralisation as well, considering, for example, that the calcite spicules of some sea
urchin larval grow from ACC inside a closed membrane separated from aqueous solutions
(Beniash et al., 1999; Raz et al., 2003; Devol et al., 2015).

Studies report that in air, additive-free ACC transforms into crystalline CaCOs within 1-4
days at ambient temperatures (Lee et al., 2005; Rodriguez-Blanco et al., 2008). By mixing a
CaCl,- with a Na,COs-solution in excess ethanol and drying the separated ACC in vacuum,
metastabilities of 1-2 months were observed (Gebauer et al., 2010). Another procedure for
preserving additive-free ACC up to 6 weeks is documented in Ihli et al. (2013), by freezing a
saturated CaCOj solution using liquid nitrogen, sublimating the frozen H,O in a freeze-dryer
and, as a result, precipitating ACC as a relict. These extended metastabilities were explained
by the removal of physisorbed H,O from the surface of ACC. Whereas fast transformation of
ACC was suggested to be stimulated by loosely bound, physisorbed H,O at ACC surfaces
and/or in cavities between ACC particles, promoting dissolution and re-precipitation (Ihli et
al., 2014; Radha and Navrotsky, 2015). Accordingly, faster crystallization of ACC films was
found to correlate with elevated relative humidity (RH) conditions (Xu et al., 2006), while the
dispersion of ACC in anhydrous alcohol was observed to prevent transformation (Gebauer et
al., 2010; Gal et al., 2013). This suggests that humidity is crucial for the metastability of ACC
in air, but no systematic study exists on the exact mechanisms.

Herein, we try to elucidate and quantify the role of humidity on the metastability of ACC in
air by studying the physisorption of H,O on ACC particles in respect to different
physicochemical boundary conditions. Hence, we synthesized additive- and physisorbed
water-free ACC by freeze-drying technique, as it results in extended metastability and

reproducible H,O to CaCO; ratios (Brecevi¢ and Nielsen, 1989; Thli et al., 2013) and



quantitatively monitored the evolution of H,O uptake on ACC particles and its subsequent

transformation behaviour to crystalline anhydrous CaCOj.

1.2 Experimental
1.2.1 Synthesis and storage of ACC

Synthesis of ACC was carried out by mixing two stock solutions prepared with ultrapure
Milli-Q water (18.2 MQcm), where calcium chloride-dihydrate (> 99%, p.a., ACS) and
sodium carbonate (> 99.5%, p.a., ACS, Carl Roth) were used as Ca’’- and COs*-source,
respectively. Equimolar concentrations of 0.25 M were chosen for both solutions, with
volumes each of 0.08 dm®. The Ca*'- and CO;*-bearing solutions were rapidly mixed (pH
~10) in a beaker at 20 (£ 1) °C and immediately transferred into a suction filtration unit. A
membrane cellulose acetate filter (0.2 um pore size, 10 cm diameter) was used for separating
the obtaining reaction products from solution. Subsequently the reaction products were
washed with 0.1 dm® of pre-cooled (5 + 1 °C) ultrapure water and transferred immediately
into a freeze-dryer (Figure 1.1). In separate experiments, both solutions were mixed at
different concentrations (0.25-1 M) and monitored in-situ by Raman spectroscopy to study the
duration of metastability of ACC in solution. For monitoring the metastability behaviour in
air, freeze-dried ACC was stored at 20 (+ 1) °C and 25 (+ 4) % RH (lab atmosphere) in 0.04
dm’ glass vials under different conditions. For open conditions, under constant exchange with
the lab atmosphere, vials without caps were used. For a reduced exchange, the vials were
closed with semi gastight polypropylene caps, in the following called semi-tight conditions.

To avoid exchange with the lab atmosphere at all, a gastight Teflon cap was used.

Solution mixing removal of

Na" and CI ions
» ') CaCO,NaCl L —
6\‘ \ R pH-1ao

Condensor Vacuum Pump % ACC

58 ° 10 ml
58 °C 0 mbar .
physisorbed H,0

H,O vapor
’ lce

& H,O water

CaCO,’xH,0
(0.40<x<0.45)

Vacuum-Filtration Freeze-Drying freeze-dried ACC

Figure 1.1. Experimental set-up exemplifying synthesis route for partially-dehydrated additive-free ACC.



1.2.2 Methods

For sublimation of physisorbed water, a Virtis Benchtop 3 dm?® freeze-dryer (-58 °C
condenser temperature, 10 mbar partial vacuum) was used. The structural composition of the
freeze-dried precipitates were analysed by Fourier Transform Infrared Spectroscopy (FT-IR)
using a PerkinElmer Frontier FT-IR in ATR-mode in the 650 - 4 000 cm™' range at a 4 cm™'
resolution, and by powder X-ray diffraction (PXRD) performed on a PANalytical X Pert Pro
diffractometer, equipped with a Co-target and a solid state real time multiple strip (RTMS)
detector (measurement parameters: 40 kV, 40 mA, 0.008° step, 40 s per step, 20-60° 26). For
qualitative characterisation of crystalline products the crystal structure database from ICSD
was used. Quantitative results were obtained by Rietveld-analysis in combination with an
internal standard for determination of crystallinity. The precipitates were heated in a
PerkinElmer STA8000 simultaneous thermal analyser (from 25 — 1 000 °C, 10 °C min™, 0.03
dm?® min™' 99.999% N) coupled with the above FT-IR for evolved gas analysis to study H,O-
content and crystallization temperature. /n-sifu monitoring of the dissolved inorganic carbon
and reaction products during synthesis was realised with a Raman RXN2 analyser (Kaiser
Optical Systems) equipped with a Kaiser MR Probe head (quarter-inch immersion optic)
running with a 785 nm laser. The spectra were collected in a 35 s interval with a resolution of
1 cm™. The precipitates were imaged by secondary electrons using a ZEISS DSM 982 Gemini
scanning electron microscope (SEM) equipped with a field emission gun operated at 5 kV
using gold-coated samples. For transmission electron microscopy (TEM) images and selected
area electron diffraction (SAED) patterns, the reaction products were placed on holey carbon
grids and measured on a FEI Tecnai 12 microscope operating at 120 kV and equipped with an
EDAX Sapphire Si(Li) detector. Brunauer-Emmett-Teller (BET) surface area measurements
were carried out by nitrogen adsorption conducted without pre-treatment at room temperature
on a Micromeritics TriStar II 320 V1.01. Monitoring relative humidity (RH) of the lab
atmosphere and of the sample compartment was realised by using a Voltcraft DL-121TH
data-logger and by using a MSL Hygrochron iButton logger with reported accuracies of for a

single measurement of + 3% and + 5% respectively.
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Figure 1.2. Reactive solution monitoring by in-situ Raman probe analysis during two syntheses runs. After
mixing the Ca*'- into the CO;”-bearing solution at a reaction time of 1.5 min, the symmetric stretch band at 1
067 cm™, corresponding to dissolved CO5”-ions, decreased and a broad adsorption band with a maximum at 1
080 cm™ arose, indicating ACC formation. (¢) For mixing 1 M solutions, ACC transformation into vaterite
occurs after 4.3 min, (b) while mixing 0.25 M solutions results in transformation of ACC into calcite after 1.2
min of reaction time. It has to be mentioned that for the latter we do not exclude the intermediate formation of
vaterite prior to calcite formation as e.g. reported by Bots et al. (2012), but vaterite was not detected within the
30 s integration time of the in-situ Raman analyses.
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1.3 Results and discussion

1.3.1 In-situ monitoring of ACC (trans)formation

During synthesis of ACC the reaction time plays a crucial role with respect to the
metastability of ACC in aqueous solution. When the Ca*"- and COs*-bearing solutions were
mixed, instantaneous precipitation occurred and in-situ Raman probe analysis indicated the
formation of ACC as initial reaction product, which was valid for all experimental runs
independent of the concentration used. Figure 1.2 shows the initial occurrence of dissolved
COs™ ions by the presence of the symmetric stretch band of the carbonate molecule at 1 067
cm™ (Geisler et al., 2012). This band decreased as the Ca*"-rich solution was introduced after
1.5 min, and a broad vibration band from 1 050 — 1 110 cm™ arose with a peak maximum at
about 1 080 cm™ corresponding to ACC (Wang et al., 2012). The subsequent transformation
of ACC into calcite (1 085 cm™) (Wang et al., 2012) and/or vaterite (bands at 1 074 cm™ and
1 090 cm™) (Gabrielli et al., 2000) occurred by using 0.25 M and 1 M solutions after 1.2 min
and 4.3 min, respectively (Figure 1.2a and b). This result verifies the spontaneous formation
of ACC and allows validating the kinetically limited time frame for separation of ACC from
aqueous solution. Although this observation would encourage using higher concentrations for
synthesis, the removal of Na" and CI” ions by washing with ultrapure H,O was difficult to
obtain at elevated concentrations of 1 M compared to 0.25 M due to the high viscosity.
Therefore, we chose concentrations of 0.25 M for both stock solutions as being, according to

our experience, the most effective way to synthesize reproducibly solely “additive free” ACC.
:é g S iR v R 2 ey ,}:& h 4 ' s - ! “ A ~ c et ‘ / rT

Figure 1.3. SEM images of synthesized ACC (a-c) consisting of spheroidal and aggregated nanoparticles with
rough surfaces and of the final fully transformed samples (d-f) displaying slightly larger nanometre particles with
poorly developed crystal faces.
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1.3.2 Characterization of synthesized ACC

Reaction products from the mixing of 0.25 M solutions containing CaCl, and Na,CO; were
separated from the solution via filtration and washed within 1 min and immediately freeze-
dried to obtain an ACC standard material and to avoid its potential transformation (see Figure
1.2b). SEM of the reaction products show spheroidal particles with a size range of 30-200 nm
with a mean particle size of about 90 nm (Figure 1.3a-c). TEM analysis of the precipitated
nanoparticles indicate no discrete structural ordering, showing instead selected area
diffraction (SAED) patterns with diffuse diffraction rings only (Figure 1.4). The formation of
an amorphous calcium carbonate phase is also evidenced from PXRD patterns displaying a
broad hump with no discrete peaks (Figure 1.5). In accordance, the infrared spectra of all
synthesis products display characteristic bands for ACC (Figure S1.1) (Andersen and
Brecevic, 1991). BET surface area measurements result in 41.9 (+ 1.5) m? g’ as determined

for three independent samples.

200 nm

Figure 1.4. TEM image of freeze-dried ACC with selected area diffraction pattern showing diffuse rings only.
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Figure 1.5. Stack plot of PXRD patterns of a synthesised ACC sample throughout storage time under semi-tight
conditions showing the transformation of ACC into crystalline calcium carbonate polymorphs.
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Thermal analyses of the precipitates, immediately after freeze-drying, show as a first
endothermic event a continuous weight loss of about 7.0 (£ 0.2) wt% over the temperature
range up to 340 (+ 3) °C (Table 1.1 and Figure S1.2). At this temperature an exothermic event
occurs without change in weight. Subsequently, a second endothermic event related to a
weight loss of about 40 (+ 2) wt% is visible at an onset temperature of ~665 °C. The
simultaneously monitored gas FT-IR absorption spectra show characteristic absorption bands
for water over the range up to the first exothermic event at ~340 °C, and at the endothermic
second event, starting at ~665 °C, a gas absorption spectrum of CO, indicates calcination
(Figure S1.3). The determined H,O-content measured by thermal analyses directly after
freeze-drying yields in the chemical formula of CaCO;¢(0.42 + 0.01)H,O for the obtained
ACC. This is in good agreement with the results of Schmidt et al.(2014), who reported
remaining water-contents of 0.4 mol H,O pfu (per formula unit) after losing, as they termed it,
the fluid-like mobile H,O. Other studies attributed the latter loss to physisorbed water due to
its weak bonding and easy removal at low temperatures, leaving entrapped the more rigid and
structural-bound H,O (Michel et al., 2008; Thli et al., 2014; Radha and Navrotsky, 2015). The
exothermic event at ~340 °C, without any change of weight, indicates a solid-state
transformation of ACC to calcite as no remaining water is available (Radha et al., 2010).

Here we want to emphasize that variable H,O-contents are described for the composition of
ACC, which were attributed, among others, to the different synthesis routines or to different
properties (Addadi et al., 2003; Raiteri and Gale, 2010; Ihli et al., 2013). However, comparing
several studies, where additive-free ACC was desorbed and thermogravimetry data can be
interpreted accordingly, show that in each case about 0.4 mol H,O pfu remained after losing
the physisorbed H,O (Faatz et al., 2005; Gilinther et al., 2005; Fernandez-Martinez et al.,
2013; Schmidt et al., 2014; Rodriguez-Navarro et al., 2015). This suggests, despite different
synthesis methods and observed initial water-contents, that the amount of structural-bound
H,O of ACC is the same and that the reported differences solely originated from different
proportions of physisorbed H,O. This might be explained by differences in preparation
techniques, e.g. the efficiency of the filtration and washing procedure, respectively might
stem from different ACC surface areas in respect to distinct particle size distributions (Raiteri

and Gale, 2010; Ihli et al., 2013).
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Table 1.1. H,O-content of synthesized ACC from thermogravimetric measurements throughout storage time in
relation to observed metastabilities and storage conditions. Note: The reported loss on ignition (LOI) at 350 °C
was corrected for the anhydrous crystalline content present; *re-freeze-dried samples.

storage LOI at 350°C hysisorbed H,0 crystallinit
SSmEle (dayf) (wt%) AT i y(mol pfu) 2 y(wt%) !
FD-ACC- 0 6.827 0.41 amorphous
openl 1 8.834 0.54 0.13 amorphous
2 9.238 0.57 0.16 amorphous
3 9.650 0.59 0.19 amorphous
4 10.524 0.65 0.25 1-3 wt% crystalline
FD-ACC- 0 7.118 0.43 amorphous
open 2 5 10.410 0.65 0.22 1-3 wt% crystalline
FD-ACC- 0 7.306 0.44 amorphous
open 3 4 10.798 0.67 0.23 1-3 wt% crystalline
4* 6.978 0.42 1-3 wt% crystalline
FD-ACC- 0 6.984 0.42 amorphous
semi-tight 1 48 11.032 0.69 0.27 1-3 wt% crystalline
48* 7.093 0.42 1-3 wt% crystalline
FD-ACC- 0 7.145 0.43 amorphous
semi-tight 2 32 10.130 0.63 amorphous
32* 6.913 0.41 amorphous
37 11.319 0.71 0.28 1-3 wt% crystalline
FD-ACC- 0 7.110 0.43 amorphous
semi-tight 3 51 10.511 0.65 0.23 1-3 wt% crystalline
FD-ACC- 0 6.904 0.41 amorphous
gastight 150 8.171 0.49 0.08 amorphous
FD-ACC- 0 6.904 0.41 amorphous
desiccator 150 7.189 0.43 0.02 amorphous

1.3.3 Metastability and (re)hydration of ACC

Regular analysis by FTIR, PXRD, SEM and TG showed that in constant exchange with the
lab atmosphere (25 + 4% RH) crystallization of ACC was initiated after 4-5 days for open
conditions and after 37-51 days for semi-tight conditions with a reduced exchange. As shown
in Table 1.1 and Figure 1.6, thermogravimetry revealed that the H,O content of freeze-dried
ACC increased during storage time, and independently of storage conditions crystallization
was initiated as soon as 10.8 (£ 0.4) wt% HO, corresponding to CaCO3¢(0.67 + 0.03)H,0,
was reached. In comparison with the initial physisorbed water-free ACC stoichiometry of
0.42 (£ 0.01) mol H,O pfu, transformation occurred after the uptake of 0.25 (= 0.03) mol H,O
pfu. Considering the uptake as physisorbed surface H,O on ACC particles, a simplified
approximation suggests a ~1.2 nm thin H,O layer or ~4 monolayers of physisorbed H,O for a
mean particle size of 90 nm and a density of 1.9 kg dm™ (for calculation details see Table

S1.1) (Bolze et al., 2004; Faatz et al., 2005). Monitoring the evolution of RH in the enclosed
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sample compartments, shows in the case of the semi-tight conditions that the initial RH of 25
(+ 4) % decreased after 2 h to a minimum of approximately 10 (+ 5) %. Subsequently, the RH
again reached the value of the external atmosphere until transformation, when the former
structural-bound water is liberated and the RH increases abruptly to 65 (£ 4) % (see Figure
1.6). Together with the TG-data, we can picture that the uptake of H,O by ACC, immediately
after its synthesis causes a corresponding decrease of RH in the semi-tight vial. The RH then
equilibrates with the external atmosphere as a matter of H,O transfer into the vial, which
depends on gas permeability of the cap and the gradient between the RH of the reaction
chamber and the external atmosphere. An analogous initial evolution of RH was observed in
the reaction chamber of the gastight vial, where RH decreased due to the H,O uptake of ACC
to 6 (£ 5) %, but in contrast to the semi-tight conditions no equilibration with the atmosphere
is possible and the RH remained at this low level until the end of the experiment at 150 days
(see Figure 1.6). Subsequent PXRD measurement of the latter ACC showed no transformation
to crystalline CaCOs and the TG-results suggest an uptake of 0.08 mol H,O pfu throughout
the 150 days, which is assumed to originate from the RH decrease in the vial (see Table 1.1).
This matches with the results we obtained when placing a subsample from the same ACC
batch in a desiccator with silica gel, where an uptake of 0.02 mol H,O pfu was detected after
150 days (see Table 1.1).

The availability of H,O is clearly the rate limiting parameter for the metastability of ACC in
air. Under “restricted” H,O supply (e.g. semi-tight conditions), the metastability increases,
whereas given “unlimited” availability of H,O the metastability of ACC reduces significantly.
In any case, under open or semi-tight conditions, the uptake of the same critical amount of
H,O is observed prior to and in parallel with initial crystallization. Thus, keeping the uptake
of H,O on ACC particles, with ~90 nm in size, below the observed critical amount of 0.25 (£
0.03) mol of physisorbed H,O pfu, the ACC metastability can be extended significantly or as
yet indefinitely, as transformation was not observed in the gastight vial or in a desiccator
within the time frame of the present study of about 150 days. A finding, which quantitatively
explains reported metastabilities of ACC of at least 3 months when kept in a container with
silica gel (Rodriguez-Navarro et al., 2015). In addition, re-freeze-drying a “matured” ACC
sample containing 0.63 mol H,O pfu, which is already close to the critical water uptake level
of 0.67 (= 0.03) mol pfu, resulted again in an initial H,O-content of about 0.41 mol pfu and
exhibited, accordingly, prolonged metastability (see Table 1.1 and Figure 1.6). Hence, we
suggest that a sufficient layer of H,O covering the surface of ACC particles is initiating

crystallization via a partial dissolution and re-precipitation process. Although there is no
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evidence that ACC fully dissolves, aqueous diffusional transport of calcium and carbonate
ions within the H,O layer can be reasonable suggested as the driving force for transformation
of ACC in air. Accordingly, the ACC transformation occurs in the sense of an interface-
coupled dissolution/re-precipitation, reflecting the interplay between availability of HO and
time frame for reaching a critical physisorption level of H,O, which ultimately triggers the
ACC transformation process. In contrast ion diffusion by considering solid-state
transformation would take too long at ambient temperatures to be realistic for the time spans
observed for ACC transformation (Rodriguez-Navarro et al., 2015). However details on ion
diffusion characteristics and kinetics during ACC transformation cannot be resolved from the

present experimental approach and requires further investigation.
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Figure 1.6. Schematic diagram illustrating the H,O physisorption process by plotting measured H,O-contents of
ACC vs. observed ACC metastabilities from Table 1.1. The H,O content can be followed by x total (left y-axis)
and net physisorbed (right y-axis) H,O pfu. Atmospheric H,O becomes physisorbed on ACC particles until a
critical level of 0.25 (+ 0.03) mol of physisorbed H,O pfu of ACC has been reached, which ultimately triggers
ACC transformation. At open conditions, transformation of ACC was observed after a reaction time of 4-5 days
(¢ open system; x-axis at the top). ACC at semi-tight conditions - reduced H,O exchange with the atmosphere -
showed compared to the open system prolonged metastability of up to 51 days (m semi-tight system; x-axis
below). ACC kept under gastight conditions - no exchange with the external atmosphere - did not show
transformation of ACC even after 150 days (e gastight system; x-axis below). Secondary removal of physisorbed
H,O by re-freeze-drying mature ACC samples results in ongoing metastability of ACC (vertical arrow). Inserted
figures display the typical evolution of the measured relative humidity (RH in %) as a function of reaction time.
At open conditions, RH is constant throughout physisorption of H;O on ACC (RH = 25 %). At gas-tight
conditions, RH is reduced to a minimum due to physisorption of the vial’s H;O on ACC. In contrast, at semi-
tight conditions RH increases again by approaching the RH of the external atmosphere. At the above given
critical level of 0.25 (+ 0.03) mol of physisorbed H,O pfu of ACC its transformation to crystalline anhydrous
CaCO;j is promoted, which is accompanied by the liberation of physisorbed and formerly structural-bound H,O
and can be seen by reaching a maximum RH value of about 65%.
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Since crystallization occurs progressively, the critical uptake of 0.25 (= 0.03) mol H,O pfu
may not be used unequivocally as a constraint to estimate the required amount of H,O for
commencing surface dissolution and re-precipitation. We suppose that the progressive
crystallization is governed by spatial differences in H,O availability depending on micro-
environmental conditions, gaseous H,O diffusion rates and individual particle sizes. This may
lead to areas, which show promoted crystallization, whereas other parts of the sample still
remain in its amorphous state. Dehydration of ACC prior to crystallization into an
intermediate anhydrous ACC phase, as reported by others (Rodriguez-Blanco et al., 2011;
Bots et al., 2012; Ihli et al., 2014), was not detected in the present study. Instead, we observed
an ongoing uptake of H,O on ACC without any sign of ordering. Only when the critical
uptake of 0.25 (£ 0.03) mol H,O pfu was reached, dehydration was detected originating from
the liberation of structurally bound H,O during the crystallization to anhydrous CaCOs;

polymorphs (e.g. see RH maximum at semi-tight conditions in Figure 1.6).

1.3.4 Crystallization of CaCO; polymorphs from ACC transformation

Transformation of freeze-dried ACC, from the first sign thereof to the complete crystallization
to anhydrous CaCO; polymorphs, took several days for samples in an open system and at least
a month for samples in the semi-tight system (Table 1.1). Figure 1.4 shows exemplarily
PXRD-patterns of an ACC sample with the development of a first small (1 0 4) peak of calcite
in a predominantly amorphous powder after 50 days of storage in the semi-tight system. After
87 days ACC was still detectable by the amorphous hump in the PXRD pattern, whereas
calcite, vaterite and aragonite are indicated by broad peaks. Continuous crystallization until
256 days led to well-developed peaks of calcite, vaterite and aragonite in the PXRD patterns,
indicating an increased state of atomic order and an entire transformation of ACC to a mixture
of the three anhydrous CaCO; polymorphs. SEM images of the crystallized samples (Figure
1.3d-f) show single particles, which do resemble the crystalline polymorphs, but the overall
appearance, even after 300 days, remains akin to the amorphous compound in respect to
particle sizes and shapes (Figure 1.3 and S1.4). Idiomorphic crystals of rhombohedral calcite
and needle-like aragonite are scarce. Some agglomerated particles tend to form larger crystals,
but for the majority the growth and development of crystal faces is retarded.

In our experiments ACC mostly transforms into calcite and vaterite at different proportions,
whereas in some cases aragonite was additionally formed. Different proportions of calcite and
vaterite from ACC transformation are often reported. They could be explained e.g. by the

development of proto-structures in ACC originating from the changing pH conditions during
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synthesis, which drops from about pH 12 at the very beginning to about pH 10 at the end of
precipitation (Gebauer et al., 2008; Rodriguez-Blanco et al., 2012). Although aragonite is
rarely observed when mixing CaCl,- with Na,COs-solutions without additives (Nielsen et al.,
2014), variations in pH could led to the formation of proto-aragonite structures in ACC as
well. However, placing different amounts of subsamples of the identical ACC product in
separate vials (0.04 dm’) at semi-tight conditions resulted in crystallization of different
proportions of anhydrous CaCOj; polymorphs (Figure S1.5). As these three experiments only
differ in respect to their sample amount vs. air volume of the compartment, we propose that
the availability of H,O in the whole system plays a decisive role in the formation of individual
CaCOs; polymorphs. In general, samples stored at semi-tight compared to open conditions,
show on average less calcite and more vaterite and on occasion aragonite, which was never
detected in the open system.

Since we are observing three crystalline calcium carbonate polymorphs at different
proportions from an identical ACC depending on physicochemical conditions, it seems
unlikely that the herein synthesized ACC carries an inherent proto-crystalline structure, in
contrast to that previously proposed for ACC synthesized at lower pH and concentration
(Gebauer et al., 2008; Gebauer et al., 2010). Farhadi Khouzani et al. (2015) recently reported,
that ACC synthesized in isopropanol instead of water, show no proto-structural features
related to any crystalline polymorph. They concluded that using alcohol is comparable to high
supersaturation in aqueous fluids, where no distinct pre-nucleation clusters could have been
detected so far and that water is necessary for developing distinct proto-structures. Xu et al.
(2008), dispersed ACC into anhydrous ethanol and different volumes of water and observed
different polymorph proportions. They concluded, when the amount of water was low, the
transformation rate is reduced and the metastable intermediate phases, such as vaterite and
aragonite, can be observed. Furthermore, Baltrusaitis and Grassian (2009), pointed out from
AFM-studies, that the physisorption of H,O on the (1 0 -1 4) plane forms an amorphous
hydrate layer, which acts as substrate for vaterite formation. Assuming an interface-coupled
surface dissolution process, the restricted H,O availability at semi-tight conditions can
generate highly supersaturated particle surface solutions with respect to the metastable
intermediate phases (Putnis, 2014). Since the observed physisorption process in air is slow
compared to instant and unlimited water access in an aqueous solution, reaction kinetics at
limited H,O availability respectively at low humidities in air are considered to be slow as
well. The proposed slow reaction kinetics could therefore explain the finding of more than

one metastable CaCO; polymorph next to calcite. Polymorphism of CaCO, was also
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suggested to be correlated with particle sizes from the originating ACC (Zou et al., 2015), but
again, as we observe different polymorph developments from an identical ACC sample,
which was randomly split, this might not apply to our transformation in air. However, further
detailed experimental investigations are needed (i) to draw unequivocal conclusions on the
relationship between the H,O availability and the development of individual crystalline
polymorphs from ACC transformation and (ii) to being able to control rather than observe

CaCOs; polymorph formation from ACC.

1.4 Conclusions

The removal of physisorbed water from ACC particles retards its transformation to anhydrous
crystalline CaCO; polymorphs in air. This slow transformation, in comparison to that in
aqueous solution enables to relate and quantify metastabilities of ACC and its subsequent
transformation with the uptake of H,O. It was found, that the metastability of ACC is
controlled by the availability of H,O during storage time and that crystallization is triggered
only after the uptake of a critical value of 0.25 (£ 0.03) mol H,O pfu corresponding to the
conceptual formation of a ~1.2 nm thin physisorbed H,O layer on 90 nm sized ACC particles.
The physisorbed H,O is considered as the driving force for reorganization of ACC into
anhydrous CaCO, structures via partial dissolution and precipitation, and thus the critical
parameter for ACC transformation kinetics in air. Uptake of H,O below the critical value,
results in ACC persisting in its metastable amorphous form. In consensus, re-freeze-drying a
matured ACC sample and thus removing again the loosely bound, physisorbed H,O,
prolonged the metastability and prevented transformation. Our observation on the
transformation of ACC revealed differences in polymorph developments, namely the
occurrence of calcite, vaterite and aragonite at different proportions, in respect to H,O
availability. Thus, it seems unlikely that the herein synthesized ACC carries an inherent proto-
crystalline structure, indicating that physicochemical boundary conditions are decisive for the

reaction kinetics and paths of ACC transformation.
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1.5 Supporting Information

Table S1.1. Critical H,O uptake level to initiate crystallization calculated as physisorbed layers on the surface of

synthesised ACC particles. Mean particle sizes of ACC are approximated from SEM images. Reported are
results accounting for the uncertainty of the critical H,O uptake of 0.25 (+ 0.03) mol. Note: ACC density of 1.9
kg/dm? was chosen according to Faatz et al. (2005), for ACC with 0.5 mol H,O pfu, being close to our reported
value after freeze-drying. For ACC, alternative density values from 2.18 to 2.7 kg/dm? are reported (Fernandez-
Martinez et al., 2013; Saharay et al., 2013), which changes the critical number of ACC covering H,O layers from

around 4 to 5. The thickness of one H,O monolayer was taken from Beruto and Botter (2000).

Description Value | Unit Comment
volume of 90 nm spherical ACC particle 381704 nm? (4/3) I * 13
mass of 90 nm ACC particle 7.25E-16 g *ACC density 1.9 kg/dm?3
mol of 90 nm ACC particle 6.75E-18 mol | /107.5 g MW of freeze-dried ACC
mean critical H,O uptake of ACC pfu 0.25+0.03| mol
1.69E-18 mol *mol of 90 nm ACC particle
H,0 uptake on 90 nm ACC particle
30358.74| nm?3 *18 g MW of H,0
volume of ACC particle + H,0 uptake 412 062.25| nm?3
. . Volume &
radius of 90 nm particle + H,O uptake 46.16 nm (————2)3
(4/3) =1
thick H,O layer around 90 nm particle 1.16 £ 0.14 nm
H,0 monolayers on 90 nm ACC particle | 3.75 + 0.44 | layers /0.31 nm one H,0 monolayer
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Figure S1.1. FT-IR pattern of ACC directly after freeze-drying, highlighting the molecular bending and
stretching vibrations of the carbonate and H,O molecule. The molecular vibrations of the carbonate ion exhibit
broad split v4 deformation bands at ~695 and ~725 cm™, v2 bands at ~860 cm™', v1 stretching vibrations at ~1
074 cm™, split v3 bands at ~1 385 and ~1 465 cm™ and attributed to water v2 bending vibrations at ~1 645 cm™
as well as broad superimposed v1 and v3 bands from 2 600 to 3 700 cm™ . The main differences between ACC
and crystalline polymorphs of calcium carbonate can be observed in the bending vibrations as the v4 bands of the
latter are sharp and discrete and the v2 bands are shifted either to lower wavenumbers around 854 cm™ for
aragonite or to higher wavenumbers around 873 cm™ for calcite, vaterite and monohydrocalcite (Andersen and

Brecevic, 1991; Coleyshaw et al., 2003).
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Figure S1.2. Typical result from thermal analysis synthesized after freeze-drying (sample FD-ACC-open 3). The
endothermic weight loss between 25 °C and 340 + 3 °C is ascribed to dehydration of ACC (see Figure S1.3 for
analyses of liberated gas), followed by exothermic crystallization at 340 (+ 3) °C and subsequent calcination

above 665 °C. Dashed blue line denotes weight loss in wt%. Solid red line shows heat flow in milliwatts.
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Figure S1.3. Gas FT-IR absorption spectra measured during thermal analysis (see Figure S1.2) at 200 °C and
750 °C, which clearly indicates H,O release from the solid and CO, liberation caused by calcination,

respectively.

Figure S1.4. Additional SEM images of fully transformed ACC samples from Table 1.1.
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Figure S1.5. PXRD patterns of a fully transformed ACC sample stored in three vials under semi-tight
conditions, varying only in the sample amount (400, 40, 30 mg) vs. air volume of the vial (0.04 dm?3). Although
the same synthesized ACC is used in all three experiments, results show different proportions of calcium

carbonate polymorphs.
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Chapter 2

Influence of solution chemistry on meta-
stability and transformation of amorphous

calcium carbonate

ABSTRACT: In natural aquatic environments amorphous calcium carbonate (ACC) shows remarkable
metastabilities, which are assumed to arise from the incorporation of foreign cations as well as organic
ligands. In addition, these incorporated substances are considered to be eminent in the control of the
transformation behaviour of ACC and finally occurring CaCOj3 polymorphs. In contrast, the distinct
influence of aqueous solution compositions on the transformation mechanisms and kinetics of ACC is
still less explored. Here, we present experimental results on the metastability and transformation
behaviour of an additive-free ACC exposed to variable MgCl, containing solutions using in-situ
Raman spectroscopy. Our results suggest that in aqueous medium the transformation mechanisms and
kinetics of ACC are strongly controlled by the chemical composition of the fluid phase. The dispersed
ACC immediately transformed in pure water, exhibited prolonged metastability at elevated MgCl,
concentrations in solution of up to 696 min. During the prolonged lifetime, ACC incorporated up to 4
mol% of Mg from the reactive solutions in the course of dissolution and re-precipitation. Depending
on the concentrations of aqueous MgCl,, the transformation pathway of the dispersed ACC changed
from forming Mg-calcite and vaterite to precipitating aragonite with the intermediate formation of
nesquehonite and monohydrocalcite. The observed distinct mineral phase formation suggests that the
metastability of additive-free ACC, and its overall transformation behaviour, is strongly controlled by

the fluid composition, where the Mg content and/or pre-structuring of ACC seems to be non-relevant.

2.1 Introduction

Amorphous calcium carbonate (ACC) is nowadays considered to be an important precursor
for calcium carbonate based skeletons (Addadi et al., 2003). It was first described as
metastable intermediate in sea urchin larvae utilizing the amorphous phase during
spiculogenesis to form single crystal calcite spicules (Beniash et al., 1997). Since then, ACC

has been recognized as a widespread precursor in biomineralization for anhydrous CaCOs-
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based skeletons found, for example, in larvae of bivalves (Weiss et al., 2002), in ascidians
(Aizenberg et al., 2002), in crustaceans (Raz et al., 2002), in seabream (Foran et al., 2013) and
in the calcareous corpuscles of a tapeworm together with monohydrocalcite [CaCO;*H,O],
suggesting the latter might act as a possible precursor for the calcium carbonate monohydrate
as well (Sefiorale-Pose et al., 2008). In a non-marine environment, ACC has been recently
documented in drip water of speleothems from a Hungarian cave (Demény et al., 2016) and in
hot spring deposits from China (Jones and Peng, 2012), possibly associated with microbial
activity. It was furthermore found as the dominant phase of intracellular formed Ca-
carbonates in cyanobacteria, which play a major role in the carbon cycle by using
photosynthesis to turn CO, into organic carbon and carbonates (Couradeau et al., 2012;
Benzerara et al., 2014).

Biogenic ACC does not occur as pure calcium carbonate hydrate, but contains a range of
substituting inorganic ions and organic ligands, which are thought to enhance the
metastability of the amorphous phase in aqueous media and prevent its otherwise immediate
transformation into a crystalline calcium carbonate polymorph (Raz et al., 2000; Levi-
Kalisman et al., 2002; Addadi et al., 2003; Habraken et al., 2015). Studies trying to elucidate
the interrelationship of these additives with ACC have strongly focused on magnesium, as it is
ubiquitous in carbonate precipitating environments and frequently incorporated as a minor or
even major element in crystalline carbonates (e.g. Liu et al., 2013; Blue and Dove, 2015;
Rodriguez-Blanco et al., 2015; Purgstaller et al., 2016). In this respect, it was ascertained in
laboratory experiments that Mg retards the transformation of ACC in solution as well as in air
(Loste et al., 2003; Ajikumar et al., 2005; Radha et al., 2012; Rodriguez-Blanco et al., 2012).
It was suggested that the higher dehydration energy of the Mg*" ion compared to the Ca®" ion
is responsible for the enhanced metastability (Di Tommaso and de Leeuw, 2010).
Furthermore, it was speculated that the Mg content in ACC alters the protocrystalline
structure and governs the subsequent crystalline polymorph development (Blue et al., 2017).
Recently, studies emerged that take into account, besides the solid Mg content, the influence
of Mg concentration in the reactive aqueous solution as a possible decisive parameter for
ACC metastability and prospective phase evolution (Blue et al., 2017; Purgstaller et al.,
2017). Evidence was found that polymorph development is controlled to a large extent by the
reactive solution chemistry, triggering monohydrocalcite or aragonite formation instead of
calcite and vaterite when the activity ratio aMg”"/aCa®" is high in solution. However, in all
these experiments Mg/Ca-rich solutions were mixed with carbonate-bearing ones,

synthesizing as well as aging Mg-ACC in the same solution for studying crystallization
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behaviour. These results concordantly show the importance of aMg”*/aCa”" in solution on the
transformation of ACC, but make it difficult to differentiate unequivocally the influence of
solution chemistry and the incipient Mg content of ACC on observed metastabilities and
subsequent phase evolutions. Surprisingly, information about the distinct influence of solution
chemistry on metastability and transformation development of additive-free ACC is scarce.
The most common approach is the one step synthesis of ACC from an Mg/Ca-rich solution
and the crystallization therein. The choice of using the Mg-ACC phase to study the effect of
solution chemistry can surely be attributed to the highly challenging synthesis of additive-free
ACC and its high instability compared to Mg stabilized ACC. To our knowledge, there is only
one study synthesising additive-free ACC as a first step prior to the second separate step of
dispersing and monitoring transformation behaviour of the ACC in Mg containing solutions
(Zhang et al., 2012). Unfortunately, ion concentrations of solutions as well as sampled solids
were not measured by Zhang et al. (2012) and the additive-free ACC was aged in Mg/Ca
containing ethanol/water mixtures, which aggravates interpretation of the experiments with
respect to the influence of solution chemistry.

This study aims to investigate the distinct influence of magnesium in aqueous solution on the
metastability and transformation of ACC. Therefore, the synthesis process of additive-free
ACC was decoupled from the aging of the amorphous phase in solution. ACC was
synthesised and subsequently re-dispersed as a second step into MgCl, solution of different
concentrations. The phase evolution was monitored with in-situ Raman spectroscopy and
fluid and solid samples were taken regularly for analyses to decipher the impact of solution

chemistry on the amorphous phase transformation reaction mechanisms and kinetics.

2.2 Experimental

2.2.1 ACC synthesis

ACC was synthesized after the method described in Konrad et al. (2016). Briefly, calcium and
carbonate bearing solutions, each of 0.25 M, were prepared with Milli-Q water (18.2 MQ cm)
using calcium chloride dehydrate (> 99%, p.a., ACS, Carl Roth) and sodium carbonate (>
99.5%, p.a., ACS, Carl Roth), respectively. The solutions were rapidly mixed and vacuum-
filtered through a membrane cellulose acetate filter (0.2 um pore size and 10 cm diameter).
The obtained filter cake was washed with ultrapure water and transferred into a Virtis
Benchtop 3 dm’ freeze dryer (-58 °C condenser temperature and 10 mbar partial vacuum) in
order to sublimate the non-structurally bound H,O. The obtained ACC standard material has

the composition CaCO3(0.42 £+ 0.01)H,O and consists of spherical particles with a diameter
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range of 30-200 nm and an averaged mean particle size of about 90 nm (see Konrad et al.
(2016)). In order to prevent transformation in air, the physisorbed water-free powder was
stored under gastight conditions and the synthesis protocol was repeated several times until 15

g were produced.

2.2.2 Experimental Setup

0.5 mol dm™ of synthesized ACC were dispersed into stirring lab reactors containing 0.03
dm’ solutions ranging from pure water (Milli-Q, 18.2 MQ cm) to 1 mol dm™ of MgCl, in
concentration. The solutions were prepared by using Milli-Q water and different amounts of
magnesium chloride hexahydrate (> 99%, p.a., ACS, Carl Roth). The dispersed ACC was
monitored by in-situ Raman spectroscopy recording the molecular vibrations of the carbonate
molecule and by pH. Samples of the suspension were taken by using a pipette whenever a
change in the in-situ spectra were observable, obtaining the first sample after 15 s of reaction
time starting with the dispersion of ACC into the solutions. The samples were pipetted into a
suction filtration unit through a membrane cellulose acetate filter (0.2 um pore size) and the
separated reaction products analysed by infrared spectroscopy - within 60 s after separation
from the reactive solution - for verification of the phases determined in solution by in-situ

Raman spectroscopy.

2.2.3 Methods

The in-situ Raman spectra were collected with a Raman RXN2 analyzer (Kaiser Optical
Systems) equipped with a Kaiser MR Probe head (quarter-inch immersion optic), running
with a 785 nm laser, following the molecular vibrations of the dissolved inorganic carbon
(DIC) and carbonate bearing reaction products. Spectra were integrated for 30 s for a better
signal-to-noise ratio following a 5 s pause in between, thereby collecting spectra every 35 s.
pH was tracked during the experiment with a Schott Blueline 28 combined electrode placed in
solution and calibrated against NIST standard buffers at pH 4.01, 7.00 and 10.00. Subsamples
of separated solids and solutions were digested in 6% HNO; for analyses of ion
concentrations with inductively coupled plasma optical emission spectroscopy (ICP-OES) on
a Perkin Elmer Optima 8300 DV with an analytical error for Ca and Mg < + 3%. Solutions
were additionally measured for total alkalinity on a Schott TitroLine alpha plus titrator using a
0.01 M HCI solution. Phase characterisation of the separated solids was conducted
immediately after filtration by Fourier transform infrared spectroscopy (FTIR) in attenuated

total reflection (ATR) mode from 650 —4 000 cm™" at a resolution of 4 cm™, and, after drying
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under laboratory atmosphere, by powder X-ray diffraction (PXRD) performed on a
PANalytical X Pert Pro diffractometer, equipped with a Co target and a solid-state real time
multiple strip (RTMS) detector (measurement parameters: 40 kV, 40 mA, 0.008° step, 40
s/step and 4-80° 26). Phase identification and quantification from PXRD patterns was
accomplished by using the inorganic crystal structure database (ICSD) and by Rietveld
analysis, respectively. Secondary electron images of the reaction products were obtained
using a ZEISS DSM 982 Gemini scanning electron microscope (SEM) equipped with a field
emission electron gun operated at 5 kV, for which the sampled materials were coated with
gold/palladium. Speciation calculations and saturation indices (SI) with respect to the
obtained reaction products were carried out with PHREEQC software using the MINTEQv4
database as well as the Pitzer model for the 1 M MgCl, solution (Parkhurst and Appelo, 2013)
modified by the inclusion of the solubility products for ACC (Brecevi¢ and Nielsen, 1989),
nesquehonite (Wang and Li, 2012), monohydrocalcite (Kralj and Brecevi¢, 1995), vaterite
(Plummer and Busenberg, 1982) and brucite (Pokrovsky and Schott, 2004).

a) MgSO 108: cm’

calcite

1140 1120 1100 1080 1060 1040 1020 5 10 15 20 25 30 35
Raman shift cm™ Time (min)

b) Mg100

1140 1120 1100 1080 1060 1040 1020 30 60 90 120 150 180 210 240 270 300 330
Raman shift cm” Time (min)

Figure 2.1. In-situ Raman spectroscopy measurements reveal solution dependent formation and transformation
behaviour of ACC when dispersed in pure water and MgCl, solutions of different concentration. In MgCl,
solutions < 0.03 mol dm™ ACC transforms into calcite and vaterite (), while in solutions containing > 0.055 mol
dm™ of MgCl, suspended ACC transforms to aragonite via intermediate nesquehonite and monohydrocalcite (b).
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Table 2.1. Time of sampling, pH, alkalinity, and chemical composition of fluid and solid as well as
mineralogical phase analysis from in-sifu Raman and FTIR spectroscopy of the conducted experiments. The
samples are labelled MgN, where N refers to the approximate targeted concentration of Mg (mmol) in the stock
solution. cc: calcite, vat: vaterite, nes: nesquehonite, mhc: monohydrocalcite, ara: aragonite.

. . alkalinity fluid mmol dm®  solid mol% in-situ

samples time (min) pH 3 FTIR
mmol dm Ca Mg Ca Mg Raman

Mg0_stock 6.9
Mg0_1 0.3 104 4.5 4.3 0.2 100.0 0.0 cc, vat cc, vat
Mg0_2 4.6 10.2 8.7 0.3 0.1 100.0 0.0 cc, vat cc, vat
Mg0_3 13.2 10.3 9.3 0.1 0.0 100.0 0.0 cc, vat cc, vat
Mg0_4 23.0 10.4 9.3 0.1 0.0 100.0 0.0 cc, vat cc, vat
Mg10_stock 6.6 9.8
Mgl10_1 0.3 10.2 6.5 4.0 6.2 99.2 0.8 ACC ACC
Mgl10_2 2.2 10.1 6.9 5.2 6.1 99.2 0.8 cc, vat cc, vat
Mgl10_3 20.5 8.2 3.2 3.4 1.7 98.4 1.6 cc, vat cc, vat
Mg30_stock 6.3 28.3
Mg30_1 0.3 10.1 9.6 7.0 22.3 98.7 1.3 ACC ACC
Mg30_2 2.0 10.1 8.1 6.8 19.5 98.2 1.8 ACC ACC
Mg30_3 6.7 10.0 7.2 7.5 21.1 98.5 1.5 ACC ACC
Mg30_4 11.6 9.8 6.1 7.7 17.6 97.8 2.2 ACC cc, vat
Mg30_5 32.9 7.6 1.5 10.3 9.7 96.3 3.7 cc cc, vat
Mg55_stock 5.9 51.7
Mg55_1 0.3 10.0 11.5 7.9 39.5 97.5 2.5 ACC ACC
Mg55_2 8.2 9.8 111 9.7 40.9 97.8 2.2 ACC ACC
Mg55_3 14.6 9.8 10.1 8.9 37.7 97.0 3.0 ACC ACC
Mg55_4 25.0 9.9 9.9 7.8 40.0 97.6 2.4 ACC, nes ACC, nes
Mg55_5 36.4 10.0 7.7 2.9 31.9 95.9 4.1 nes, mhc nes, mhc
Mg55_6 63.8 10.0 7.8 2.5 42.4 98.1 1.9 nes, mhc, ara nes, mhc, ara
Mg100_stock 5.6 94.0
Mg100_1 0.3 9.8 14.8 11.9 76.9 96.5 35 ACC ACC
Mg100_2 8.4 9.7 15.0 12.5 73.9 95.8 4.2 ACC ACC
Mg100_3 18.6 9.7 15.1 12.9 74.3 95.8 4.2 ACC ACC
Mg100_4 28.7 9.7 13.3 11.4 69.5 94.8 5.2 ACC, nes ACC, nes
Mg100_5 38.7 9.7 13.0 10.9 76.6 96.5 35 ACC, nes ACC, nes, mhc
Mgl00_6 58.8 9.5 10.4 4.1 81.3 97.4 2.6 nes, mhc nes, mhc
Mg100_7 84.9 9.3 10.3 3.7 84.2 98.0 2.0 nes, mhc nes, mhc
Mg100_8 137.5 8.8 6.1 3.1 82.0 97.6 2.4 mhc, ara mhc, ara
Mg100_9 330.6 9.1 4.8 1.7 85.2 98.2 1.8 ara ara
Mg1000_stock 5.2 1100.0
Mg1000_1 0.3 8.9 78.7 51.7 1075.5 94.9 5.1 ACC ACC
Mg1000_2 27.5 8.8 83.1 58.9 1079.2 95.6 4.4 ACC ACC
Mg1000_3 49.0 8.7 82.0 59.3 1083.1 96.5 3.5 ACC ACC
Mg1000_4 77.5 8.7 67.2 63.3 1074.7 94.7 5.3 ACC ACC
Mg1000_5 670.0 8.5 78.9 65.3 1079.7 95.8 4.2 ACC ACC
Mg1000_6 2394.0 8.5 25.0 13.6 1057.6 91.5 8.5 - nes, mhc
Mg1000_7 12430.0 8.5 13.8 6.0 1099.9 100.0 0.0 - ara
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2.3 Results

2.3.1 Solid phase behaviour in solution

From the in-situ Raman measurements we see that ACC powder dispersed into pure water
(zero Mg concentration, labelled Mg0) shows the direct formation of calcite and vaterite,
indicated by the characteristic Raman shifts of the carbonate molecule for calcite at 1 086 (v1
band) and 712 cm™ (v4 band) and for vaterite at 1 074 as well as 1 090 cm™ (split v1 bands)
(Gabrielli et al., 2000) (Table 2.1). This was confirmed by the FTIR-spectra obtained from the
sampled separated solids, displaying v4 deformation bands at 710 and 741 cm™ for calcite and
vaterite, respectively (Andersen and Brecevic, 1991). Calcite and vaterite were obtained as
well as final reaction products in the experiments where ACC was suspended into 0.01 (exp.
Mgl0) and 0.03 M (exp. Mg30) solutions of MgCl,. However, as initial phase ACC was
detected in the in-situ Raman spectra (Figure 2.1a), forming a broad vl band at 1 080 cm™
(Wang et al., 2012) and confirmed by FTIR measurements of the solids, characterised by the
v4 deformation band at 860 cm™ (Figure 2.2a) (Becker et al., 2003).

1385
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Figure 2.2. Immediate measurements of sampled and separated solids with FTIR (still wet), verify observations
made by in-situ Raman technique. Exemplarily, the solution dependent phase development of ACC dispersed
into () 0.03 M (exp. Mg30) and (b) 0.1 M (exp. Mg100) MgCl, solution is shown.

The suspension of ACC into the yet higher concentrated MgCl, solutions, ranging from 0.055
to 1 M (exp. Mg55, Mgl100 and Mg1000), shows an increasing persistence of the amorphous
phase at the beginning of each experiment of up to a minimum metastability of 696 min in the
1 M MgCl, solution (Table 2.1 and Figure 2.3). Subsequently, the formation of nesquehonite
[MgCO;°3H,0] and monohydrocalcite can be observed in these solutions (Figures 2.1b and
2.2b), indicated by the v1 bands in the in-sifu Raman spectra at 1 101 cm™ (Edwards et al.,
2005; Bonales et al., 2013) and 1 068 cm’! (Coleyshaw et al., 2003), respectively, and from
FTIR by the vl bands at 1 096 em™ for nesquehonite (White, 1971; Frost and Palmer, 2011)
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and 1 068 cm™ for monohydrocalcite (Neumann and Epple, 2007). Eventually, aragonite was
formed as final reaction product after nesquehonite and monohydrocalcite dissolved again in
the higher MgCl, concentration experiments, which was indicated by the Raman shifts
measured in suspension at 1 085 (v1 band) and 205 cm™ (lattice mode) (Gabrielli et al., 2000),
and confirmed with FTIR spectra from the sampled solids forming a v2 band at 854 and a split
v4 band at 698 and 711 cm™ (Table 2.1 and Figure 2.2b) (Andersen and Brecevic, 1991).
Secondary electron images of the pure water experiment show euhedral calcite rhombohedra
of ~2-5 um in size and vaterite spheres of ~2-8 um in diameter composed of ~100 nm

particles (Figure 2.4a). Experiments up to 0.03 mol dm”

of MgCl, in solution display
rhombohedral calcite crystals of ~1-2 um in size forming ~10 um elongated aggregates as
well as vaterite spheres of about ~4-6 um in diameter composed of ~60-90 nm sized crystals
(Figure 2.4b). Nesquehonite crystals forming euhedral needles of ~1-2 um in length were
observed from ACC transformed in MgCl, solutions > 0.055 mol dm™ (Figure 2.4c) as well as
the formation of aragonite as final reaction product (Figure 2.4d), indicated by ~200-300 nm
crystals aggregating into ~2 um sized rods. Monohydrocalcite, although confirmed by

spectroscopy at the time of sampling, was never observed in SEM images after drying under

air exposure.
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Figure 2.3. Phase evolution of conducted experiments and their respected occurrence in solution as observed
from mineralogical in- and ex-situ analyses. The given Mg content of ACC for each experiment shows the
average amount of Mg incorporated (+ 0.4 mol%) from samples where ACC was occurring as single phase, and
was determined by chemical digestion of sampled solids and subsequent ICP-OES analyses. Quantification of
the final reaction products was obtained by XRD and Rietveld refinement (see Table S2.1). Nofe: In the
experiment Mg1000, the in-situ Raman monitoring stopped after 696 min. Further analyses was conducted ex-
situ by FTIR.
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Figure 2.4. SEM images of sampled solids, dried under air exposure, show euhedral calcite and vaterite spheres
composed of nanoparticles in the experiment with pure water (exp. Mg0) (a) and rhombohedral calcite with
slightly rounded corners forming elongated aggregates as well as vaterite spheres in experiment Mg10 (). In the
experiment Mg100, the intermediate nesquehonite can be found in SEM images along with aragonite and calcite
(c) and as final reaction product aragonite is observed (d). Note: the calcite and aragonite displayed in image (c)
originate from ACC and monohydrocalcite, which transformed under air exposure after sampling.

2.3.2 Evolution of solid and solution chemistry

After the dispersion of ACC an instant rise of pH is observed and the introduced alkalinity
and Ca”" ions show that more ACC is being dissolved in higher concentrated MgCl, solutions
(Table 2.1). At the onset of experiments about 1% of the 0.5 mol of ACC was dissolved in
pure water and in the 0.01 M MgCl, solution, which increased to 10% in the 1 M MgCl,
solution. All reaction products from initially Mg-free ACC dispersed into MgCl, rich
solutions incorporated Mg into their structure with bulk amounts ranging on average from 1
mol% in the experiment Mgl0 to 4.5 mol% in the experiment Mgl1000. The highest Mg
content of the reaction products was observed in a sample containing nesquehonite and
monohydrocalcite with 8.5 mol% from the experiment Mg1000, while the uptake of Mg from

metastable ACC in solution never exceeded 5.3 mol% (Table 2.1).
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Table 2.2. Aqueous speciation (a: activity of given species) and saturation states (SI: saturation index) from
sampled solutions calculated with PHREEQC software using the MINTEQv4 and Pitzer database (exp. Mg1000)
as a function of experimental time. Missing solubility products in the databases for SI value calculations were
used from Brecevi¢ and Nielsen (1989) for ACC, Wang and Li (2012) for nesquehonite, Kralj and Brecevié¢
(1995) for monohydrocalcite, Plummer and Busenberg (1982) for vaterite, and from Pokrovsky and Schott
(2004) for brucite, respectively. mhc: monohydrocalcite, vat: vaterite, ara: aragonite, cc: calcite, nes:
nesquehonite, bru: brucite.

aMg”  aMgCO,°
aCa®  aCo,”

samples  time (min) gCa®* aMg® aCO;” Slacc Shohe Shat  Slra  Sle Shies  Slory

Mg0_1 0.3 1.77E-03 - 3.81E-04 - - 0.22 088 183 213 231 - -
Mg0_2 4.6 7.46E-05 - 1.34E-03 - - -0.61 005 101 130 148 - -
Mg0_3 13.2 2.29E-05 - 1.56E-03 - - -1.05 -040 056 085 1.03 - -
Mg0_4 23.0 2.31E-05 - 1.49E-03 - - -1.07 -041 054 084 1.02 - -
Mg10_1 0.3 1.58E-03 2.71E-03 4.03E-04 1.7 2.3 0.20 085 181 210 228 -0.69 0.18
Mg10_2 2.2 2.02E-03 2.62E-03 3.87E-04 1.3 2.2 0.29 094 19 219 237 -0.72 0.02
Mg10_3 20.5 1.56E-03 7.96E-04 1.92E-05 0.5 0.7 -1.13 -047 048 078 096 -2.54 -4.21
Mg30_1 0.3 2.30E-03 7.82E-03 3.20E-04 34 6.5 0.26 092 187 217 235 -0.33 048
Mg30_2 2.0 2.34E-03 7.10E-03 2.82E-04 3.0 5.9 0.21 087 183 212 230 -043 0.36
Mg30_3 6.7 2.58E-03 7.61E-03 2.29E-04 29 6.3 0.17 082 178 207 225 -049 0.29
Mg30_4 11.6 2.75E-03 6.59E-03 1.94E-04 24 5.5 0.12 078 173 203 221 -0.62 -0.26
Mg30_5 32.9 4.02E-03 3.80E-03 1.98E-06 0.9 3.2 -1.71 -1.05 -0.09 020 038 -2.85 -4.82
Mg55_1 0.3 2.34E-03 1.23E-02 2.88E-04 5.3 10.3 0.22 088 183 213 231 -0.18 048
Mg55_2 8.2 2.86E-03 1.27E-02 2.57E-04 4.4 10.6 0.26 092 187 217 235 -0.22 0.19
Mg55_3 14.6 2.69E-03 1.20E-02 2.43E-04 4.5 10.0 0.21 087 182 212 230 -0.27 0.08
Mg55_4 25.0 2.31E-03 1.24E-02 2.38E-04 54 10.3 0.13 079 175 204 222 -026 0.20
Mg55_5 36.4 9.11E-04 1.05E-02 2.38E-04 11.5 8.7 -0.27 039 134 164 182 -033 044
Mg55_6 63.8 7.45E-04 1.31E-02 2.05E-04 17.5 10.9 -0.42 023 119 148 166 -0.30 0.48
Mg100_1 0.3 3.16E-03 2.13E-02 2.40E-04 6.7 17.7 0.27 093 188 218 236 -0.03 033
Mg100_2 8.4 3.32E-03 2.05E-02 2.43E-04 6.2 17.1 030 096 191 221 239 -0.03 0.11
Mg100_3 18.6 3.42E-03 2.06E-02 2.41E-04 6.0 17.2 031 097 192 222 240 -0.04 0.02
Mg100_4 28.7 3.08E-03 1.96E-02 2.22E-04 6.4 16.3 0.23 089 184 214 232 -0.09 -0.01
Mg100_5 38.7 2.91E-03 2.12E-02 2.07E-04 7.3 17.7 0.17 083 178 208 226 -0.09 0.05
Mg100_6 58.8 1.11E-03 2.27E-02 1.66E-04 20.5 18.9 -0.34 031 127 156 174 -0.16 -0.16
Mg100_7 84.9 1.00E-03 2.35E-02 1.44E-04 23.5 19.6 -045 021 117 146 164 -0.20 -0.65
Mg100_8 137.5 8.72E-04 2.35E-02 5.75E-05 26.9 19.5 -091 -0.25 0.71 100 1.18 -0.60 ~-1.55
Mg100_9 330.6 4.79E-04 2.43E-02 5.99E-05 50.7 20.2 -1.15 -049 046 0.76 094 -0.57 -0.93
Mg1000_1 0.3 2.05E-02 5.13E-01 4.37E-05 25.0 552.6 034 099 195 216 245 054 -0.03
Mg1000_2 27.5 2.27E-02 4.97E-01 4.71E-05 21.9 560.8 041 107 203 224 252 056 -0.23
Mg1000_3 49.0 2.43E-02 5.33E-01 4.30E-05 22.0 567.7 040 106 202 223 251 055 -042
Mg1000_4 77.5 2.52E-02 5.16E-01 3.63E-05 20.5 569.2 035 100 196 217 246 046 -042
Mg1000_5 670.0 2.72E-02 5.43E-01 3.93E-05 19.9 572.0 0.42 108 203 225 253 052 -0.82
Mg1000_6 2394.0 6.71E-03 6.49E-01 1.08E-05 96.7 550.0 -0.75 -0.09 087 108 136 0.03 -0.84
Mg1000_7  12430.0 2.68E-03 6.09E-01 6.32E-06 226.8 620.7 -1.38 -0.73 023 044 073 -0.23 -0.79

The calculated SIs of the precipitating reaction products reveal that at the onset of the
experiments (first sample after 15 s) all reactive solutions were slightly (super)saturated with
respect to ACC (SI = 0.25 +/- 0.05), including the pure water experiment Mg0 with no sign of
ACC detected by the in-situ Raman measurements (Table 2.2). After transformation of ACC
into a crystalline phase, accompanied with the undersaturation of ACC, reaction products of
experimental solutions containing up to 0.03 mol dm™ of MgCl, show the formation of calcite

and vaterite despite supersaturation of monohydrocalcite. The latter was observed to
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precipitate together with nesquehonite from reactive solutions with > 0.055 mol dm™ MgCl,
concentration with nesquehonite approaching saturation. Aragonite is being formed as final
reaction product from the highly Mg-rich solutions after monohydrocalcite reaches
undersaturation (Table 2.2). Note, although supersaturated at initial stages and alkaline pH
conditions, brucite [Mg(OH),] was never detected by mineralogical analyses, e.g. by its
characteristic OH-stretching band at 3 700 cm™ in infrared spectroscopy (Figure 2.2) (Frost
and Kloprogge, 1999).

2.4 Discussion

2.4.1 Retardation of ACC transformation in aqueous MgCl, solutions

Information about re-introducing ACC into solution is scarce, but commonly it is assumed
that additive-free ACC transforms immediately after the dispersion in water (Zhang et al.,
2012). This behaviour was confirmed by experiment Mg0, where ACC was introduced into
pure water and immediately transformed to calcite and vaterite within the in-sifu Raman time
resolution of 35 s with no detection of the amorphous phase (Table 2.1 and Figure 2.3).
Nonetheless, this behaviour changed when ACC was introduced into MgCl, containing
solutions with an increasing persistence of up to at least 696 min in the 1 M MgCl, solution
(exp. Mgl1000), when in-situ monitoring was stopped (Figure 2.3). The dispersed ACC
dissolved in the MgCl-rich solutions until nearly saturation with respect to ACC was
reached. Simultaneously Mg containing ACC was formed. This is inferred by the Mg-content
of the sampled solids and from the still present band positions in Raman and FTIR
spectroscopy characteristic for ACC as well as from the absence of a 3 700 cm™ band in FTIR
indicating brucite (Figure 2.2). Although the Mg®" activity, aMg*", in the experimental
solutions was up to 25 times higher than aCa”" throughout transformation (exp. Mg1000), the
ACC incorporated only 1-4 mol% of Mg in the bulk (Tables 2.1 and 2.2). The increasing
persistence of ACC in solution might be attributed to the Mg incorporation and, indeed, many
studies have found a relationship between enhanced metastability and solid Mg content (Loste
et al., 2003; Rodriguez-Blanco et al., 2014; Blue et al., 2017 and therein). However, none of
these experiments clearly discriminated between the influences of Mg incorporated in ACC
versus aqueous species of Mg in the solution in which the ACC was aged. This can lead to
inconsistencies in terms of obtained results regarding ACC metastability and the developing

CaCOs; polymorphs, as Blue et al. (2017) pointed out.
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Table 2.3. Experimental time for sampling, pH and calculated activity fractions (PHREEQC) of the dissolved
inorganic carbon (DIC) species of sampled solutions.

activity fractions of DIC species [%]

samples time (min) PH aCo,” aHCO;  aCaCO;° q@CaHCO; aMgCO;° aMgHCO;
Mg0_1 0.3 10.4 21.1 17.5 59.2 0.6 1.6 0.0
Mg0_2 4.6 10.2 41.6 52.3 4.9 0.1 1.1 0.0
Mg0_3 13.2 10.3 49.2 49.0 1.8 0.0 0.0 0.0
Mg0_4 23.0 10.4 51.4 46.7 1.9 0.0 0.0 0.0
Mgl0_1 0.3 10.2 13.7 19.8 34.4 0.6 31.0 0.5
Mgl0_2 2.2 10.1 12.2 20.7 39.2 0.8 26.6 0.6
Mgi10_3 20.5 8.2 0.8 93.4 1.9 2.7 0.5 0.8
Mg30_1 0.3 10.1 7.6 13.2 27.9 0.6 49.6 1.1
Mg30_2 2.0 10.1 7.9 14.9 29.1 0.6 46.4 1.1
Mg30_3 6.7 10.0 7.2 15.4 29.6 0.7 45.8 1.2
Mg30_4 11.6 9.8 6.7 24.7 29.1 13 36.6 1.7
Mg30_5 32.9 7.6 0.2 88.2 1.0 6.6 0.5 3.4
Mg55_1 0.3 10.0 5.7 125 21.2 0.5 58.6 1.6
Mg55_2 8.2 9.8 5.1 15.6 23.0 0.8 53.5 2.0
Mg55_3 14.6 9.8 5.2 17.6 22.2 0.9 51.9 2.2
Mg55_4 25.0 9.9 5.4 16.3 19.8 0.7 55.8 2.1
Mg55_5 36.4 10.0 7.4 15.5 10.7 0.3 64.5 1.7
Mg55_6 63.8 10.0 6.4 14.3 7.6 0.2 69.6 1.9
Mg100_1 0.3 9.8 3.6 121 17.9 0.7 63.2 2.6
Mg100_2 8.4 9.7 3.5 14.8 18.3 0.9 59.4 3.1
Mg100_3 18.6 9.7 3.4 16.1 18.3 1.0 57.8 3.4
Mgl100_4 28.7 9.7 35 16.9 17.3 1.0 57.8 3.4
Mg100_5 38.7 9.7 3.4 16.0 15.8 0.9 60.5 3.5
Mgl100_6 58.8 9.5 3.4 21.0 6.0 0.4 64.3 4.9
Mg100_7 84.9 9.3 2.8 30.5 4.4 0.6 54.5 7.3
Mgl100_8 137.5 8.8 1.6 50.9 2.3 0.8 32.2 12.2
Mg100_9 330.6 9.1 2.4 37.3 1.8 0.3 48.8 9.3
Mgl1000_1 0.3 8.9 0.2 4.7 - - 95.1 -
Mgl000_2 27.5 8.8 0.2 5.8 - - 94.0 -
Mgl1000_3 49.0 8.7 0.2 7.1 - - 92.7 -
Mgl000 4 77.5 8.7 0.2 7.1 - - 92.7 -
Mg1000_5 670.0 8.5 0.2 10.8 - - 89.1 -
Mgl000_6 2394.0 8.5 0.2 11.1 - - 88.7 -
Mgl1000_7 12430.0 8.5 0.1 10.0 - - 89.9 -

The limited Mg content in Mg-ACC obtained during aging additive-free ACC in greatly
varying MgCl, containing solutions in this study indicates that the aqueous chemistry has to
be considered as one of the major parameters for the retardation of ACC transformation. For
instance, the average amount of Mg in ACC of experiments conducted in 0.1 and 1 mol dm™
MgCl, in solution is 4 mol% (exp. Mgl00) and 4.5 mol% (exp. Mgl1000), respectively.
Although the amount of Mg in ACC differs by only 0.5 mol%, the lifetime of the ACC was
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extended about 25 times, from 27 min to at least 696 min, suggesting that reaction kinetics is
predominately governed by the chemical composition of the aqueous solution (Figure 2.3). In
the experiments of Purgstaller et al. (2017) it was shown that Mg-ACC with 10 mol% Mg in
its structure persisted 24 min longer in a solution with an ion activity ratio aMg”"/aCa®" of 12,
transforming into monohydrocalcite, as in a solution with an ion activity ratio of 5, when
transforming into Mg-Calcite. It was concluded that the prevailing aMg*/aCa®" ratio, and as
a consequence the retarded formation of monohydrocalcite and Mg-calcite, respectively,
determines the persistence of Mg-ACC. Blue et al. (2017) obtained similar results where Mg-
ACC persisted longest at an aMg”"/aCa®" ratio > 4 and/or an aCOs>/aCa®" ratio > 1 with the
subsequent formation of monohydrocalcite, than in low Mg/Ca solutions where Mg-calcite
was obtained.

Although we find a correlation of prolonged metastability of ACC at elevated
aMg*/aCa*'ratios, we suggest that in these studies having conditions of alkaline pH, the
retarded crystallization process lies in the increasing complexation of the carbonate molecule
in more concentrated MgCl, solutions, notably the strong complexation with Mg®" to form
MgCOs;°. Indeed, calculating the individual proportions of carbonate species from fluid
chemistry (Table 2.3) reveals that as long as ACC is present in solution CaCO3° and MgCO;°
are the dominating carbonate aquocomplexes - the latter MgCO;° accounting already for 31%
in the experiment Mgl0 with CaCOs° being 34%. Beginning with the experiment Mg30,
MgCOs° is the dominant species with 50% rising to 95% in the experiment Mg1000 (Table
2.3). During the period while ACC is present, the proportions of COs>, while still accounting
for 21% in the Mg-free experiment Mg0, decreased to 14% in the experiment Mgl0 and
finally to 0.2% in the experiment Mg1000. Therefore, we suggest that the availability of CO3>
in respect to the complexation potential governs the metastability of ACC in this study. The
pH of the experiments - ranging from 8.9 to 10.4 after ACC dispersion - was not controlled,
and the initial value was governed by the concentration of MgCl, in the solution, ranging
from 5.2 to 6.9 (Table 2.1). This admittedly could have an influence on the overall reaction
kinetics. However, with respect to ACC metastability, the effects are negligible in this case as
the lower pH is a consequence of the increased MgCl, concentrations in solution. Therefore,
the dominant carbonate species remains MgCOs° instead of HCOj, as can be observed from
the proportions of the carbonate species (Table 2.3). HCOs™ remains unchanged or decreases
despite lower pH conditions with increasing MgCl, in solution, that is to say as long as ACC
or nesquehonite are present. HCO;™ becomes only dominant in the last stages when the final

reaction product(s) of calcite and vaterite or aragonite forms. The addition of MgCl, in
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solution resulted in considerable dissolution of ACC of up to 10% in the experiment Mg1000,
which can be observed by the increase of Ca and alkalinity in the liquid phase (Table 2.1).
However, at the same time, the supersaturation with respect to ACC only slightly increased
for all experiments. While Ca®" accumulated in the liquid phase, COs> decreased mainly in
favour of MgCOs°. The extended dissolution of ACC with MgCl, in the liquid phase
corroborates the importance of MgCQOs° as a governing parameter for the phase evolution in
these experiments (Ruiz-Agudo et al., 2009). As carbonate is complexed with Mg, the
solubility of ACC would decrease and eventually become undersaturated. In order to prevent
this, more ACC, and therefore more carbonate, has to be dissolved to maintain saturation

state.

2.4.2 Distinct carbonate mineral formation controlled by aqueous MgCl, content

Additive-free ACC dispersed in pure water transformed immediately into vaterite and calcite
(Table 2.1 and Figure 2.3), suggesting that the reaction kinetics are extreme fast, where calcite
formation proceeds via the vaterite intermediate at high precipitation rates (Ogino et al., 1987;
Bots et al., 2012; Rodriguez-Blanco et al., 2012). This transformation behaviour is also found
in the experiments Mgl0 and Mg30, but protracted and with predominantly calcite and less
vaterite, which can be attributed to the instability of the vaterite structure in the presence of
Mg in the system (Figure 2.3 and Table S2.1) (Rodriguez-Blanco et al., 2012). The time span
where crystallization occurred, however, is almost equal for the experiments Mg10 and Mg30,
2.5 min from the start of ACC decline to the last signs of the amorphous phase. This suggests
that Mg at these concentration levels does not significantly inhibit calcite precipitation
kinetics once proper nuclei sizes are reached. From the experiment Mg55 onwards to higher
Mg concentrations, transformation behaviour changes and nesquehonite starts to crystallize
prior to, or in parallel with, the formation of monohydrocalcite at the onset of ACC decline
(Figures 2.1b and 2.3). The formation of a hydrous magnesium carbonate phase together with
monohydrocalcite is a common observation in natural settings and was also reported from
laboratory studies (Nishiyama et al., 2013; Rodriguez-Blanco et al., 2014). In the latter, the
formation of monohydrocalcite from a Mg-ACC precursor was studied and as by-product
hydromagnesite obtained. As nesquehonite is metastable and is known to convert readily into
hydromagnesite, the results of the laboratory studies infer a possible transformation during
aging from nesquehonite (Hopkinson et al., 2008). Indeed, calculated saturation states in these

studies imply that reactive solutions were approaching saturation or were slightly
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supersaturated with respect to nesquehonite, as is the case in our study for the highly
concentrated MgCl, solutions (Table 2.2).

The formation of brucite, although supersaturated from the beginning for most experiments in
this study (Table 2.2), was never detected. An in-situ Raman spectroscopy study reported that
aging of amorphous magnesium carbonate at 25 °C in solution directly formed nesquehonite
as transient phase before transformation via dissolution and re-precipitation of dypingite was
observed (Montes-Hernandez and Renard, 2016). Further, in the course of synthesizing Mg-
ACC, the joint formation of brucite was reported to appear only at pH conditions > 10.8 (Blue
and Dove, 2015). The highest pH observed in this study for a Mg containing solution was
10.2 in the experiment Mgl0 (Table 2.1). In the low MgCl, solutions, the pH is higher
compared to the high concentrated MgCl, solutions, as the stock solutions were less acidic,
leading to higher supersaturations with respect to brucite (Table 2.2). Additionally, as more
ACC is dissolved in the more concentrated MgCl, solutions, the alkalinity in solution
increases, despite the lower pH conditions due to complexation. Therefore, it appears that the
pH is not high enough and the increasing alkalinity conditions in the more concentrated
MgCl; solutions, results in the preferred formation of nesquehonite rather than brucite. This is
consistent with brucite carbonation studies, where lower pH and elevated HCOs5
concentrations enhances brucite dissolution, leading to the formation of hydrous Mg
carbonates (Hovelmann et al., 2012; Qafoku et al., 2015) and with the finding that
nesquehonite forms abiotically in alkaline wetlands up to a pH of 10.3 with no indication of
brucite formation (Power et al., 2007).

With the last signs of ACC in the experiments Mg55 onwards, nesquehonite reaches its
highest intensity in the in-situ Raman pattern (Figure 2.1b and 2.3) and decreases upon
monohydrocalcite commencing crystallization. Nishiyama et al. (2013) suggested that the
formation of monohydrocalcite requires the paragenesis of hydrous magnesium carbonates.
Monohydrocalcite then grows until aragonite formation is observed, which increases in line
with the decline of monohydrocalcite to become the final reaction product (Figure 2.3).
Transformation of metastable monohydrocalcite into aragonite is well documented to occur in
solutions containing high Mg concentrations, and is explained by the inhibition of calcite
formation due to aqueous Mg2+ ions (Loste et al., 2003; Rodriguez-Blanco et al., 2014; Blue
et al., 2017; Purgstaller et al., 2017).

The initial formation of intermediate monohydrocalcite from Mg-ACC, instead of Mg-calcite
and vaterite, was previously attributed to the Mg content of the given ACC (Rodriguez-

Blanco et al., 2014). The study suggests that in solution pure ACC transforms into vaterite,
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ACC with 10 mol% Mg into calcite, with 30 mol% into monohydrocalcite and with 50 mol%
into protodolomite. However, as reported, recent studies show that solution chemistry is rather
decisive for the polymorph development, in which Mg-ACC with 10 mol% Mg transforms
either into Mg-calcite or monohydrocalcite depending on the physicochemical solution
conditions (Blue et al., 2017; Purgstaller et al., 2017). The reactive solution conditions in this
study agree well with the above-mentioned results in terms of an aMg*"/aCa”" ratio being > 5
(Table 2.2). This corroborates the governing role of solution chemistry in particular, as in this
study the initial amorphous precursor was Mg-free.

The low amounts of Mg being incorporated during dissolution and re-precipitation into ACC
are unlikely to influence polymorphism to any great extent. For example, the averaged Mg
content between the experiment Mg30, precipitating calcite and vaterite, and the experiment
Mg55, obtaining monohydrocalcite and nesquehonite, differs only by 1 mol%. In this regard,
Nishiyama et al. (2013) obtained either monohydrocalcite or combined calcite and vaterite
from the same initial Mg/Ca ratio in solution each at different alkalinity. Although the authors
ascribe the difference in obtained carbonate minerals to the higher aCO;*/aCa*" ratio, the
reacted solution chemistry resulting in monohydrocalcite had also a high aMg*"/aCa®" ratio,
in contrast to the reacted solutions from which calcite and vaterite was obtained. In all
experiments of Nishiyama et al. (2013), calcite and vaterite were obtained from solutions with
a low Mg/Ca ratio and vice versa for monohydrocalcite, which supports aqueous chemistry as
being the governing factor for the proceeding evolution of ACC rather than initial Mg content
of the amorphous precursor. Therefore, our results contrast with the notion of a
protocrystalline predetermination (Gebauer et al., 2008; Gebauer et al., 2010) for additive-free
ACC, as distinct polymorph pathways were observed from the same educt exposed to varying
solution chemistries. Thus, the chemical composition of the reactive solution via dissolution

and re-precipitation determine the distinct carbonate mineral formation from ACC.

243 Conceptual transformation mechanisms of ACC into different crystalline
polymorphs

The immediate transformation of ACC in the experiment Mg0 shows that activation energy
for the transformation into crystalline products can be overcome simply by dispersing the
amorphous phase into water. In contrast, in the experiments Mgl0-Mgl1000 transformation
was progressively inhibited with increasing MgCl, in solution (Figure 2.3). However, a
conclusive answer to what the underlying process is to accomplish such retardation is difficult

to deduce from the present study, as it cannot be unequivocally clarified whether Mg is
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incorporated homogeneously in ACC or enriched in the outer layers, but there are evidences
for the latter. During the transformation of ACC into nesquehonite in the high MgCl,-rich
experimental solutions (> Mg55), judging from the in-situ Raman and FTIR spectra, it
appears that at some point nesquehonite is the sole phase in solution with no indication of
ACC or monohydrocalcite (Table 2.1 and Figure 2.1b). However, Mg concentrations in the
reactive solutions are too low to precipitate solely hydrous magnesium carbonates given that
0.5 mol dm™ of ACC was dispersed. In FTIR and Raman spectroscopy, amorphous materials
have, in general, lower intensity bands than crystalline products. Due to their non-ordered
atomic structure, a broad rather than a narrow intense band is observed (Purgstaller et al.,
2017). The high intensity of nesquehonite, therefore, could obscure the continual presence of
ACC and explain the apparent exclusive formation of nesquehonite. On the other hand, a
closer look at the continuously recorded Raman spectra of the experiments Mgl10 and Mg30,
with calcite and vaterite as reaction products, reveals the short existence of a nesquehonite
band during the transformation of ACC (Figure S2.1). Although not verified with FTIR, as no
sample was taken at that time, this could infer that, in general, Mg adsorbs on ACC particles
building an Mg-rich layer around the surface, hence explaining the apparent exclusive
occurrence of nesquehonite since Raman, or infrared reflection, spectroscopy mainly
irradiates the outer layer only. When synthesizing monohydrocalcite via Mg-ACC from
artificial seawater, Dejehet et al. (1999) observed spherulites which had a 5 times higher Mg
concentration on the surface than in the bulk when measured with an electron microprobe.
They concluded that Mg forms a protective layer stabilizing the spherulites. This conclusion
can be found in other studies as well, ascertaining high Mg amounts in monohydrocalcite to
be partly present as amorphous or hydrated magnesium carbonate phases surrounding
monohydrocalcite (R. Liu et al., 2013; Nishiyama et al., 2013; Wang et al., 2015).

Assuming that ACC particles are covered by a Mg-rich layer, metastability and phase
evolution of ACC could result from the lower availability of COs* and the increasing
adsorption of Mg on the amorphous phase with higher MgCl, concentrations in the reactive
solutions. The lower availability of COs> from 21% in the experiment Mg0 to 0.2% in the
experiment Mgl000 would restrict further formation of carbonate phases and so inhibit
crystallization (Table 2.3). In addition, the predominant neutral MgCOs° ion pair, when
considered to be directly incorporated on the surface of particles as suggested in other studies
(Ruiz-Agudo et al., 2009; Mavromatis et al., 2017), could create a protective hydrous
magnesium carbonate layer, thereby forming nesquehonite at the surface. In the low Mg

experiments (< Mg30) the hydrous magnesium carbonates are undersaturated (Table 2.2),
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thereby explaining the short existence of a nesquehonite band due to the subsequent fast
dissolution. In combination with the low aMg*'/aCa®" ratio < 4 in solution, Mg-calcite and
vaterite are formed, which is consistent with the results of other studies (Blue et al., 2017;
Purgstaller et al., 2017). In the experiments > Mg55, nesquehonite approaches saturation and
goes on to become supersaturated such that the Mg phase can act as a protective layer. The
subsequent formation of monohydrocalcite might then be explained by the requirement of a
hydrous magnesium carbonate paragenesis as Nishiyama et al. (2013) suggested, or by the
higher aMg**/aCa®" ratio of the solution being > 5 inhibiting the formation of calcite (Blue et

al., 2017; Purgstaller et al., 2017).

2.5 Conclusions

The dispersion of 0.5 mol dm” of additive-free ACC into pure water and at different
concentration levels of aqueous MgCl, ranging from 0.010 to 1 M, allowed us to study the
influence of fluid chemistry on the phase development of ACC. It was found that while ACC
dispersed in pure water transforms immediately into crystalline calcium carbonate, its
transformation is retarded with increasing MgCl, in solution for up to > 696 min. During
ACCs metastable occurrence, it incorporated about 1-4 mol% of Mg instead of Ca in the bulk.
Crystallization in MgCl, solutions < 0.03 M resulted in the formation of Mg-calcite and
vaterite, with the amount of the latter decreasing at elevated Mg concentration levels in the
fluid phase. Experimental solutions > 0.055 M of MgCl, resulted in the intermediate
formation of nesquehonite and monohydrocalcite before transforming into the final reaction
product aragonite. The distinct phase evolutions observed are a strong argument against
protocrystalline predetermination of ACC, as from the same ACC batch different calcium
carbonate minerals developed depending on the chemical composition of the solution. Since
dispersion of ACC creates a highly alkaline solution, the retardation of ACC transformation is
assumed to be caused by strong aquocomplex formation of the dissolved carbonate molecule
with Mg®" ions. The formation of MgCO3° accounts for up to 95% of the dissolved inorganic
carbon in the 1 M MgCl, solution, thereby decreasing the concentration of the free CO3>
species for carbonate mineral precipitation tremendously, which as a consequence retards

mineral formation.

45



2.6 Supporting Information

Table S2.1. PXRD measurements, and subsequent quantification with Rietveld refinement of the final reaction
products in solution show that vaterite was predominantly formed in the pure water experiment Mg0, while at
low Mg®" concentration in the reactive solutions, exp. Mgl0 and 30, calcite is dominant and vaterite below 10
wt% is observed. From exp. Mg55 onwards in increasing MgCl, concentration, aragonite is the only phase

detected in the final reaction product.

PXRD of final reaction product

Experiments

calcite vaterite aragonite
MgO 353 64.7 0.0
Mgl10 92.5 7.5 0.0
Mg30 92.1 7.9 0.0
Mg55 0.0 0.0 100.0
Mgl100 0.0 0.0 100.0
Mg1000 0.0 0.0 100.0
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Figure S2.1. In-situ Raman spectra reveal hints of a short period of nesquehonite and maybe monohydrocalcite
occurrence prior to the transformation of ACC into Mg-calcite and vaterite in the low MgCl, experiments (<

0.055 M), indicating a possible MgCOs-rich surface layer covering ACC particles.
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Chapter 3

Ikaite formation from ACC up to 18 °C
questions 1ts use as an indicator of low

temperature conditions

ABSTRACT: Ikaite, CaCO;-6H,0, is documented to precipitate from aqueous solution at low
temperatures up to 9 °C. It forms unique pyramidal crystals, which can be preserved after its
transformation into calcite as pseudomorphs. These pseudomorphs after ikaite are thus used as a
(paleo)climate proxy for near freezing water conditions. However, as the preservation of the
temperature sensitive mineral is difficult to achieve and experimental studies are sparse, data about the
physicochemical (trans)formation conditions of ikaite are lacking. To date, it is not known whether
ikaite can be formed directly from CaCO5° aqueous complexes or via transformation of an amorphous
calcium carbonate (ACC) precursor. Furthermore, studies report different upper temperature limits of
stability. Here, we investigate ikaite formation via an ACC precursor in the temperature range between
6 and 25 °C in Mg containing solutions. It was found that the formation of ikaite from an amorphous
precursor is a viable pathway and that ikaite can be formed up to 18 °C in aqueous solutions
containing Mg. These findings have to be considered with respect to the mechanisms of ikaite
formation and might have severe implications regarding the use of ikaite occurrence as a reliable

indicator of low temperature environments.

3.1 Introduction

In natural environments, the mineral ikaite is reported to precipitate as a stable calcium
carbonate phase under cold water conditions of up to 7-9 °C (Pauly, 1963; Marland, 1975;
Buchardt et al., 1997; Selleck et al., 2007; Field et al., 2017). Bischoff, Fitzpatrick, et al.
(1993) found that ikaite shows retrograde solubility as a function of temperature contrarily to
the usual solubility behaviour of carbonate minerals. As a consequence, exposing the mineral
to a warmer environment, e.g. to ambient temperatures, leads to elevated dissolution rates of
ikaite and subsequent recrystallization as anhydrous CaCOj3 (Sanchez-Pastor et al., 2016). The

crystal morphologies thereby are considered to be preserved, if the elevated transition
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temperature is close to ikaite’s formation temperature (Larsen, 1994), which can then be
observed as glendonite, thinolite, jarrowite and more, all attributed to be pseudomorphs after
ikaite (Shearman and Smith, 1985; Huggett et al., 2005). Glendonites have already been
described as rarely appearing calcite pseudomorphs since the nineteenth century (Dana,
1849). Yet, the search for the parent mineral was over not before 1982, when Suess et al.
(1982) recognized that ikaite shares similar crystal morphologies with glendonites and after
transformation shows calcite pseudomorphs of the latter.

The environmental conditions in which ikaite has been found, beside low prevailing
temperatures, are commonly associated with high alkalinity and in most cases elevated
phosphate concentrations. The latter, although a known inhibitor of anhydrous calcium
carbonate formation, apparently does not retard the formation of ikaite (Bischoff, Stine, et al.,
1993; Hu et al., 2014). These formation environments are met at high latitudes, e.g. at the
type-locality for ikaite the Ikka-Fjord in Greenland (Pauly, 1963) or in the sea-ice at polar
regions, presumably influencing the global carbon cycle (Dieckmann et al., 2008; Dieckmann
et al., 2010; Rysgaard et al., 2013; Geilfus et al., 2016). Natural ikaite is also found in saline
lakes and spring waters formed seasonally during winter (Council and Bennett, 1993; Ito,
1996; Last et al., 2013; Oechlerich et al., 2013). In an industrial environment, it was first
described from a water treatment plant (Slack, 1980) and recently also found in
anthropogenically influenced hyperalkaline speleothems (Field et al., 2017) as well as in a
man-made river bed (Boch et al., 2015), in all cases related to low temperature conditions.
The apparent upper temperature range of about 9° C found for ikaite formation in nature and
above all its transformation into calcite pseudomorphs after ikaite is the reason why it is
considered as a valuable paleo-temperature proxy, indicating a change from colder to warmer
temperature conditions and used as such for climate studies of the past (Shearman and Smith,
1985; Swainson and Hammond, 2001; Spielhagen and Tripati, 2009; Lu et al., 2012). On the
other hand, experimental protocols on obtaining and stabilizing calcium carbonate
hexahydrate at ambient conditions using various additives go way back with studies
synthesizing the latter, e.g. in saccharose (Mackenzie, 1923) or in the presence of polymeric
metaphosphates (Brooks et al., 1950; Dickens and Brown, 1970).

Temperature limitations for ikaite stability as suggested by the formation conditions found in
natural environments are dissonant with laboratory studies obtaining calcium carbonate
hexahydrate at ambient temperatures. The extended temperature stability of ikaite observed
from laboratory studies might be due to additives being used therein not found in nature or

due to concentrations levels of the latter not applicable for natural environments. However, if
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ikaite can be formed at significantly higher temperatures than previously thought, this would
have severe implications on its use as a (paleo)climate proxy. Furthermore, the formation
pathway of ikaite is still under discussion, with studies suggesting ikaite being formed directly
from CaCO;” aqueous complexes (e.g. Buchardt et al., 2001) and a recent study indicating its
crystallization via an amorphous calcium carbonate (ACC) precursor (e.g. Purgstaller, 2017).

Here, we present laboratory experiments dispersing amorphous calcium carbonate (ACC) into
Mg-rich solutions at cold to ambient temperatures (6 < 7(°C) < 25) using in-situ Raman
spectroscopy for monitoring and try to elucidate (i) if ACC can act as a precursor for ikaite

formation and (ii) if ikaite can only be formed at proposed cold temperature levels.

3.2 Experimental

3.2.1 Synthesis of ACC

ACC formation followed the protocol described earlier in Konrad et al. (2016). In brief,
calcium- and carbonate-rich stock solutions of equimolar concentrations (0.25 M) were
rapidly and vigorously mixed and immediately vacuum-filtered using a membrane cellulose
acetate filter (0.2 pm pore size with 10 cm in diameter), washed with ultrapure water and
transferred into a Virtis Benchtop 3 dm? freeze dryer (-58 °C condenser temperature and 10
mbar partial vacuum) in order to sublimate the non-structurally bound H,O. This was repeated
several times until the necessary amounts of about 10 g of ACC for the conducted
experiments were reached. This physisorbed water-free ACC has the composition
CaCO032(0.42 £ 0.01)H>0 and consists of spherical particles ranging between 30 and 200 nm
in diameter with an averaged mean particle size of about 90 nm (see Konrad et al. (2016)). In
order to prevent transformation in air, the ACC powder was stored under gastight conditions

until use.

3.2.2 Experimental Setup

To monitor the impact of temperature on the ACC transformation behaviour a 0.03 M
magnesium stock solution was prepared using Milli-Q water and magnesium chloride
hexahydrate (> 99%, p.a., ACS, Carl Roth), in which 0.5 mol dm™ of synthesized ACC were
dispersed in a stirring lab reactor containing 0.03 dm® of the magnesium-rich solution, while
keeping the temperature at 6, 12, 18 and 25 °C, respectively. Temperature control was
realized with an EasyMax 102 workstation (Mettler Toledo) equipped with a solid state
thermostat keeping temperature fluctuations under + 0.1 °C. The evolution of ACC in
suspension was followed by tracking the pH and by monitoring the vibrational behaviour of

the carbonate molecule with in-situ Raman spectroscopy. Using a pipette adjusted to 1 cm”,
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the first samples were always taken after 15 s of reaction time, the latter starting with the
dispersion of ACC into the Mg-solution. Thereafter, sampling took place continuously and
whenever a change was observable in the in-situ Raman spectra. The samples were
transferred from the pipette directly into a suction filtration unit. By using a membrane
cellulose acetate filter (0.2 um pore size), the reaction products were separated from solution
and immediately analysed by ATR-FTIR spectroscopy to verify the phase composition seen
in suspension by in-situ Raman spectroscopy. An additional experiment was conducted,
monitoring in-situ the mixing of a CaCl, solution into a Na,CO; solution of equimolar

concentrations (1 M) at 6 °C.

3.2.3 Methods

During experiments the pH was tracked with a Schott Blueline 28 combined electrode,
calibrated against NIST standard buffers at pH 4.01, 7.00 and 10.00. /n-situ observations of
the dissolved inorganic carbon and carbonate bearing reaction products were realized with a
Raman RXN2 analyzer (Kaiser Optical Systems) equipped with a Kaiser MR Probe head
(quarter-inch immersion optic) running with a 785 nm laser. The spectra were collected every
35 s with a resolution of 1 cm™, integrating the Raman signal for 30 s to obtain a better signal-
to-noise ratio and a 5 s delay in between measurements. Subsamples of separated solids and
solutions were digested in 6% HNO; for analyses of ion concentrations with inductively
coupled plasma optical emission spectroscopy (ICP-OES) on a Perkin Elmer Optima 8300
DV with an analytical error for Ca and Mg < = 3%. Total alkalinity measurements of the
sampled solutions were conducted on a Schott TitroLine alpha plus titrator using a 0.01 M
HCI solution. For phase characterisation, the obtained solids were analysed by Fourier
transform infrared spectroscopy (FTIR) in attenuated total reflection (ATR) mode from 650 to
4 000 cm™ at a resolution of 4 cm™ and by powder X-ray diffraction (PXRD) performed on a
PANalytical X Pert Pro diffractometer, equipped with a Co target and a solid-state real time
multiple strip (RTMS) detector (measurement parameters: 40 kV, 40 mA, 0.008° step, 40
s/step and 4-80° 26). Phase identification and quantification from PXRD pattern was
accomplished by using the inorganic crystal structure database (ICSD) and by Rietveld
analysis, respectively. Subsamples of the reaction products were coated with gold/palladium
and imaged by secondary electrons using a ZEISS DSM 982 Gemini scanning electron
microscope (SEM) equipped with a field emission gun operated at 5 kV. Speciation
calculations were performed with PHREEQC software using the MINTEQv4 database
(Parkhurst and Appelo, 2013).
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Figure 3.1. The evolution of ACC in Mg-rich solutions at different temperatures from in-sifu Raman
spectroscopy measurements display from 6-18 °C the transformation of ACC into ikaite (@), while at 25 °C
calcite is formed (b).

3.3 Results

3.3.1 Phase evolution at distinct temperatures
Dispersing additive-free ACC into 0.03 M MgCl,-solutions (pH ~6.9 at 25 °C) displayed a
broad Raman band with a maximum at 1 080 cm™ in the in-siftu Raman analyses in all
experiments (Figure 3.1). This symmetric stretch band of the carbonate molecule and the
absence of any other lattice modes indicate that ACC is present in solution as initial phase
(Wang et al., 2012), its sole occurrence ranging between 2 min at 6 °C and 12 min at 25 °C
(Table 3.1). The subsequent transformation of ACC in solution resulted in a narrowing and
shift of the carbonate v1-band to 1 071 cm™ in experiments conducted at 6, 12 and 18 °C,
while at 25 °C the band shifted to 1 086 cm™. Comparing the absorption bands with literature
values, indicate the formation of ikaite (Tlili et al., 2001; Hu et al., 2014) in the temperature
range between 6 and 18 °C and the formation of calcite (Gabrielli et al., 2000; Wang et al.,
2012) at 25 °C. There is indication that calcite might be present as minor phase during the late
stages of the 18 °C experiment as a 1 086 cm™' band is arising after 26 min (Figure 3.1a). The
phase determinations in solution by in-situ Raman spectroscopy were confirmed by FTIR
measurements of separated solids (Figure 3.2 and Table 3.1). ACC was characterised by the
v2 deformation band at 860 cm™ and by the vl symmetric stretch band at 1 074 cm’
(Purgstaller et al., 2016; Konrad et al., 2016), whereas infrared spectra of ikaite displayed the
v2 deformation band at 869 cm™ and by the v4 deformation band at 721 cm™ (Coleyshaw et
al., 2003; Purgstaller, 2017). Additionally, a band at 667 cm” was observed, which was
ascribed as second split v4-band. Calcite and vaterite from the 25 °C experiment were
determined by their v4 absorption bands at 710 and 741 cm™, respectively (Andersen and
Brecevic, 1991).
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Table 3.1. Time of sampling, pH, alkalinity, and chemical composition of fluid and solid as well as qualitative
and quantitative phase analysis of experiments conducted. *Note: PXRD measurements were conducted after
drying and subsequent transformation of metastable phases in air.

1376 667

ACC, ikaite
14 min

3245 3149

, , alkalinity ~ fluid mmol dm™  solid mol% in-situ PXRD® wt%
samples time (min) p 4 FTIR
mmol dm Ca Mg Ca Mg Raman calcite vaterite
6°C_1 0.3 10.4 8.7 6.6 21.8 98.7 13 ACC ACC 79.6 20.4
6°C_2 4.0 10.4 5.9 5.6 20.1 98.3 1.7 ACC, ikaite ACC, ikaite 55.4 44.7
6°C_3 7.3 10.4 4.1 4.5 19.3 98.2 1.8 ikaite, ACC ikaite, ACC 71.6 28.4
6°C_4 24.3 10.3 2.7 3.2 19.7 983 1.7 ikaite ikaite 100.0 0.0
12°C_1 0.3 10.2 8.1 5.7 19.9 983 1.7 ACC ACC 85.8 14.2
12°C_2 3.6 10.2 6.0 6.5 20.3 984 1.6 ACC ACC 79.3 20.7
12°C_3 7.4 10.2 5.4 6.2 20.1 98.3 1.7 ACC, ikaite ACC, ikaite 79.0 21.0
12°C_4 18.7 10.2 3.7 3.9 194 98.2 1.8 ikaite ikaite 80.9 19.2
18°C_1 0.3 10.2 9.2 5.8 19.8 98.2 1.8 ACC ACC 90.1 9.9
18°C_2 2.5 10.2 9.3 7.1 19.1 98.1 1.9 ACC ACC 91.4 8.6
18°C_3 8.9 10.1 7.7 5.9 19.0 98.0 2.0 ACC ACC 95.9 4.1
18°C_4 13.7 10.2 7.0 5.9 20.1 98.3 1.7 ACC, ikaite ACC, ikaite 97.1 29
18°C_5 23.7 10.2 5.2 3.7 19.8 983 1.7 ikaite ikaite 100.0 0.0
25°C_1 0.3 10.1 9.6 7.0 22.3 98.7 13 ACC ACC 87.8 12.2
25°C_2 2.0 10.1 8.1 6.8 19.5 98.2 1.8 ACC ACC 92.9 7.1
25°C_3 6.7 10.0 7.2 7.5 211 985 15 ACC ACC 95.4 4.6
25°C_4 11.6 9.8 6.1 7.7 17.6 97.8 2.2 ACC calcite, vaterite 90.0 10.0
25°C_5 32.9 7.6 1.5 10.3 9.7 96.3 3.7 calcite calcite, vaterite 92.1 7.9
1 80C 1385
1465 860
1074

—~

)

8 ACC

£ [15sec

O

N

e

£ |ACC_

D |2.5min

3

% ACC

8 [8-9min

re

o

n

0

<

869 721

;

ikaite
24 min
1

/[
! | ! | ! | Y7710 ! | ! | ! | !

|
4000 3750 3500 3250 3000 1750 1500 1250 1000 750

Wavenumber (cm™)

Figure 3.2. FTIR analyses of wet, formerly suspended, solids — instantaneously measured after separation from
the experimental solution - verify the in-situ results of ikaite formation from ACC.
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Figure 3.3. SEM images of precipitates transformed under air exposure, displaying elongated aggregates of
rhombohedral calcites and spheres of vaterite after transformation from ACC (a), rhombohedral um-sized
calcites as well as hollow shapes consisting of nm-sized calcites formed from disintegration of ikaite under air
(b) and again elongated calcite aggregates plus about 7 um-sized flower-like structures of calcite rhombohedra
from the transformation of ACC in solution at 25 °C (c¢). vat: vaterite; cc: calcite.
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PXRD measurements show that independent of the phase present in solution and during
analysis by FTIR, the subsequent drying of the samples under air-exposure resulted for all
solids in calcite and with some exceptions in vaterite as minor phase (Table 3.1). All SEM
images of the solids transformed from ACC display ~10 um elongated aggregates of
rhombohedral calcite crystals each of ~1-2 um in diameter and spheres of ~4-6 um in
diameter composed of ~60-90 nm crystals indicating vaterite (Figure 3.3a). After its
disintegration under air exposure, ikaite is seen in SEM images displaying 2 um sized
rhombohedral shaped as well as aggregated nanometre sized calcite crystals, forming porous
and hollow shapes (Figure 3.3b). The calcite and vaterite, obtained from ACC transformation
in solution at 25 °C, show rhombohedral calcites only, predominantly formed in elongated
shapes with individual crystals of ~0.5-1 um in diameter and some larger flower-like
structures having a diameter of ~7 um (Figure 3.3c). The mixing experiment, conducted
additionally in the pure system at 6 °C in the absence of Mg, shows in the in-situ Raman
measurements, after the introduction of the Ca-rich into the carbonate-rich solution, the
decrease of the symmetric stretch band at 1 067 cm™ of dissolved COs> (Geisler et al., 2012)
and for about 30 s the occurrence of ACC, indicated by the broad and weak 1 080 cm™ band
prior to the appearance of the carbonate v1-band of ikaite at 1 071 cm™ (Figure 3.4).
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Figure 3.4. The additional mixing experiment of a Ca- into a carbonate-bearing solution at 6 °C reveals in the
in-situ Raman measurements the short-term occurrence of ACC (broad band with centre at 1 080 cm™) for a
maximum time frame of 30 s between the decrease of dissolved CO5> (1 067 cm™) and the formation of ikaite (1
071 cm™) as intermediate phase.
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3.3.2 Chemical composition of solids and solution chemistry
After the dispersion of ACC into the solution, Ca®" ions get introduced into the fluid,
suggesting that 1.3 + 0.1 % of the 0.5 mol dm™ of ACC was dissolved (Table 3.1). The Mg
concentrations dropped after the dispersion and, consequently, the compositions of the solids
show that the initially Mg-free ACC incorporated between 1.3 and 2.2 mol% of Mg instead of
Ca and that ikaite as well incorporated 1.74 + 0.04 mol% of Mg, both phases showing no
correlation of incorporation behaviour with the prevailing temperature. A comparably
elevated incorporation of Mg can be observed in the resulting Mg-calcite from the 25 °C
experiment with an Mg-content of 3.7 mol%.
Since all solids contained Mg resulting in Ca(.x\Mg,CO;s-precipitates, the ionic activity
product (IAP) was calculated as

IAP = (aCa®)" « (aMg* )™ « (aCO;%)
(Table 3.2). However, as the Mg content does not surpass 2.2 mol% in ACC, 1.8 mol% in
ikaite and 3.7 mol% in calcite, the differences against calculated log IAPs without Mg are
negligible (< 0.02) and smaller than the error produced by speciation calculations. In this
respect, the solubility products from the works of Brecevi¢ and Nielsen (1989) for ACC and
Bischoff, Fitzpatrick, et al. (1993) for ikaite were used for comparison with obtained
solubilities and for calculations of saturation indices (SI) and in the case of calcite, solubility
products from Busenberg and Plummer (1989) were used. The calculated log IAPs with
respect to ACC and ikaite for all experimental solutions (at 6, 12, 18 and 25 °C) solely
containing the respected phase are -5.98, -6.16 £ 0.04, -6.12 + 0.07 and -6.17 = 0.05 for ACC
and -6.99, -6.73 and -6.58 for ikaite (Table 3.2). Evolution of SIs for ACC and ikaite verify
observations made by in-situ Raman spectroscopy and show that after the dispersion of ACC,
and independent of the prevailing temperature, solutions are initially (super)saturated in
respect to all calcium carbonate polymorphs (Table 3.2) and dependent on the temperature,
the Slacc stays between 4 and 14 min near saturation conditions until ikaite, respectively Mg-
calcite formation, is observed. The occurrence of ikaite and Mg-calcite was monitored for at
least 10 min without change, before the experiments were terminated. The last samples taken
suggest solutions being saturated with ikaite (Sliaite = 0.10 £ 0.05) at 6-18 °C and slightly
supersaturated with respect to calcite (Sleacie = 0.38) at 25 °C (Table 3.2). Note, although
(slightly) supersaturated at 18 and 25°C, brucite [Mg(OH),] formation was neither observed
in PXRD (Table 3.1) nor in FTIR on its characteristic 3 700 cm™ OH-stretching band (Figure
3.2 and see also Chapter 2).
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Table 3.2. Aqueous speciation and saturation states from sampled solutions calculated by using PHREEQC
software together with the MINTEQv4 database adding the solubility products of ACC and ikaite from Brecevié¢
and Nielsen (1989) and Bischoff et al. (1993), respectively. Nofe: brucite is supersaturated at 18 and 25°C,
respectively. However, no formation was observed in PXRD measurements (Table 3.1) or in FTIR spectra, e.g.
on the characteristic 3 700 cm™ OH-stretching band (Figure 3.3 and see also Chapter 2).

2+ 2+
samples time (min) g Ca® a Mgz+ a CO32' log IAP al\/l_gy Laz- Slacc Slikaite  Shvaterite  Slaragonite  Slealcite  Slbrucite
aCa a CO;
6°C_1 0.3 2.40E-03 8.00E-03 4.31E-04 -5.98 3.3 5.6 0.21 1.06 1.88 2.17 2.40 -0.17
6°C_2 4.0 2.06E-03 7.66E-03 2.82E-04 -6.23 3.7 7.3 -0.04 0.81 1.63 1.92 2.15 -0.24
6°C_3 7.3 1.61E-03 7.44E-03 1.73E-04 -6.54 4.6 9.3 -0.36 0.49 1.31 1.60 1.83 -0.32
6°C_4 24.3 1.08E-03 7.55E-03 9.14E-05 -6.99 7.0 11.8 -0.81 0.04 0.86 1.15 1.38 -0.39
12°C_1 0.3 2.04E-03 7.46E-03 3.63E-04 -6.12 3.7 5.6 0.14 0.76 1.78 2.07 2.28 -0.20
12°C_2 3.6 2.40E-03 7.69E-03 2.56E-04 -6.20 3.2 9.4 0.06 0.68 1.70 1.99 2.20 -0.18
12°C_3 7.4 2.25E-03 7.54E-03 2.21E-04 -6.29 3.4 10.2 -0.03 0.59 1.60 1.90 2.11 -0.21

12°C_4 18.7 1.35E-03 7.33E-03 1.34E-04 -6.73 5.4 100 -0.47 0.15 116 1.46 1.67 -0.31

18°C_1 0.3 1.96E-03 7.28E-03 3.73E-04 -6.13 3.7 53 0.21 0.61 181 211 231 0.19
18°C_2 2.5 2.40E-03 6.98E-03 3.66E-04 -6.05 2.9 6.6 0.29 0.69 1.89 2.19 2.39 0.17
18°C_3 8.9 2.06E-03 7.09E-03 3.09E-04 -6.19 34 6.7 0.15 0.55 175 2.05 2.25 0.18
18°C_4 13.7 2.04E-03 7.32E-03 2.71E-04 -6.25 3.6 7.5 0.09 049 1.69 1.99 2.19 0.20
18°C_5 23.7 1.25E-03 7.14E-03 2.02E-04 -6.58 5.7 6.2 -0.25 0.15 1.35 1.65 1.85 0.16
25°C_1 0.3 2.30E-03 7.82E-03 3.20E-04 -6.13 3.4 7.2 0.26 045 1.87 2.17 2.35 0.48
25°C_2 2.0 2.34E-03 7.10E-03 2.82E-04 -6.17 3.0 8.3 0.21 040 183 2.12 2.30 0.36
25°C_3 6.7 2.58E-03 7.61E-03 2.29E-04 -6.22 2.9 11.3 0.17 036 1.78 2.07 2.25 0.29

25°C_4 11.6 2.75E-03 6.59E-03 1.94E-04 -6.26 24 14.2 0.12 031 173 2.03 221 -0.26
25°C_5 32.9 4.02E-03 3.80E-03 1.98E-06 -8.10 0.9 20263 -1.71 -1.51 -0.09 0.20 0.38  -4.82

3.4 Discussion

3.4.1 Ikaite formation from an amorphous calcium carbonate precursor

Evidence from aqueous fluids sampled in natural environments precipitating ikaite (Bischoff,
Stine, et al., 1993; Buchardt et al., 2001), reveal the natural solutions are often supersaturated
with respect to ACC, suggesting the possibility of ikaite formation from an amorphous
precursor. Nonetheless, the presence of ACC in environments of ikaite formation was never
observed and laboratory experiments are scarce, mainly reporting direct precipitation of ikaite
(Rodriguez-Ruiz et al., 2014; Hu et al., 2014; Sanchez-Pastor et al., 2016). On the other hand,
these studies were neither conducted in aqueous media nor did they prioritize the finding of
ACC (Rodriguez-Ruiz et al., 2014; Hu et al., 2014; Sanchez-Pastor et al., 2016). Therefore,
the experimental setups were often not designed for short-time detection of such short-lived
precursors should they have been present. Other studies reported about a white paste
appearing gelatinous under the microscope before ikaite crystals did evolve or about a milky
solution of amorphous CaCOj rapidly forming prior to the appearance of ikaite crystals, when
mixing collected column water with seawater from the Ikka Fjord in the laboratory, indicating
a possible precursor formation beforehand, but omitted to give details of the analyses
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(Mackenzie, 1923; Buchardt et al., 2001). Interestingly, Buchardt et al. (2001) argue, despite
their description about a milky solution of amorphous CaCOs, that ikaite forms directly from
CaCO;’ aqueous complexes as their geochemical modelling implies high CaCOs;’
concentrations compared to Ca®" ions in solution, therefore rejecting a possible transient
phase between aqueous complexes and ikaite.

To our knowledge, only one study so far reports about the detection of ACC together with
ikaite in precipitates collected from suspensions by FTIR (Purgstaller, 2017). However, these
authors did not observe the amorphous phase in solution, which is crucial, as Tlili et al. (2001)
described the dehydration process of the calcium carbonate hexahydrate proceeding via the
amorphous phase and Dieckmann et al. (2010) reported the decomposition of ikaite into ACC
while stored in absolute ethanol. This suggests a possible dissolution of ikaite in its own
crystal water, creating a supersaturated surface solution convenient for ACC formation, when
exposed to air (Putnis, 2014). Thus, to determine unequivocally the possibility of ikaite
precipitation via ACC, in-situ observations are necessary to allocate the origin of ACC being
in solution and not being formed during decomposition of ikaite in air.

Our in-situ Raman results as well as FTIR show that, after the dispersion of ACC into the Mg-
solutions, ACC is present for several minutes depending on prevailing temperatures before a
progressive transformation into ikaite is occurring (Table 3.1 and Figure 3.1), clearly
demonstrating that ikaite formation via an amorphous precursor is a viable pathway.
Furthermore, the presented mixing experiment of a highly concentrated CaCl, solution into a
Na,COj; solution at 6 °C in the absence of magnesium reveals that, after mixing, the first
precipitate is the amorphous phase prior to the formation of ikaite (Figure 3.4). However, the
presence of ikaite is limited to a maximum of 30 s. This illustrates the important role of
magnesium for prolonging metastabilities of ACC (e.g. Rodriguez-Blanco et al., 2012;
Purgstaller et al., 2016) and explains why in this study the occurrence of ACC is prolonged in
Mg containing solutions compared to the Mg-free mixing experiment. We, therefore, doubt
that any experimental approach from studies mentioned above would have had the analytical
time resolution of detecting such a short-lived phase, considering that, even with in-situ
analytics applied herein, ACC was barely observable in the Mg-free system when starting

from solutions rather than from dispersing ACC.
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Figure 3.5. IAPs for ikaite and ACC from this study compared to the well-established solubility products from
literature (Ksp). Notable is the shrinking difference between phase solubilities towards 30 °C, caused by the
reverse temperature behaviour of ikaite getting more soluble at higher temperatures in contrast to ACC. * Kjxite
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3.4.2 Metastability and transformation of ACC at different temperatures

The mineral phase identification in solution through the in-situ technique together with
solution sampling permits the unequivocal calculation of solubilities of metastable phases,
like ACC and ikaite, which otherwise is often difficult to assign, considering the uncertainty
of phase occurrences as well as phase transformations in aqueous fluids. The solubilities for
ikaite and ACC thereby obtained are slightly higher compared to published data (Figure 3.5)
(Brecevi¢ and Nielsen, 1989; Bischoff, Fitzpatrick, et al., 1993). A crucial difference,
compared to these studies, is the solution chemistry, which is rich in Mg. As is well known,
the solubility of e.g. calcites is increasing with the incorporation of Mg ions into the lattice
(Bischoff et al., 1987; Busenberg and Plummer, 1989; Davis et al., 2000). This might be a
reasonable explanation for the log IAPs obtained in this study as well, where the respected
phases incorporated between 1-2 mol% of Mg (Table 3.1 and 3.2). Since ikaite found in
nature is originating from a Mg-rich solution, and incorporates similar Mg amounts as
observed in this study (Buchardt et al., 2001), we believe that the solubilities presented are
applicable to natural surroundings.

Regarding the solubility of ACC, comparisons with naturally formed ACC are more difficult,

as in addition to Mg, other foreign ions as well as organic ligands are incorporated into the
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structure (Addadi et al., 2003; Gal et al., 2010; Habraken et al., 2015). However, the fact that
the initially Mg-free ACC in this study contains Mg after dispersion into a Mg-rich solution
clearly demonstrates that ACC dissolved and re-precipitated again as amorphous phase
incorporating the Mg from the solution, thereby supporting dissolution and re-precipitation as
the governing process. Comparing the solubility products of ikaite and ACC, the former phase
shows a significant change with respect to the prevailing temperature. Such a dependency for
ACC is not apparent from the data obtained (Figure 3.5). In contrast to the suggested
temperature trend by Brecevi¢ and Nielsen (1989), the log IAPs of ACC obtained from the
experiments in this study are rather fluctuating than following a temperature trend (Figure
3.5). This could stem from the slight differences in Mg incorporated in ACC (1.3-2.2 mol%)
compared to ikaite, which is always the same (+ 0.04 mol%) (Table 3.1), although no direct
correlation with the amount of Mg is obvious. However, it could also suggest that over time
the amorphous phase undergoes a structural rearrangement and becomes more ordered (Radha
et al., 2010). This could be inferred by the temporal decrease of log IAPs prior to ACC’s
transformation (Table 3.2) and independent of prevailing temperatures or Mg in the lattice.

Applying the solubility products for ACC and ikaite from literature (Brec¢evi¢ and Nielsen,
1989; Bischoff, Fitzpatrick, et al., 1993) shows that after the dispersion of ACC into the Mg-
solutions, the latter become saturated with respect to the amorphous precursor until phase
transformation, having an initial SIxcc of 0.21 + 0.06 non-correlated with the prevailing
temperatures (Table 3.2). However, the presence of solely ACC in solution, as inferred by the
saturation (Table 3.2) and as observed from in-situ Raman spectra (Table 3.1), was extended
at elevated temperatures of the experiments ranging from 2 min at 6 °C up to 12 min at 25 °C
(Figure 3.6). The supersaturations calculated for the anhydrous calcium carbonates show the
same behaviour as ACC with no apparent differences with respect to the prevailing
temperature (£ 0.05) (Table 3.2). On the other hand, saturation indices of ikaite reveal marked
differences ranging from Sls of 1.06 at 6 °C to 0.45 at 25 °C. As discussed, ikaite shows a
reverse behaviour with respect to the solubility of calcium carbonates — getting more soluble
with higher temperatures (Figure 3.5) — and undergoes a stronger impact of temperature on its
solubility. Therefore, the timespan of ACC occurrence in solution is likely to be governed by
the formation kinetics of ikaite, precipitating faster at lower temperatures driven by higher
supersaturation. The prolonged metastability of ACC at 25 °C, where transformation occurred
into calcite and to a minor extent into vaterite instead of ikaite, can then be reasonably
explained by the inhibiting effect of magnesium in solution on the formation kinetics of the

respective minerals (e.g. Rodriguez-Blanco et al., 2012).
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3.4.3 Formation of ikaite up to 18 °C and its transformation in air
The observation that ikaite is being formed from an amorphous precursor up to temperatures
as high as 18 °C is an unexpected finding, considering that in the present study ikaite was
formed from aqueous solutions at initial supersaturations and magnesium concentrations (in
solution and in ikaite itself), which are comparable to natural environments (Bischoff, Stine,
et al., 1993; Buchardt et al., 2001). The difference in solubility of ACC and ikaite is about 0.8
log units at 6 °C with ikaite being less soluble. This difference shrinks with increasing
temperature to 0.18 log units at 25 °C (Figure 3.5). It is concluded that as a function of
temperature the converging solubilities of these two calcium carbonate hydrates determine the
limitations of ikaite formation. Hence, at higher temperatures (> 18 °C) ACC and ikaite are
too close in solubility, such that the reaction kinetics skip the hexahydrate to precipitate
directly calcite and vaterite, the formation dynamics of the latter being predominantly
controlled by the prevailing aMg/aCa ratio of the solution (Blue et al., 2017; Purgstaller et al.,
2017). The sampled ikaite from solution transformed under air exposure into predominantly
calcite and to a minor extent into vaterite. Pseudomorphic replacements after ikaite, e.g.
glendonitic calcites, as are commonly found in nature, were not observed in SEM images
(Figure 3.3b). We attribute this to the transformation conditions being under air exposure and
not in solution, where ikaite disintegrates in its own crystal water (Shearman and Smith, 1985;
Bischoff, Stine, et al., 1993). Although Sanchez-Pastor et al. (2016), obtained glendonitic
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calcites after the transformation of ikaite in air, the crystal sizes, grown by silica gel
technique, were up to 100-1 000 times larger compared to the crystals obtained in the present
study. This indicates that the increased surface area enhanced reaction kinetics as was
observed by (Purgstaller, 2017). The same studies analysed the mineralogy after
transformation of ikaite in air and report a correlation between the abundance of vaterite with
increasing A7, the latter being defined as the difference between synthesis temperature of
ikaite and temperature of the subsequent atmospheric drying. In our experiments no such
correlation is observed, as only ikaite formed at 12 °C shows vaterite after transformation
under air exposure (Table 3.1). However, ikaite synthesis temperatures and experimental
conditions were significantly different in the referred studies. Sanchez-Pastor et al. (2016),
precipitated large crystals in silica gel at 3 °C with controlled transformation conditions being
held at 10 and 20 °C, while Purgstaller (2017), precipitated comparably small crystals at 6 and
12 °C with transformation at 25 °C. Considering that phase transformation processes are
severely influenced by surface reactions, and, therefore, by the size of the particles, more
experiments are necessary to verify such a correlation. This is particularly so, as both studies
had different amounts of magnesium in their solution being partly incorporated into ikaite,
which possibly alters the transformation behaviour as it has a higher dehydration energy
known to affect stability and crystallization of Mg-ACC (Loste et al., 2003; Radha et al.,
2012; Rodriguez-Blanco et al., 2012). Furthermore, ikaite’s pronounced thermal expansion
behaviour suggests differences in the crystal lattice with respect to the formation temperature,

possibly influencing the transformation as well (Lennie et al., 2004).

3.5 Conclusions

The transformation of ACC into ikaite was monitored by in-sitzu Raman and complementarily
by FTIR in aqueous solution from 6 to 18 °C. These results unequivocally reveal the
possibility of ikaite being formed via an amorphous precursor. The observed prolongation of
ACC’s metastability in solution from 2 min at 6 to 12 min at 25 °C can be reasonably
explained (i) by the slower formation kinetics of ikaite at higher temperatures caused by lower
supersaturation, Slixie being 1.01 at 6 °C and 0.45 at 25 °C and (ii) by the retarding effect of
magnesium ions in solution on the precipitation of calcite. Due to the pronounced impact of
temperature on the solubility of ikaite, its occurrence is limited to approximately 18 °C, as at
higher temperatures the solubility products of ACC and ikaite are approaching a AKsp of 0.18
at 25 °C. Therefore, the formation of ikaite at 25 °C could be skipped to precipitate directly

one of the anhydrous calcium carbonates. Finally, the unexpected finding of ikaite being
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formed up to a temperature as high as 18 °C at conditions applicable to natural environments
in terms of magnesium concentration and initial supersaturation, questions the proposed use

of ikaite as a reliable cold temperature indicator.
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Chapter 4

Crystallization pathways and cation ex-
change during transformation of ACC in

2+ .
Me” -solutions

ABSTRACT: From the manifold studies existing about amorphous calcium carbonate (ACC),
investigations on the transformation behaviour of ACC in differing metal-solutions apart from
magnesium are rare. Nonetheless, such investigations are vital in terms of possible cation exchange
reactions during transformation, eventually altering transformation pathways. Here, we present a
study, where ACC was exposed to 0.1 M (heavy) Me*"-rich solutions. The synthesis of additive-free
ACC was thereby decoupled from the aging in the Me*"-containing solutions, allowing to specifically
study the influence of solution chemistry on the transformation. The results show that ACC transforms
into orthorhombic aragonite [CaCOs], solid-solutions of calcio-strontianite [Sr(;.,yCa,CO;3] and calcio-
witherite [Ba(.,Ca,COs] in the presence of Mg, Sr, and Ba. In accordance, rhombohedral otavite
[CdCOs], rhodochrosite [MnCOs], and monoclinic hydrozincite [Zns(CO;),(OH)s] were obtained as
final products in the presence of Cd, Mn, and Zn in solution. In contrast, ACC exposed to a Ni-
solution results in amorphous nickel carbonate. The exchange rate of (heavy) Me* -ions from solution
into the solid throughout ACC transformation was generally high, e.g. 30 mol% for Mn and nearly 100
mol% for Zn, where accordingly in the latter case Ca from ACC was almost completely released into
the reactive solution. Contrarily, the exchange of ACC with Mg was strongly limited. The present
study demonstrates that - besides potential temperature or ACC pre-structuring effects - the reactive
solution chemistry is strongly influencing the transformation pathway of ACC and is controlling the
chemical compositions of the reaction products. This has to be considered if the formation of ACC and
its subsequent transformation occurs in the same fluid and thus, may explain occurring discrepancies
of obtained ACC reaction products in the literature. Implications of the observed Me”" exchange
behaviour and final mineral formation throughout ACC transformation are discussed in the scope of
reconstruction of environmental precipitation conditions in the past, tailored mineral synthesis routes,

and trapping of heavy metals within aqueous media.
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4.1 Introduction

The incorporation of metal (Me)-ions in crystalline calcium carbonates is known to depend on
the physicochemical parameters, like temperature, pH or precipitation rate (Lea, 2013).
Prominent examples are the incorporation of Sr into coralline aragonite as a function of
temperature (Beck et al., 1992) or the incorporation of Mg in calcite as a function of growth
rate and pH (Immenhauser et al., 2010; Mavromatis et al., 2013). For amorphous carbonate
precursors, information on incorporation behaviour of Me-ions are limited to studies on the
uptake of Mg, Sr or Ba during nucleation from Ca/Mg- (Loste et al., 2003; Blue and Dove,
2015; Rodriguez-Blanco et al., 2015; Purgstaller et al., 2016) or Ca/Sr (and Ba)-rich solutions
(Matsunuma et al., 2014; Cam et al., 2015; Littlewood et al., 2017). However, insights into
the elemental exchange between Ca of ACC with dissolved Me**-ions in solution during the
transformation of the amorphous phase and its impact on the reaction product are missing.
Experimental approaches are highly required to reveal novel carbonate formation pathways
and to understand reaction mechanisms behind carbonate mineral formation via an amorphous
precursor and the thereof resulting implications for natural and technical environments, e.g. to
reconstruct formation conditions, to synthesise distinct carbonate minerals or to trap/release
dissolved Me*"-ions.

In general, the effect of the chemical composition of the reactive solution on the
transformation behaviour of ACC into distinct crystalline products is not yet fully understood.
Metastability of ACC and the crystalline reaction products are often suggested to be governed
by the primary incorporation of foreign cations and organic ligands (Raz et al., 2000; Addadi
et al., 2003; Habraken et al., 2015). However, increasing evidences arise that the solution
chemistry is a major parameter in determining the transformation pathway and metastability
of amorphous carbonate phases (Blue et al., 2017; Purgstaller et al., 2017). The difficulty
unveiling the individual influences of solid and solution composition results from the highly
variable environmental settings and chemical compositions of natural biogenic ACC (Addadi
et al.,, 2003) as well as from the high metastability of ACC and the therefrom devised
experimental approaches using additives in the synthesis process (e.g. Blue et al., 2017 and
therein). Additive-free ACC is usually transforming in solution within minutes after its
formation (Ogino et al., 1987; Shen et al., 2006). Hence, for retarding the ACC transformation
process, it is mostly synthesized in the presence of Mg and left in the same solution of
synthesis until complete transformation (Blue and Dove, 2015; Rodriguez-Blanco et al., 2015;
Purgstaller et al., 2016). However, as Mg gets incorporated into ACC during synthesis and is

present in solution, any clear assertions as to the individual contributions in the transformation
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process are problematic. Studies on crystallization behaviour of ACC by re-introducing the
amorphous powder into a solution are rare, as are studies on cation exchange of ACC
interacting with different Me-solutions (Zhang et al., 2012).

Here, we separated the formation of ACC and the transformation of the latter in a Me”'-
containing solution. By re-introducing additive-free ACC into one of a Mg-, Sr-, Ba-, Cd-,
Mn-, Ni-and a Zn-rich solution and for reference into pure water, it was investigated whether
ACC (i) changes its transformation pathways in dependence of the individual solution
chemistry and (ii) whether Ca is expelled from ACC in favour of another element during/after

the transformation.

4.2 Experimental

4.2.1 Synthesis of ACC and experimental setup

As reported more comprehensively in an earlier study (Konrad et al., 2016), ACC was
obtained by mixing 0.250 M solutions containing calcium chloride dihydrate and sodium
carbonate (ACS, from Roth). After vacuum-filtration and washing of the filter cake, the
precipitated ACC was placed into a Virtis Benchtop 3 dm’® freeze dryer (-58 °C condenser
temperature and 10 mbar partial vacuum), sublimating the non-structurally bound H,O. Until
usage, the obtained additive and physisorbed water-free material was stored under gastight
conditions to inhibit crystallization. Powder X-ray diffraction (PXRD) did not reveal any
distinct peaks and from secondary electron microscopy (SEM) images, it is suggested the
synthesized powder consists of individual spherules with an estimated mean particle size of
about 90 nm (Figure S4.1) (Konrad et al., 2016). In a subsequent step, fractions of 0.138 g of
the amorphous powder were re-suspended into vials containing 0.025 dm’® of various Me*'-
chloride solutions, as well as pure water as a comparison. The 0.1 M Me*"-stock solutions
were prepared by using Milli-Q water (18.2 MQcm) and the following analytical grade
chlorides: magnesium chloride hexahydrate, barium chloride dihydrate, nickel chloride
hexahydrate, manganese chloride tetrahydrate, and anhydrous zinc chloride from Roth,
strontium chloride hexahydrate from Emsure and cadmium chloride monohydrate from
Riedel-de Haén. In total, 24 vials containing the experimental solutions and dispersed ACC
were prepared and placed on a KS15 compact shaker (Edmund Buehler) for reaction times of
1 d, 8 dand 22 d (d = day(s)). At the end of the experimental time, the reactive solutions were
vacuum-filtered through a membrane cellulose acetate filter (0.2 um pore size) and the filtrate

solution, as well as separated solids, prepared for analyses.
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4.2.2 Analytics

The pH of the reactive solutions was measured with a SenTix 940 gel electrode from WTW,
calibrated against NIST standard buffers at pH 4.01, 7.00 and 10.00. Measurements of total
alkalinity were performed with a Schott TitroLine alpha plus titrator using a 1 x 10° M HCI
solution. Subsamples of separated solids and solutions were digested in 6% HNO; for
analyses of ion concentrations with inductively coupled plasma optical emission spectroscopy
(ICP-OES) on a Perkin Elmer Optima 8300 DV with an analytical error for Ca and Mg of +
3% (20) and for Sr, Ba, Cd, Mn, Ni and Zn of = 5% (20).

Solid phase characterisation of the separated solids were conducted by Fourier transform
infrared spectroscopy (FTIR) in attenuated total reflection (ATR) mode from 650-4 000 cm’’
at a resolution of 4 cm’, and by powder X-ray diffraction (PXRD) performed on a
PANalytical X Pert Pro diffractometer, equipped with a Co target and a solid-state real time
multiple strip (RTMS) detector (measurement parameters: 40 kV, 40 mA, 0.008° step, 40
s/step ranging 4-80° in 26). Subsequent identification, and quantification, of the resulted
mineral phases was accomplished by using the inorganic crystal structure database (ICSD)
and by Rietveld analysis using the fundamental parameter approach, respectively (Rietveld,
1969; Cheary et al., 2004). Phase identification for FTIR was accomplished by band
assignments of literature data (Table 4.1). Images of the reaction products were obtained by
using a ZEISS DSM 982 Gemini scanning electron microscope (SEM) equipped with a field

emission gun operated at 5 kV.

Table 4.1. Chemical formulas and solubility data from literature as well as FTIR-bands of the synthesized ACC
and resulting carbonate phases via ACC transformation, including references used for phase identification in
FTIR (+ 2 cm™). Note: the v4-band of barytocalcite from literature is reported at 725 cm™ compared to 717 cm’
obtained in this study, indicating, in accordance with PXRD results, a non-stoichiometric phase with a Ba/Ca
ratio > 1; solubility products are reported for end-member carbonates.

assigned FTIR-bands (cm'l)

mineral chemical formula solubility products (log Ksp) at 25°C )
CO3v4 CO3v2 H,Ov1yv3 OH-bending references
5 Meiron et al. (2011);
CaCo -8. B 1982 -
calcite aCo; 8.48 Plummer and Busenberg (1982) 712 870-873 Andersen and Brecevi¢ (1991)
aragonite CaCO, -8.30 Plummer and Busenberg (1982) 700,713 853 - - Andersen and Brecevi¢ (1991)
calcio-strontianite Sr,Ca1.9COs -9.27 Busenberg et al. (1984) 700,707 854 - - Alia et al. (1997)
calcio-witherite Ba,Ca(;.4CO; -8.57 Busenberg and Plummer (1986) 693 854 - - Pasierb et al. (2001)
otavite CdCO; -12.10 Stipp et al. (1993) 721 858 - - Bucca et al. (2009)
rhodochrosite MnCO; -10.58 Johnson (1982) 725 862 - - Bottcher et al. (1992)
zaratite . " Garcia-Guinea et al. (2013)
Ni3CO5(OH),*4H,0 - dat: labl - 833 2 600-3 700 -
(nickel hydroxycarbonate) 5C05(OH) 4t no data avafiable Minkova et al. (1984)
hydrozincite Zns(CO5),(0OH)g -8.70 Preis and Gamsjéger (2001) 708,737 833 3292 950, 1046 Frost and Hales (2007)
Frost and Dickfos (2008);
i i BaCa(CO. -8. .
barytocalcite (shifted) (COs), 8.54 Garrels et al. (1960) 717 871 Scheetz and White (1977)
monohydrocalcite CaCO;°H,0 -7.05 Kralj and Brecevi¢ (1995) 700,727 873 3235 - Neumann and Epple (2007)
ACC CaC0;¢0.42H,0 -6.39 Brecevi¢ and Nielsen (1989) 695,725 859 2 600-3 700 - Konrad et al. (2016)
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4.3 Results and Discussion

4.3.1 Formation of alkaline earth metal carbonate minerals from ACC

In our control experiment, additive-free ACC reacting with MilliQ-water (MQ) for 1 d

transformed into calcite (CaCOs), as can be observed in PXRD- and FTIR-measurements

(Figure 4.1 and Table 4.2) as well as SEM images showing euhedral calcite rhombohedra of

3-5 wm in size (Figure 4.2). Vaterite, a common intermediate phase throughout the ACC

transformation pathway to calcite, was not detected. This suggests that the reaction time of 1 d

was sufficient for complete transformation of ACC into calcite. This is in accordance with the

experiments of Bots et al. (2012) who reported that complete transformation of ACC into

calcite via intermediate vaterite takes up to 9 h.

Table 4.2. Reaction time of sampling, pH, alkalinity, chemical composition of fluid and solid as well as results

from mineralogical

analyses of ACC transformation experiments. cc:

calcite, ara: aragonite, mhc:

monohydrocalcite, ca-str: calcio-strontianite, ca-wit: calcio-witherite, ba-cc: barytocalcite, ot: otavite, ANC:
amorphous nickel carbonate, thod: rhodochrosite, hyzi: hydrozincite, smi: smithsonite.

samples

MQ-stock
MQ-1d
MQ-8d
MQ-22d

Mg-stock
Mg-1d
Mg-8d
Mg-22d

Sr-stock
Sr-1d
Sr-8d
Sr-22d

Ba-stock
Ba-1d
Ba-8d
Ba-22d

Cd-stock
Cd-1d
Cd-&d
Cd-22d

Mn-stock
Mn-1d
Mn-8d
Mn-22d

Ni-stock
Ni-1d
Ni-8d
Ni-22d

Zn-stock
Zn-1d
Zn-8d
Zn-22d

time (days)

22

pH

7.60
10.27
10.28

8.21

5.60
9.51
9.25
9.33

5.34
9.19
7.72
6.01

5.35
9.69
9.22
6.56

2.96
6.44
6.40
5.15

5.48
6.68
6.61
6.47

5.52
7.09
7.09
7.09

5.64
5.97
591
5.84

alkalinity
mmol dm”

2.0
2.0
2.1

4.4
2.5
2.7

17
13
13

21
14
13

2.0
1.4
1.2

1.7
1.4
14

9.4
7.3
6.3

5.7
3.0
1.8

Ca

0.0
0.1
0.2

24
1.2
1.0

31.6
35.0
38.6

253
38.8
46.8

353
32,6
24.1

16.0
18.3
20.0

374
383
40.2

47.6
44.7
40.8

fluid mmol dm™

2+

Me

95.5
94.2
96.0
96.2

97.0
59.5
58.6
58.1

95.0
79.2
70.0
65.2

97.6
711
715
77.3

93.4
76.1
814
813

96.8
72.3
70.0
66.8

933
44.4
45.9
40.9

solid mol%
Ca Me?*
100.0
100.0
100.0
98.8 1.2
98.9 11
99.0 1.0
26.3 73.7
20.0 80.0
215 78.5
50.9 49.1
235 76.5
9.2 90.8
41.9 58.1
40.6 59.4
54.0 46.0
73.4 26.6
69.6 30.4
63.3 36.7
34.1 65.9
29.9 70.1
24.4 75.6
0.9 99.1
0.0 100.0
0.4 99.6

FTIR

cc
cc
cc

ara, cc, mhc
ara, cc
ara

ca-str
ca-str
ca-str

ca-wit
ca-wit
ca-wit

ot, cc
ot, cc
ot, cc

rhod, cc
rhod, cc
rhod, cc

ANC, cc
ANC, cc
ANC, cc

hyzi
hyzi
hyzi

PXRD

cc: 100.0 wt%
cc: 100.0 wt%
cc: 100.0 wt%

ara: 58.1 wt%, cc: 19.4, mhc: 22.5 wt%
ara: 95.4 wt%, cc: 4.6 wt%
ara: 100 wt%

ca-str: 100.0 wt%
ca-str: 100.0 wt%
ca-str: 100.0 wt%

ca-wit: 22.6 wt%, ba-cc: 77.4 wt%
ca-wit: 55.9 wt%, ba-cc: 44.1 wt%
ca-wit: 100 wt%

Py

1 69.0 wt%, cc: 31.0 wt%
1 70.8 wt%, cc: 29.2 wt%
1 56.4 wt%, cc: 43.6 wt%

o}
[o}
[o}

& o

rhod: 39.6 wt%, cc: 60.4 wt%
rhod: 46.4 wt%, cc: 53.6 wt%
rhod: 49.8 wt%, cc: 50.2 wt%

ANC, cc (not quantified)
ANC, cc (not quantified)
ANC, cc (not quantified)

hyzi: 96.2 wt%, smi: 3.8 wt%
hyzi: 97.6 wt%, smi: 2.4 wt%
hyzi: 97.5 wt%, smi: 2.5 wt%
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By dispersing ACC into a 0.1 M MgCl,-solution, the transformation product incorporated 1
mol% of Mg. The transformation pathway, however, changed completely compared to the
control experiment. PXRD and FTIR show that after 1 d of reaction time a mix of aragonite,
monohydrocalcite [CaCO3*H,O] and calcite were present (Figure S4.2). These reaction
products were transforming entirely to aragonite, with needles up to 10 um in length, after 22
d of reaction time (Figure 4.2 and Table 4.2). High concentrations of Mg in solution are
known to inhibit calcite and to promote aragonite formation (Mucci and Morse, 1983;
Astilleros et al., 2010). Purgstaller et al. (2017) observed that Mg-ACC sampled during an
experiment transformed under air exposure into different CaCOj; polymorphs compared to the
same Mg-ACC kept in a Mg-rich solution. Although no measurements were conducted
directly after filtration, it is assumed that ACC was still present after 1 d in the Mg-rich
solution, considering the stabilizing effect of Mg in solution for the lifetime of ACC, as was
observed and discussed in Chapter 2. Hence, it is suggested that the obtained calcite in the
present experiments results from the transformation of ACC under air exposure after
filtration. This is supported by SEM, displaying nm-sized particles akin to the amorphous
phase instead of idiomorphic rhombohedral crystals as in the control experiment (Figure
S4.2). Konrad et al. (2016) made the same morphological observations for the transformation
of ACC in air. The formation of intermediate monohydrocalcite from ACC and its
transformation to aragonite is likely resulting from the high Mg-concentration in respect to
reaching a high aMg”*/aCa”" ratio in the reactive solution (Blue et al., 2017; Purgstaller et al.,
2017 and Chapter 2).

In the experiments, where ACC was dispersed into Sr and Ba solutions, the orthorhombic
aragonitic structure evolved from ACC, as observed for the Mg-solution experiments (Figure
4.1). However, in contrast to Mg, the Sr and Ba ions were readily incorporated into the final
reaction product and calcium was released into the reactive solution (Table 4.2). The initial
ACC transformed into calcio-strontianite and calcio-witherite with about 80 mol% of Sr and
90 mol% of Ba in the respective solid after 22 d of reaction time. In both experiments
aragonite-type single solid-solution phases are formed at ambient temperatures, which was in
former studies only achieved at elevated temperatures > 75 °C for calcio-strontianite
respectively is not reported at all for calcio-witherite (Plummer and Busenberg, 1987; Lucas-
Girot et al., 2007). Studies on the solid-solution of the latter are absent. SEM images show up
to 3 um long and 1 wm thick spindle-shaped crystals as well as thin needles up to 2 um of
calcio-strontianite and calcio-witherite crystals (Figure 4.2). While in the Sr-solution

experiment the orthorhombic calcio-strontianite was already present as a single solid-solution
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phase after 1 d of reaction time, ACC in the Ba-solution transformed initially into two distinct
solid solutions: calcio-witherite and barytocalcite [BaCa(COs),]. PXRD and FTIR
measurements suggest that the barytocalcite is disordered (Figure S4.2). The diffractograms
and spectra show shifted peak and band-positions with respect to reference data (Scheetz and
White, 1977; Frost and Dickfos, 2008) and from Rietveld refinement, larger cell volumes of
269.6 A’ in the sample Ba 1d and 271 A® in the sample Ba 8d are obtained compared to a
value of 266.4 A® found in the literature (Dickens and Bowen, 1971). This indicates that the

barytocalcite is disordered and non-stoichiometric with a greater Ba- than Ca-content (Figure
S4.2).
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Figure 4.1. PXRD- and FTIR-measurements of final reaction products obtained after 22 d from the
transformation of ACC in Me”"-rich solutions as well as in reference solution using Milli-Q water (MQ).
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Figure 4.2. SEM images of final reaction products after 22 d show orthorhombic crystals from the
transformation of ACC in Mg-, Sr- and Ba-solutions. In the control experiment with Milli-Q water (MQ) as well
as in the Cd- and Mn-experiments rhombohedral crystals are obtained and in the Ni- and Zn-solutions spherical
nanoparticles and platy-crystals from the formation of hydrated amorphous and crystalline carbonates were
observed.
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4.3.2 Formation of transition metal carbonate minerals from ACC

ACC dispersed in a Cd- and a Mn-rich solution was observed to transform into the end-
member minerals otavite and rhodochrosite together with calcite (Figure 4.1). Throughout the
transformation of ACC up to 60 mol% respectively up to 37 mol% of Ca were released into
the respected solution and replaced in the final reaction products with the dissolved Cd- and
Mn-ions (Table 4.2). Otavite formed about 1 um sized spherical aggregates, composed of 100
nm rhombohedra, differing from calcite which formed 2 um large flower-like aggregates of
euhedral calcite crystals (Figure 4.2). Rhodochrosite crystallized into spheres of 1-2 um in
diameter, composed of rhombohedral crystals of 100 nm in size (Figure 4.2). The calcite,
which formed together with rhodochrosite, shows 4 um large flower-like structures of
rhombohedral crystals with unusual surface characters, which could imply that step
movement was inhibited during growth (Figure 4.2) as a result of adsorbed Mn-complexes.
Similar observations are reported in an AFM study by Vinson et al. (2007) who investigated
the inhibition of calcite dissolution in the presence of Mn*" in solution.

ACC dispersed into a Ni-rich solution transformed into an X-ray amorphous nickel carbonate
simultaneously with calcite, verified by the amorphous hump in the diffractograms (Figure
4.1). The amorphism of the nickel carbonate is furthermore indicated from the characteristic
absence of the v4-band as well as presence of a broad H,O-band at 2 600-3 700 cm™ in the
FTIR spectrum (Figure 4.1) (Minkova et al., 1984; Garcia-Guinea et al., 2013). Up to 76
mol% of the Ca originally bound in the ACC phase was released into the reactive solution and
substituted by Ni. The particles are spherical in shape and show maximum particle sizes up to
100 nm (Figure 4.2). The FTIR spectrum suggests the amorphous reaction product may
correspond to a nickel hydroxycarbonate mineral phase commonly referred to as zaratite
(Ni3CO3(OH)4*4H,0; Table 4.1). However, the International Mineralogical Association
(IMA) has classified the phase as questionable in terms of describing a distinct mineral phase,
due to their low crystallinity and different hydration states (Garcia-Guinea et al., 2013).
Accordingly, the present reaction product is referred to as amorphous nickel carbonate
(ANC).

A hydrated mineral phase is forming as well when dispersing ACC into a Zn-containing
solution, namely hydrozincite. Hydrozincite is forming 200 nm platy-crystals (Figure 4.2)
with minor amounts of smithsonite (ZnCO;), where the latter is only detectable in PXRD
(Table 4.2 and Figure 4.1). These two Zn-carbonate phases are the only products of the
transformation of ACC in the Zn solution. Throughout this transformation process almost the

entire Ca content in the ACC was released into the reactive solution being exchanged by
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dissolved Zn-ions to form zinc carbonate minerals at a close to 100 % level. Ni- and Zn-ions
are strongly hydrated in aqueous media and thus known for their high dehydration energy.
Anhydrous carbonate minerals of these two Me-ions are, therefore, unlikely reaction products
at ambient temperatures and pressures and are commonly not found under these
physicochemical conditions in natural environments, resulting in the formation of hydrous
Me-carbonates instead (Zachara et al., 1991; Hoffmann and Stipp, 2001; Pokrovsky and
Schott, 2002).

4.3.3 Conditioning transformation pathways of ACC by solution chemistry

The observed transformation pathways in this study demonstrate the importance of the
solution chemistry on the fate of ACC in aqueous media. The observed exchange of elements
during ACC transformation is a strong indicator for progressive dissolution of ACC and
subsequent re-precipitation of distinct solid carbonate phases. On another point of view, the
observed high exchange rates of dissolved Me®"-ions from the solution into the solid are
unlikely to be obtained via ion diffusion considering a solid-state transformation, especially
for such short reaction times at ambient conditions (Rodriguez-Navarro et al., 2015). Our
results discard a significant influence of formerly reported proto-structures of the used ACC
on its transformation pathway (Gebauer et al., 2008; Gebauer et al., 2010), as orthorhombic
carbonates were forming in solutions containing larger cations than Ca (Ba and Sr) and
rhombohedral structures were found precipitating in solutions with smaller cations than Ca
(Mn and Cd). However, exceptions were obtained for the ACC transformation behaviour in
the presence of the strongly hydrated cations Ni and Zn, forming hydrated carbonate phases,
and for Mg. Mg is the only cation observed in this study, which did not readily incorporate
into the precipitating solid, but nonetheless effectively determined CaCO; polymorph
development to form aragonite, via the formation of monohydrocalcite, instead of calcite.
This supports the governing role of solution chemistry on carbonate mineral formation via an
amorphous precursor in all our experimental runs (Figure 4.3). The, in most cases, significant
incorporation of Me*"-ions into the precipitated solid throughout ACC transformation might
be explained by the high surface area of ACC in contrast to crystalline calcium carbonates
enhancing favourable exchange reactions (Kim et al., 2014) and by the sparse solubility of the
studied Me*"-carbonates compared to ACC and calcite (Table 4.1). The final reaction
products are at least two magnitudes less soluble than ACC as well as less soluble than

calcite.
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Figure 4.3. The dispersion of additive-free ACC into Me*'-rich solutions as well as into reference MQ water
without metals, reveal that crystallization pathways and chemical composition of the transformed phase are
conditioned by solution chemistry. Thus, precipitated carbonate phases from ACC transformation are not
preserving the elemental signatures of ACC formation but record the prevailing environmental conditions during
the transformation process.

In this study, the investigation on the transformation behaviour of ACC in a Me*'-rich
solution shows differences compared to the distinct uptake of metals during the formation of
amorphous carbonates. The incorporation of metals during amorphous carbonate precipitation
is well studied for elements like Sr, Fe and rare earth elements (REE), and in particular for
Mg (Sel et al., 2012; Rodriguez-Blanco et al., 2014; Blue et al., 2017; Littlewood et al., 2017).
As these amorphous precursor form from highly supersaturated solutions without distinct long
range ordering, they seem to discriminate between Me”'-ions at a very low level. This can be
illustrated in the case of Mg, where any composition of CaMg.y can be formed as
amorphous carbonate by co-precipitation of Mg and Ca (Radha et al., 2012), resulting after
transformation in (high) Mg-calcites (Loste et al., 2003). On the other hand, by using classical
experimental approaches, the direct precipitation of Mg-calcite from a saturated solution is
not exceeding 3 mol% of Mg and at elevated Mg/Ca ratios, aragonite instead of Mg-calcite is
formed (Politi et al., 2010). In analogy, the transformation experiments in this study show that
additive-free ACC does not incorporate large amounts of Mg even during transformation in a

Mg-rich solution, but results in the formation of aragonite via monohydrocalcite, which might
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be attributed to the difference in supersaturation. While the formation of an amorphous
carbonate occurs in highly supersaturated solutions, the dispersion of ACC in an initially
undersaturated solution leads to dissolution of the amorphous phase until its saturation is
reached (see Chapter 2 and 3). The subsequent transformation in a highly supersaturated
solution is therefore much more vigorous than in a saturated one, in which the most stable
phase has time to be formed. Similar observations can be made for Sr, where high Sr-calcites
were obtained from a Sr-rich ACC precursor, while direct precipitation triggers the formation
of aragonite-type structures, with Sr incorporating in calcite at a comparatively low

concentration level (Matsunuma et al., 2014; Littlewood et al., 2017).

4.3.4 Implications for natural environments and technical applications

The presented experiments reveal that the composition of the amorphous phase is not
necessarily preserved in the reaction product after transformation in an aqueous media with
differing solution chemistry compared to the time of precursor formation. This could have
implications for the reconstruction of paleo-environmental conditions from biominerals,
where the chemical environment of certain tissues within an organism in which amorphous
precursor are formed, may differ from the aqueous environment where transformation occurs,
(e.g. body fluid vs. seawater) (Beniash et al., 1999; Raz et al., 2003; Vidavsky et al., 2014;
Devol et al., 2015). This must be considered when using elemental or isotopic signatures in
biogenic carbonates originating from an amorphous precursor. The presented results imply
that the reaction product records rather the condition of the transformation environment than
the condition of the amorphous precursor formation (Giuffre et al., 2015; Immenhauser et al.,
2016; Mavromatis et al., 2017).

On a technical aspect, this screening experiment demonstrates the potential of amorphous
carbonates to be used as blank precursor material, as it was illustrated that ACC can be
triggered by physicochemical conditions of the solution to crystallize into specific carbonate
polymorphs. This synthesis route, via an amorphous precursor, shows a prospective
possibility to forge novel composite materials with desired particle shapes and compositions,
where e.g. the formation of calcio-strontianite or calcio-witherite solid solutions can be
achieved at ambient temperatures. Furthermore, the high exchange rates observed for Ca from
ACC with Me*"-ions in solution throughout transformation, reveal a great potential for ACC
to be used as a remediation material, in particular, when compared to crystalline carbonates as
it shows considerably higher cation exchange rates throughout transformation (Fukushi et al.,

2011).
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4.4 Conclusions

The decoupling of the formation step of ACC and its transformation in Me”* -rich solutions,
enabled to study the distinct influence of the solution chemistry on respective transformation
kinetics and mechanisms. Our experiments reveal that the transformation pathway of additive-
free ACC is strongly determined by the solution chemistry. Thus, proto-structures in the ACC
material, if present, have no significant influence on the crystal structure of the final
precipitate. In general, cations with large ion radius, like Sr and Ba, triggered the formation of
orthorhombic carbonate minerals. Cations smaller in size compared to Ca, like Mn and Cd,
precipitated rhombohedral carbonate minerals. The strongly hydrated cations Zn and Ni
formed hydrated crystalline and amorphous carbonates, respectively. Mg was the only
element not being readily incorporated into the reaction product, but nonetheless poised the
calcite formation and triggered the formation of aragonite via intermediate monohydrocalcite.
The results clearly demonstrate that throughout transformation, the chemical composition of
the amorphous precursor must not be passed on to the crystalline reaction product but changes
dependent on solution chemistry at time of transformation. On the other hand, the results also
demonstrate that the amorphous precursor can be triggered to form distinct carbonate minerals
and further reveal an enhanced and fast exchange rate with dissolved (heavy) Me” -ions in the

course of transformation compared to its crystalline counterparts.
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4.5 Supporting Information
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Figure S4.1. PXRD, FTIR and SEM analyses of the synthesed ACC, displaying a non-X-ray-diffracting
hydrated calcium carbonate forming 30-200 nm large spherical particles.
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Figure §$4.2. Intermediate reaction products were obtained in the experiments with Mg and Ba in solution. Left:
the dispersion of ACC into a Mg-rich solution revealed the formation of intermediate monohydrocalcite and
calcite next to aragonite after 1 d in solution prior to the complete transformation into aragonite. The formation
of calcite is suggested to be an artefact caused by the transformation of ACC under air exposure (see discussion).
Right: in the Ba-rich solution, ACC transformed initially into rhombohedral barytocalcite and calcio-witherite
prior to the complete transformation into calcio-witherite. PXRD and FTIR measurements suggest the
barytocalcite is disordered and non-stoichiometric with a greater Ba than Ca content in its structure.
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Chapter 5

Perspectives

5.1 Synthesis of amorphous metal carbonates and co-precipitation

of different metal ions with ACC

Literature on amorphous carbonates can be found in ever-growing number, but as the
minerals of the calcium endmember are by far the most encountered carbonates on Earth, the
main focus lies on ACC. Studies on endmember precursors of other metal-carbonates are still
rare with reported syntheses confined only to the cases of Mg (Blue et al., 2017), Fe (Sel et
al., 2012) and for some rare earth elements (Rodriguez-Blanco et al., 2014). Nonetheless, the
synthesis and transformation behaviour of other metal precursors might be vital to understand
chemical compositions found in biominerals, as the latter are hardly pure calcium carbonates,
but contain, beside Mg, a range of different cations, such as Sr or Ba. This is especially
important as the co-precipitation of different metal ions into an amorphous carbonate likely
shows a completely different partitioning behaviour to that found in crystalline carbonates. In
general, as an amorphous phase has no long-range order, and, therefore, no definitive atomic
structure, discrimination between different elements seems less pronounced (Cam et al.,
2015). Sr or Ba, which are often considered as incompatible in the calcite structure, have been
reported to show an enhanced incorporation into calcite, when formation was occurring via an
amorphous calcium precursor containing Sr (Littlewood et al., 2017). Future studies on co-
precipitation of different elements with ACC is essential to understand better the chemical
compositions of biogenic crystalline carbonate minerals derived thereof. This again is crucial
as the incorporation of metals into carbonates is often used to deduce the prevalent
environmental conditions at time of formation. Hence, the knowledge obtained from
developing a synthesis routine for ACC and from the transformation behaviour of ACC in
different metal-solutions, as presented in this thesis, facilitates the design of constrained
experimental setups with favourable conditions for the synthesis of other amorphous metal-
carbonates and to investigate partitioning behaviour of elements with respect to the

amorphous phase.
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5.2 Unveiling the individual effects of solid and solution
composition on the transformation of amorphous carbonate

phases

Most studies that investigate the transformation behaviour of ACC into crystalline carbonates
deduce their information from an experimental approach where the synthesis and aging of
ACC occurs in the same solution (Blue et al., 2017 and therein). For example, the synthesis of
Mg-ACC from highly supersaturated Mg/Ca-rich solutions and the subsequent monitoring of
crystallization behaviour occurs in the same Mg/Ca-rich solution. Hence, the distinct
influence of either Mg-content in ACC or aqueous Mg species in the experimental solution on
observed metastabilities of the amorphous phase and on the different crystallization pathways
is difficult to ascertain. The decoupling of ACC synthesis from the transformation in solution,
as presented in this thesis, is a novel approach that allowed the specific study of the influence
of solution chemistry on the transformation behaviour of ACC. The observation that a
maximum of about 4 mol% of Mg is incorporated into ACC when being dispersed and
subsequently dissolved until saturation was reached (Chapter 2), suggests that incorporation
of large amounts of Mg in ACC are only accomplished during the synthesis from highly
supersaturated solutions with respect to ACC. Therefore, a complementary study comes to
mind, dispersing ACC with different Mg-content into pure water, which would facilitate the
investigation of the sole influence of solid Mg-content in ACC on its transformation
behaviour. As it is often suggested that observed metastabilities of ACC originate from the

Mg-content therein, the experiment would allow clarification of such an assumption.

5.3 The importance of in-situ observation of reaction processes in

aqueous solution

The in-situ Raman monitoring made it possible to visualize and uncover reaction steps, which
would have otherwise been lost, in turn allowing reaction processes to be proven rather than
inferred. This novel technique has not been widely applied and has a great potential,
especially when dealing with metastable phases, where it is not clear for how long the
respected phase is present in solution. This advantage can help in obtaining finally a reliable
solubility product constant (Ksp) for ACC, for which different values are proposed (Brecevi¢
and Nielsen, 1989; Clarkson et al., 1992). An experimental study trying to unveil the Ksp of

ACC, must always face the criticism of not being able to assess if the metastable phase in
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solution was present the whole time as a single mineral phase. As already inferred in Chapter
3, solution sampling together with the certainty of knowing at any time the mineral phase
being present in solution through in-situ monitoring, helps to conduct an experimental study
that delivers a reliable Ksp. In particular, as it was demonstrated, Mg in solution prolongs the
lifetime of dispersed ACC while being saturated, but at the same time does not change the

solid composition considerably.

5.4 Adsorption capacity and controlled transformation of ACC

The enhanced sorption capacity of ACC for dissolved metal ions with respect to the formation
of crystalline carbonates shows great potential for being used as remediation material in
industrial effluents and contaminated sites, e.g. for the fast removal of radiogenic strontium.
More importantly, the experiments in this thesis reveal that ACC can be used as blank starting
material, retaining the ability to be subsequently triggered to transform into distinct crystalline
carbonates with defined compositions, particle shapes and size distribution controlled by the
physiochemical conditions (temperature, chemical composition) of the reactive solution.
These results give confidence for further studies in the future to design novel functional

materials with application specific properties.
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