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Abstract

Strontium-90 and Carbon-14 are two important contaminants associated with nuclear
waste. Accidental release of these to the environment can cause a hazard which will

persist for hundreds or thousands of years.

The coprecipitation of *°Sr and 4C into calcium carbonate has been demonstrated to
be a feasible process for the removal of these isotopes from groundwater, achieving
over 99.9 % removal for both isotopes. However, there exists a number of potential
issues that should be considered before applying this technique to any site. *°Sr and #C
are removed by fundamentally different processes (prolonged Ca®* and TIC depletion
respectively). Since these process cannot be achieved in the same solution at the same
time the simultaneous removal of these two isotopes to high removal efficiencies is
not possible. Furthermore '*C removal displayed a remobilization back to solution,
indicating that *C held in calcite in a solution where there is not a net TIC flux to
the precipitate will exchange with TIC in the solution. Sr incorporation into calcite
was possible across a range of Sr concentrations and was found to be enhanced by
the presence of calcite seed crystals (likely due to sorption to the calcite surface) also

toward the end of free drift experiments where strontianite became supersaturated.
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Chapter 1

Introduction

Radioactively contaminated ground and groundwater pose a potential threat to a number
of receptors including drinking water resources, human and non-human biota, as well
as impacting on the decommissioning of nuclear sites. Neither the scale of the UK con-
taminated ground and groundwater liability, nor the approach to its future management
are fully defined, and as such a range of potential remedial options are required in order

to suit individual site circumstances and differing radionuclide characteristics.

Strontium-90 and Carbon-14 are two radionuclides of potential concern observed at the
Sellafield site in Cumbria which share a similar distribution in groundwater Stamper
et al. (2014). Several techniques exist for the removal of *°Sr from groundwater, each
with inherent advantages and disadvantages. To date, the removal of '“C has received
less interest however, the scope of 14C contamination is becoming better understood,
and its presence in concentrations of up to 50 KBq L! at the Sellafield site call for an

effective remediation technique for this radionuclide.

Ton exchange resins are one of the key technologies currently used to remove *°Sr from

23



Chapter 1. Introduction 24

groundwater. Their operation relies on the displacement of weakly bound cations from
a matrix by °Sr ions from the groundwater. This technique is used extensively for
remediating nuclear plant effluent as well as treating incoming make-up water. These
ion exchange resins can be very effective for the removal of high concentration ions
from groundwater; however, their applicability to dilute compounds in groundwater
is potentially problematic — owing to the presence of competing ions (Moller et al.,
2002). Contaminated groundwater contains °°Sr?* ions in concentrations of ng/L-pg/L
whereas other divalent metals such as Ca?* and Mg?* are present in mg/L concentrations.
The abundance of these groundwater ions can greatly reduce the effectiveness of any
proposed treatment scheme based on ion exchange resins, by taking up ion exchange
capacity. In addition, anionic contaminants such as H'*CO3~ and '*CO3% would
require a separate anion exchange process — with similar competing ion issues from

non-radioactive species.

The substitution of Sr>* into carbonates has been studied by a number of researchers
(Kinsman and Holland, 1969; Lorens, 1981; Tesoriero and Pankow, 1996; Mitchell
and Ferris, 2005). These studies highlight a number of parameters which may affect
the partitioning; including rate of reaction, carbonate polymorph formed, presence of
competing ions, and temperature. The affinity of *C for carbonate precipitates has

however received less interest.

This project aims to develop a new remediation technique which will use alkaline car-
bonate coprecipitation reactions to trap *°Sr and '#C in calcium carbonate precipitates.
This technique would have the benefit of using low cost, readily available sources of

Ca; in the form of slaked lime (Ca(OH),) or gypsum (CaSQy). This should greatly
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reduce the cost of this treatment scheme and potentially make it more favourable than

relatively expensive synthetic ion exchange resins.

This research aims to better understand the incorporation mechanisms of *°Sr and
14C into carbonates with the goal of identifying the optimal conditions, reasonably
achievable for an industrial technique, for the coprecipitation of *°Sr and *C into

carbonates; and use this information to design a large scale remediation technique.



Chapter 1. Introduction 26

1.1 Objectives

1. Determine the effect of varying initial solution concentrations of Ca and CO3?*"
on the distribution coefficients of Sr and '*C into calcium carbonate. This will be
achieved by carrying out a series of batch alkaline coprecipitation experiments

with varying initial concentrations of Ca(OH); and Na;COs.

(b) Establish the importance of atmospheric CO, in-gassing on the above reac-
tion. This will be achieved by repeating the batch alkaline coprecipitation

experiments in sealed reactions vessels, with minimal head-space.

2. Determine the effects of changing groundwater ionic content on the distribution
coefficients of Sr and '“C into calcium carbonate. This will be achieved by
carrying out a series of batch alkaline coprecipitation experiments with varying

ionic content; including (Mg?* and SOi_).

3. Develop a kinetic model in PHREEQC which is capable of understanding chang-
ing solution calcium, TIC, pH and mineralogy during carbonate precipitation. As

well as the partitioning of Sr and 'C into the precipitate.

4. Investigate whether the addition of seed crystals will improve the distribution

coefficients of Sr and '*C into calcium carbonate.

5. Probe the strontianite-calcite solid solution with a series of constant composition

experiments to better understand the mechanism of Sr incorporation into calcite.

6. Determine the stability of radio-carbonate powders in cement waste forms, and
understand the fate of ions from any calcite which dissolves. This will be achieved

by mixing radio-carbonate into a series of cement blends.
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Thesis outline

This dissertation will comprise an Introduction in Chapter 1. A literature review in
Chapter 2. This will be followed by a discussion of research methodology used in this
study, including analytical techniques, method development, and sampling strategy in
Chapter 3. Experimental data Chapters are included in Chapters 4-7, and subsequently

concluded in Chapter 8.

Chapter 4 - Reaction Kinetics and recrystallization pathways

The first data chapter discusses work carried out to understand the removal of Sr and '4C
from a series of batch coprecipitation experiments carried out under alkaline conditions.

Modelling in PHREEQC was also completed to better understand key trends.

Key findings

99.7% of '*C and 98.6% of Sr removed from aqueous solution by CaCO3 precip-

itation
« Remobilization of “C observed during calcium carbonate recrystallization
 Sr displayed variable distribution coefficient (possibly affected by Ca:Sr ratio)
» Reagent cost of $0.22/m3 of treated groundwater.

Reference - David J. Hodkin, Douglas 1. Stewart, James T. Graham, Ian T. Burke (2016)
Coprecipitation of '“C and Sr with carbonate precipitates: The importance of reaction kinetics

and recrystallization pathways, Science of The Total Environment, Volume 562
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Chapter 5 - Potential amendments to the Carbonate precipitation
scheme

The second data chapter includes potential mechanisms for improving the coprecipi-
tation of Sr and '*C into calcium carbonate. These includes using SO4 and increased
temperature (40°C) to favour aragonite precipitation as well as using seed crystals to

prevent the recrystallization pathways affecting the reaction in section 1.1.

Key findings
* Under high pH conditions the precipitation of aragonite is unfavourable and not a

suitable mechanism for improving Sr coprecipitation into calcite.

* High seed crystal surface areas are beneficial for the removal of Sr and '*C from

solution.

Chapter 6 - Enhanced Crystallographic incorporation

This section aims to better understand the Calcite-Strontianite solid solution. At a fixed
precipitation rate the amount of Sr incorporated into calcite was increased by altering

the solution Ca/Sr ratio. This generated a range of carbonate precipitates with varying

Wt. % Sr.

Key findings

» The distribution coefficient of Sr into calcite is independent of the Sr/Ca ratio in

the solution and, under the conditions of the experiment, was 0.15.
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* Calcites were precipitated with 0.02-9.47 Wt. % Sr. These precipitate displayed

an increasing disorder with Sr Wt. %.

* Sr*7 is preferentially adsorbed to obtuse growth steps and generates an increase

in the L/W ratio of precipitates.

Chapter 7 - Waste-form stability

The planned disposal route of the radioactive calcium carbonate generated by this
treatment scheme would be through mixing into cement grout waste forms. The fate of
%0Sr and '*C in cement blends will be tested, with implications for long term stability

and weathering properties.

Key findings

« 14C is most likely incorporated in the Monocarboaluminate phase.

« 9081 was not found at concentrations above the LOD. This suggests that it is most

likely incorporated diffusely throughout the sample.

* Cement blends with higher proportions of OPC relative to GGBFS favour the

dissolution of calcite
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Chapter 2

Background Information and Theory

The Sellafield site in Cumbria (Figure 2.1) has had a long nuclear history dating back to
1947 when the plutonium producing Windscale piles were commissioned, followed by
Calder Hall, the worlds first nuclear power plant in 1956. Calder Hall was a Magnox
reactor, named for the Magnesium oxide alloys used to clad the Uranium fuel elements.
This design was favoured throughout the 1950s-60s with a total of 11 operational
reactors built. Currently the UK nuclear portfolio comprises of six Advanced Gas
Reactors (AGR) alongside a Pressurised Water Reactor (PWR) at Sizewell B and an
European Pressurized Reactor (EPR) under development at Hinkley point C (World

Nuclear Association, 2016).

Alongside this rich history of Nuclear power generation, the UK is host to the Sellafield
Nuclear reprocessing facility. Sellafield has operated as a nuclear facility since 1947
when the Windscale Piles were created as part of the UK’s atomic weapons program,
alongside a plutonium extraction plant. In 1956 the Calder Hall nuclear reactor was

commissioned (named for the river running through the site), as well as reprocessing
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facilities designed to tackle Magnox and Oxide fuel. Calder hall was closed in 2003
and the site currently operates exclusively as a reprocessing facility, receiving waste

streams from several countries (Baldwin, 2003; Reeve and Eilbeck, 2007).

During nuclear power generation it is possible for a wide variety of radioisotopes to
be generated depending on the process type and materials present. Due to the diverse
range of materials taken in by Sellafield it hosts a wide array of radionuclides (H, '*C,
60Co, 9Sr, 9571, 95Nb, PTc, %Ry, 1291, 134Cs, 137Cs, 44Ce, 237Np, 24! Pu, 241 Am,
243Cm, 2**Cm, and Uranium) (Defra, 2002). The aim of Sellafield is to take in these
waste streams, and concentrate their radionuclides in a stable waste form which can be
returned to the customer. Since 1952 Sellafield has been authorised to emit radionuclides
to the Irish sea. Peak emissions were reached in the mid 1970s with over 8000 TBq yr~!
being discharged (Baldwin, 2003). Since then Sellafield has made a significant effort to
reduce these emissions, with a swift decline achieved throughout he early 1980s (Cook

et al., 1997). In addition to these authorised emissions a number of accidental leaks

have occurred throughout the sites history.

The Magnox Swarf Storage Silo (MSSS) is a facility at Sellafield used as storage for
the Magnesium oxide cladding (swarf) used in the fuel elements of the UK’s historic
Magnox plants. Within the silos the swarf is stored submerged in water for heat
regulation and shielding. The magnesium rich swarf reacts with this water to produce
hydrogen gas and Mg(OH), which has buffered the solution to a high pH (Fairhall and
Palmer, 1992). This high pH solution caused corrosion of the concrete tank base below
ground level, resulting in the release of a high pH plume to the local groundwater. The

corrosion of the tank is believed to have self-sealed by tank sludge and precipitates
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however the potential for these fractures to reopen is acknowledged which may result in

future leaks (Reeve and Eilbeck, 2007; Garrard et al., 2016).
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Figure 2.1: Sellafield location from (Cruickshank, 2012)

2.1 Sellafield Site characterization

Since the scope of nuclear contamination at Sellafield was discovered a significant effort
has been made to understand the nature and extent of the contamination present under

the Sellafield site (Cruickshank, 2012).

In April 2001 a six year Phase 1 investigation into the contamination levels under



Chapter 2. Background Information and Theory 36

Sellafield commenced, called the Sellafield Contaminated Land Study (SCLS) (EI-
Ghonemy, 2004). This was followed by a Phase 2 investigation in April 2007 which
was completed in August 2010 (Cruickshank, 2012). In 2011 Sellafield began a series
of annual groundwater monitoring rounds to track and delineate groundwater contami-
nation. This section will aim to give a summary of these reports within the context of

90Sr and 4C contamination at Sellafield.

Geology

The first layer encountered in the Sellafield profile is made ground, installed during the
site’s construction. This is reported to be < 3 m thick, but may be thicker alongside to

the river Calder.

The made ground is underlain by drift deposits laid down during the Quaternary glacia-
tion. Sands, gravels and silts make up these deposits which vary in their relative
proportion due to the diverse range of material brought down the glacial valleys. These
glacial sediments form channels, one of which underlies the Separation area with a

maximum depth of 60 m.

The Quaternary geology is underlain by the Triassic Sherwood Sandstone, comprised
of the Wilmslow and Helsby formations. These both are reddish Aeolian sandstones

with significant surface weathering (Cruickshank, 2012; Stamper et al., 2014).

Hydrology

Groundwater was encountered at between 3-12 m bgl in the separation area. This wide

range of groundwater depths is a result of a mound of groundwater centred on the
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separations area. This mound is likely the result of slow leakage into low permeability

drift layers.

Groundwater flow through the sandstone unit was found to be, at least partially, con-
trolled by fracture networks which, coupled with the multiple sandstone units, leads to
significant heterogeneity in the groundwater flow characteristics (E1-Ghonemy, 2004).
A buried channel situated under the site adds further complexity to flow characteristics

(Figure 2.2).
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Figure 2.2: A section illustrating the geology and hydrology underlying Sellafield from (Cruickshank,
2012)

Groundwater monitoring

Groundwater samples taken during the annual groundwater monitoring rounds have
consistently identified, among others, a zone of beta contamination in groundwater
extending from the SW of the separation area (Figure 2.3)(Stamper et al., 2014). In
this groundwater *°Sr was found to be the dominant beta emitting radionuclide, with

maximum concentrations observed in monitoring well 10087. A concentration of 75.3
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KBq L—1 was observed in 2011, followed by an increase to 77.1 KBq L—1 in 2012,
and a decrease to 44.2 KBq L—1 in 2013. The same monitoring well (10087) also
displayed the maximum concentrations of 4C. 14C displayed a similar behaviour to
90Sr: a concentration of 47.4 KBq L~! was observed in 2011, followed by an increase
to 53 KBq L™! in 2012, and a decrease to 44.2 KBq L—1 in 2013. These peak beta
concentrations coincide geographically with a historic leak associated with a storage

silo recorded in this area in 1979 (Stamper et al., 2014).

Other concentrations of *’Sr have been observed towards the NE of the separation
area in well 10202, at a maximum concentration of 8.2 KBq L~! again co-located
with the maximum '*C concentration of 6.3 KBq L~!. Although significantly lower
than concentrations observed in well 10087 at the SW of the separation area, these
concentrations exceed the WHO drinking water guidelines of 0.001 and 0.100 Bq L~!
for ®Sr and '*C respectively. Both wells are situated in the Drift deposits underlying

the sites.

Carbon-14 in the environment

Carbon-14 is a relatively weak 8 emitting isotope (maximum 0.156 MeV, average 49
KeV). It has a half-life of 5730 years and, due to its central role in the structure of
organic molecules, it may become incorporated in organic matter. In UK power stations
(AGR and Magnox) '“C is produced by reactions involving C, N and O within the

coolant, graphite moderator, core structural materials and fuel (Eq. 2.1 - 2.3) (Yim and
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Figure 2.3: Extent of Beta contamination in Sellafield groundwater from (Stamper et al., 2014)



Chapter 2. Background Information and Theory 40

Caron, 20006).

Betin=fc+y (2.1)
BNtin=ltCc+lp (2.2)
dorin=Hcia (2.3)

The fate of this '4C depends on the environment it is generated in. Carbon-14 generated
in the coolant will be present as CO,(, and be released to the atmosphere. Carbon-14
generated in the graphite moderator may be retained until decommissioning takes place
and '*C generated in the fuel and cladding will pass to a reprocessing plant, such as

Sellafield (Bush et al., 1984).

When leaked to the groundwater this '*C, commonly present as H'*CO3; may react with
Ca to precipitate as calcium carbonate. Boylan et al. (2016) found that at Sellafield this

may be controlling '“C concentration in the groundwater near the leak zone

Strontium-90 in the environment

Strontium-90 is a fission product which is concentrated in reactor core materials and
the fallout from nuclear weapons testing. It has a half-life of 28.8 years producing a 3
emission with a maximum energy of 0.546 MeV and an average energy of 0.196 KeV.

It also has a short lived daughter isotope *°Y (64.2 h) in its decay chain.

Strontium-90 can become incorporated in living organisms through substitution for Ca

in the bones (Kulp and Schulert, 1962). A study investigating the distribution of *°Sr in

teeth and bone from Greece observed an average concentration of Sr°° of ~30 mBq g~!
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across 105 samples as a result of nuclear weapons testing and the Chernobyl accident

(Stamoulis et al., 1999).

Under circumneutral-alkaline pH conditions and ionic strength around 10 mM, *°Sr
is readily adsorbed to the surface of common soil minerals. As pH or ionic strength
rises *°Sr will desorb and return to the solution (Wallace et al., 2012). This makes its
presence in ground water a particular concern as it will remain immobile until a rise in

pH or ionic strength e.g. due to a saline intrusion mobilises it.

2.2 Summary of Remediation Options

With more known about the site conditions and contamination present Sellafield com-
missioned a series of reports into potential treatment and management strategies. The
main treatment strategies investigated were Permeable Reactive Barriers (PRB), In-Situ

Manipulation (ISM), and Pump and Treat.

2.2.1 Permeable Reactive Barrier (PRB)

PRBs have been successfully installed in a number of areas to treat a range of groundwa-
ter contaminants (Benner et al., 1999; Barton et al., 2004). They operate by intercepting
groundwater flow and creating localised chemical conditions (often within 1-2 m)
which enable the contaminants to be precipitated, adsorbed or broken down. PRBs may
take the form of trenches filled with the PRB material or Funnel and gate systems which
consist of impermeable funnels channelling the groundwater flow to the gate area which

comprises of the PRB material, this enables less PRB material to be used (Palmisano
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and Hazen, 2003). Their construction also allows for more engineered gate systems
wherein the gate fill material can be extracted and replaced as it becomes spent, the leak

changes or a better material becomes available (Cummins et al., 2016).

One of the fundamental requirements of a PRB is that the groundwater flow containing
the contaminants be fully intercepted by the barrier. Due to the lack of a low permeability
layer at depth at Sellafield there exists the potential for groundwater to flow under the
PRB rather than through it, particularly in areas where the groundwater flow is being
retarded e.g. the funnel region. Detailed hydrological modelling was carried out to
attempt to determine optimal operating conditions to minimise around flow however due
to the complex anisotropic hydrology in the area there exists the potential for modelling

€rrors.

The barrier fill material may vary depending on the contaminant to be treated. Zeolite
and Apatite were both identified as potential fill materials for the remediation of *°Sr,
achieving 99.9% removal of 8Sr (used as a surrogate for °°Sr). These remove the Sr

through sorption and are therefore unlikely to remove anionic species such as '*C.

While PRBs could provide a long term passive remediation technique their application
at Sellafield is problematic due to the uncertainties in local hydrology and potential

logistical issues with the access require to install a PRB.

2.2.2 In-Situ Manipulation (ISM)

The goal of ISM is similar to that of PRB however instead of creating an engineered

barrier to groundwater flow ISM relies on the injection of the material into groundwater.
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This makes it a less invasive technique requiring the drilling of boreholes rather than
trenches. It also minimises potential worker exposure to contaminants by leaving them
in the subsurface. A successful ISM using an Apatite slurry was applied to *°Sr at the
Hanford site, USA (Szecsody et al., 2007) . A two stage injection of a low then high
concentration of Ca-citrate-PO4 solution was used to initiate in-situ precipitation of
apatite whilst minimising the potential remobilization of *°Sr due to the influx of high

ionic strength solution.

Potential materials identified for borehole treatment of *°Sr include apatite, zeolite, and
Granulated Activated Carbon for adsorption (as in the the PRB) as well as the in-situ
precipitation of apatite potentially resulting in coprecipitation and adsorption. These
materials were found to offer a viable removal of °Sr from the groundwater and due to
the relative ease of installation and proof of concept at the Hanford site this poses an

attractive treatment option (Lancefield et al., 2016).

A potential drawback of this treatment scheme is the inability of it to remove '*C. It is
possible that in-situ precipitation of calcium carbonate could remove *°Sr as well as '4C

from the groundwater however this remains to be tested (Mitchell and Ferris, 2005).

2.2.3 Pump and Treat

By pumping the contaminated groundwater to the surface more precise treatment condi-
tions can be achieved. The SIXEP plant was commissioned in the 1970s to treat effluent
from the various storage ponds on site. It is based on a zeolite matrix (clinoptilolite)
to which the contaminants (13*/137Cs and *°Sr) are adsorped. The application of the

SIXEP clinoptilolite to contaminated groundwater has been considered however, due
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to the high ionic content of the groundwater it would have to softened by carbonate
precipitation first to remove ions which would otherwise compete for sorption space on

the clinoptilolite matrix.

What remains unclear is how the softening stage would affect the contaminant profile.
The coprecipitation of Sr into calcium carbonate proceeds largely due to the similar-
ities between the ionic radius and charge of the Sr>* and Ca®* ions. Furthermore
the simultaneous removal of '4C through isotopic exchange with the >?CO3? may
occur, simultaneously removing both contaminants. The product from this treatment (a
radioactive carbonate powder) should be compatible with a cement grout, enabling a

stable waste form to be produced.

The carbonate coprecipitation occurring during the softening stage may be sufficient to
remove the contaminants below the desired limits. Should any radioisotopes remain a
polishing stage comprising of a cation exchange media (such as the SIXEP clinoptilolite)
could be applied, significantly reducing the volume of this more expensive material

required.

2.3 Thermodynamics

Thermodynamics uses the state properties of a system to understand it’s most stable
endpoint. It is therefore very useful for understanding the equilibrium position of a

system, and precipitates likely to form therein.
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2.3.1 Internal energy (U)

The internal energy (U) of a system is equal to the sum of all the kinetic and potential
energies of the components of that system. The first law of thermodynamics states that
energy is conserved and if energy is lost by a system it will be gained by its surroundings
through the completion of work or the exchange of heat (Eq. 2.4 where q is heat and w

is work) (Kapel, 2011).

AU = g+w (2.4)

Transforming the system from state A to state B will result in a change in the internal
energy. If the change is negative the transformation will occur spontaneously giving
out energy to its surroundings. If it’s positive an energy barrier exists which must be
overcome through the assimilation of energy from the systems surroundings (Eq. 2.5)

(Smith, 1990).

AU = U — Uy (2.5)

Chemical systems may do work by changing their pressure and volume. Assuming
the system is open to atmosphere there will be no change in pressure and a useful way
of quantifying this is to remove the work term of Eq. 2.4 and replace it with one that
quantifies this expansion Eq. 2.6, where gp is the heat content of a system (Smith,

1990).
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AU =qg+w
(2.6)

AU :qP—P(VB—VA)

Chemical Potential (u)

The chemical potential (ut) is one of the potential energies that make up the total internal
energy of a system. It is defined as the AU when 1 mole of a substance is added to the

system.

()
dn 2.7)

AU = TdS — PdV + pdn

2.3.2 Enthalpy (H)

The change in heat content of a system (gp) may be quantified by another state property
termed Enthalphy (AH) Eq. 2.8. A chemical reaction that gives off heat energy to its
surroundings is exothermic and has a AH < 0, whereas a chemical reaction that takes in

heat energy from its surroundings is endothermic and has a AH > 0.

Enthalpy alone is not enough to determine if a chemical reaction is favourable and will
happen spontaneously or unfavourable and requires energy. The entropy of the reaction

must be understood.
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H=U+PV
(2.8)

AH = (UB —PVB) — (UA +PVA)

2.3.3 Entropy (S)

Entropy is a measure of the disorder of a system, which for perfectly ordered crystalline
solids is zero at O K. The second law of thermodynamics states that entropy of a system
will increase, resulting in the dispersal out of energy rather than its concentration. In a
closed system the point at which the maximum entropy has been reached the system is

said to be at equilibrium.

Transforming the system from state A to state B will result in a change in the entropy.
This is determined by integrating the quotient of the heat absorbed by the system and

the Temperature under which it occurred (Smith, 1990).

BdH
A T

AS = (2.9)

The formation of a precipitate (such as CaCOj3) will result in a localised decrease in
entropy, due to the ordering of energy into chemical bonds. Therefore this must be
accompanied by a increase in entropy elsewhere in the system. This is achieved through

the emission of heat and through the release of hydration water.
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2.3.4 Gibbs Free Energy (G)

A spontaneous reaction must either decrease the enthalpy of a system or lead to an
increase in it’s entropy. The Gibbs free energy of a system is a state function that uses
the enthalpy and entropy of a system, along with it’s temperature, to determine the

energy available for reactions to take place.

G=H-TS (2.10)

If the AG of a reaction is negative it is favourable and will proceed without requiring
extra energy. If the AG of a reaction is positive it is unfavourable and will require
the addition of energy from outside the system. This is therefore a useful tool for
understanding the most stable energy state for a chemical system and thus its equilibrium
position. In solids the entropy component of a components free energy is small due to
the high degree of order, however, the enthalpy is negative and large due to the strong

bonds formed between the atoms (Smith, 1990).

2.3.5 Law of Mass Action

At equilibrium the concentration of various phases is calculated through the law of mass
action Eq. 2.11. The relationship between the products and the reactants can then be
quantified by an equilibrium constant Eq. 2.11b. Because the activity of a solid is 1 the
concentrations of Ca’>* and CO%f in equilibrium with CaCOj3y) can be calculated by
Eq. 2.11c. This value is the concentration threshold at which aqueous Ca 2T and CO%‘

ions will begin to react to form CaCOsy).
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aCa®** +aC 0%‘ = CaCO3(can (2.11a)
o aCa*t x aCO%f 2.11b)

Cal = T 4CaC 0y '
Kea = 1078 = aCa®*" x aCO3~ (2.11¢)

If the activities of Ca and COj3 at which calcium carbonate is known to precipitate as
Eq. 2.11c then it is possible to determine how close a solution is to precipitating a given
phase by calculating the Ion Activity Product (IAP) Eq. 2.12a and dividing this by the K
value from Eq. 2.11c to obtain the saturation state (Eq. 2.12b). This is often converted
to a saturation index (2.12c) by taking the log of the Q. A solution with a saturation
index of 0 is in equilibrium with any solid phase present. If the SI is greater than O a

precipitate may form and conversely if the SI is less than 0 any precipitate may dissolve.

IAP = aCa*" x aCO3~ (2.12a)
Q=IAP/K (2.12b)
SI =1og(Q) (2.12¢)

2.3.6 Non-Ideal solutions

Equation 2.11 uses the activity of aqueous ions rather than their concentration. The

aqueous activity of an ion differs from its concentration in solution due to the effects of
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shielding by water molecules and interaction with ions in solution. The Debye-Hiickel
relation is commonly used to correct for these effects. First the ionic strength of the
solution is calculated by Eq. 2.13a. Then the ionic strength is used to calculate the
activity coefficient by Eq. 2.13b, where A and B are temperate dependent constants,
and ¢; is the empirical ion-size parameter of ion i. This relation only holds true for

solution with 1<0.1.

I =1/%m; x 22 (2.13a)
AZVT

logyi= —— X" 2.13b

& 1+ Ba;\/T ( )

In addition to the effects of shielding by water molecules and ion association, corrected
for through activity coefficients, ions may form complexes in solution which will lower
their activity. The formation of these complexes can be modelled using the law of
mass action, in a similar way to the formation of compounds. The total solution Ca
concentration can then be calculated by summing the Ca bearing complexes throughout

the solution.

2.4 Carbonate equilibria

The term carbonate refers to the CO3‘2 ion, however it is also commonly used to refer
to the whole group of minerals which are comprised of a carbonate ion bound to a

divalent metal ion (M?*) i.e. MCO;. A wide variety of carbonate species can form
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with various metal ions binding to one or more CO32‘ ions (Ca, Mg, Mn, Fe, Zn, Sr,
Cd, Ba, Pb), the most common of these species is calcium carbonate (CaCO;) (Appelo.
and Postma., 2007). Carbonates have importance across a range of research areas; it
is one of the main minerals used in nucleation studies (Nilsson and Sternbeck, 1999;
Gebauer et al., 2008; Nielsen et al., 2014), its chemical and isotopic signatures can
be used to probe paleoclimatic conditions (Fairchild et al., 2006), it is used as a drug
carrier (Wei et al., 2008), as well as a potential phase to remove contamination from

solution (Mitchell and Ferris, 2005).

When there is an interface present between a solution and a gas containing CO; (such as
the atmosphere) diffusion of CO, will take place across the interface until an equilibrium
has been established. If the solution is under-saturated with respect to CO, atmospheric
COz(g) dissolves to form COz(aq). This process is dependent on temperature and pressure
and is calculated by Henry’s law. Equation 2.14 shows the concentration of COz(aq) in

equilibrium with the atmosphere at 20°C.

[COag)]! = Kn X Pcoz
[COy )] = 0.032x 41074 (2.14)

[CO4)]*? = 0.0128 mmol L™

Aqueous CO, reacts in water to form carbonic acid (HCOg3) which may in turn dis-
sociate into bicarbonate (HCO;') and carbonate (CO%_). This speciation is dependent
on solution pH, the equilibria between these carbonate species is detailed in Table 2.1.

These equilibria enable the speciation of solution TIC across a range of pH conditions



Chapter 2. Background Information and Theory 52

to be calculated, this information is plotted in Fig. 2.4. Under alkaline conditions
(pH>10.3) CO32‘ becomes the dominant phase of dissolved inorganic carbon (Appelo.

and Postma., 2007).

In solution COy ) is significantly more abundant than HyCO3 and due to the relatively
rapid conversion from COy,,) to HyCO3 these two species are commonly summed

under the name H>CO;3.

The speciation of TIC towards carbonate at high pH has important implications for

calcium carbonate precipitation, due to its reliance of the aqueous activity of CO%‘.

Table 2.1: Equilibria of the 3 key carbonate species

Reaction Equilibria
CO() + H20 = Hy,CO3 Ky = [HyCO3) /Pco, = 10712
H,CO3 = HCO; +H* K| = [HY][HCO3]/[H,CO3] = 10763
HCO; =COF +H* K> = [HY][CO3]/[HCO;] = 107103
100 == =
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Figure 2.4: Carbonate speciation dependence on pH

Calcium ions in solution will form dative covalent bonds with the electron pair on the

Oxygen atoms contained in water molecules (Dorvee and Veis, 2013). This results in a
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hydration shell of water molecules surrounding Ca>* ions in solution.

The degree of hydration of an aqueous ion can be approximated by the formula (Richens,

1993)

—69500 - 72
AHp = ———— (2.15)

Teff

2.5 Nucleation Theory

When a solution becomes supersaturated with a phase the nucleation and growth of this
phase may occur. There exists much debate regarding the mechanism through which
solution ions interact to form a solid phase. One of the frameworks commonly used is

Classical Nucleation Theory (CNT).

2.5.1 Classical Nucleation Theory (CNT)

CNT stems from the work of (Gibbs, 1878; Volmer, 1939; Stranski, 1928; Becker and
Doring, 1935; Burton et al., 1951). It uses the difference in the chemical potential of the
species in solution and in the nascent phase as the driving force behind nucleation Eq.
2.16 (Mullin, 1972; Benning and Waychunas, 2008). When the chemical potential of
the solute becomes greater than that of the molecules in the solid phase it will become

energetically favourable for a precipitate to form.

Allcaco; = Hcacos(s) — Hcacos(aqg) (2.16)
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Hcacos(ppr) 18 the chemical potential of the calcium carbonate in the precipitate

Hcacos(s) is the chemical potential of the calcium carbonate in the solution.

A crystal nucleating from a solution will generate a decrease in free energy proportional
to the change in chemical potential (Au) and the number of molecules in the crystal
lattice (n). The same crystal will generate free energy due to the production of an
interface between the solution and the crystal lattice (Eq. 2.17). This interface will have
a free energy (), which combined with the total surface area (for a cube 6a) present will
give the total free energy generated during nucleation (AG,) (Mullin, 1972; Vekilov,

2010).

This shows that small crystals (sub-critical nuclei) are energetically unfavourable due
to their high surface area:volume, however past a certain threshold the volume energy
becomes dominant and crystals will readily grow. Crystals that reach this critical size

are termed critical nuceli.

AGg = —nA/.L

AG, = AGs + AGy

A study by Sleutel et al. (2014) observed nucleation of glucose isomerase on the surface
of a Mica crystal. This paper produced an image of ion clusters ranging in size from
1->50 molecules. These ion clusters maintain a consistent lattice structure throughout

their nucleation and growth, displaying clear molecule by molecule growth consistent
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Figure 2.5: Visualisation of the free energy associated with nucleus formation

with CNT (Fig. 2.6).

Figure 2.6: AFM images of glucose isomerase clusters varying in size taken from Sleutel et al. (2014)

Assailing the energy barrier

Sub-critical nuclei are unstable and must grow to reach critical size. They are able to do

this through two mechanisms, hetrogenous and homogenous nucleation.

Most solutions contain surfaces either from seed crystals isostructual with the nucleating
phase, foreign particles such as dust, and even the walls of the a reaction vessel.
These surfaces may reduce the inhibitory effect of the surface energy term and allow

precipitation at lower supersaturations.
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In solutions absent of seed crystals a sub-critical nucleus may still reach the required
size to become stable. This is possible due to localised fluctuations in the free energy
of the system. This suggests that nucleation is a fundamentally probabilistic process
which depends on enough ions colliding in a favourable energy environment to form a
critical nucleus. The more constituent ions of the nucleating phase in solution the more

likely they are to collide and precipitate (Gibbs, 1878; Mullin, 1972).

LaMer and Dinegar (1950) found that the concentration of a solute may increase past
the solubility threshold to a critical limiting supersaturation, at which the nucleation of
a precipitate will occur. After this point the concentration of the solute will decrease

until the solubility limit is reached (Fig. 2.7).

T T T T
Critical limiting supersaturation
Rapid nucleation

Growth by diffusion

Solubility limit

Concentration

Time

Figure 2.7: La Mer Nucleation plot

Ostwald rule of stages

While a system will seek to reach an endpoint with the lowest free energy, which in

the case of the calcium carbonate system is normally calcite (at room temperature and
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pressure). It may reach this end point by passing through a myriad of intermediate
reaction products (Ostwald, 1897). However, this rule is largely based on observation

and does not have a mathematical foundation (Hedges and Whitelam, 2011).

Non-Classical crystallization

Real world nucleation has proven more complex than CNT would suggest. The exact
mechanism of nucleation is is a matter of debate but certainly depends on the com-
position of the precipitating solution. Gebauer et al. (2008) found evidence of stable
ion clusters of a sub-critical radius, this is inexplicable within the framework offered
by CNT. Pre-nucleation clusters were first identified in a series of constant addition
experiments. These experiments found that calcium and carbonate ions were binding as
solute clusters prior to the nucleation of a precipitate. Since then these structures have
gained significant interest due to their key role in the early stages of nucleation, with

cryo-TEM images backing up Gebauer’s initial findings (Pouget et al., 2009).

These prenuleation clusters accompany new growth mechanisms, such as growth by the
orientated attachment of nano-crystals isostructural with the final mineral (Song and
Colfen, 2010), and growth by the aggregation of amorphous precursors non-isostructural
with the final mineral such as the ACC-Vaterite-Calcite transition (Rodriguez-Blanco
et al., 2011). The formation of prenucleation clusters increases with supersaturation,
thus for a given Ca and TIC concentration the formation of prenucleation clusters
increases with pH due to increased TIC speciation as carbonate (Gebauer and Colfen,

2011)
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Nucleation summary

In summary, crystals form through the agglomeration of ions in solution. Below a
certain size these ions are unstable and will break apart. However, due to localised
energy fluctuations it is possible for a nucleus to gain the energy required to reach the
critical size. The SI is the threshold at which the concentration of the ions in solution is
great enough that collisions and resultant bond forming are rapid enough to overcome
the energy barrier for nucleation (Debenedetti, 1996). In recent years evidence has
come to light of nucleation mechanisms that don’t fit into this framework, termed non-
classical nucleation theory. This theory suggests that stable ion clusters of a sub-critical
size are possible and may contribute to nucleation through non-classical pathways, such

as through amorphous precursors or agglomeration of nanocrystals.

Growth

If the formation of a critical nucleus can be thought of as the nucleation of a mineral

phase, the subsequent addition of ions can be thought of as its growth.

The calcite lattice is comprised of a repeating pattern of Ca’>* and CO%T In this lattice
the charge from these ions are distributed about the lattice such that when each ion is
fully coordinated a neutral charge is achieved. Due to the lack of coordination towards
the surface of the lattice a charge is present. Ions in solution will become attracted to
this charged surface, adsorb to it, become dehydrated and finally incorporate into the
lattice. The two potential ion adsorption reactions are displayed in Eq. 2.19 and 2.19
(Sand et al., 2016). It is believed that the rate limiting process for both of these reactions

is the removal of the hydration waters around the calcium atom (Larsen et al., 2010).
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> CaCOj3 +Ca*" => CO5Ca* (2.18)

> C03Ca’ + €035~ => CaCO; (2.19)

At pH > 7.5 carbonate is more stable than bicarbonate on the calcite surface, and due
to the rapid deprotonation of bicarbonate-carbonate a HCO3 4+ Ca** pathway can be

ignored (Andersson et al., 2016).

The rate at which ions are attached to the mineral surface can be determined by Eq.
2.20. Where @ is the Brownian flux, E4 is the activation energy barrier, kp is the
Boltzman constant, 7' is temperature in Kelvin, g; is the aqueous activity of ion 1, v; is
the detachment coefficient and F; and P; are he probability of the site being anioraj

site respectively (Nielsen et al., 2013).

u; = e BT gp; v, (2.20)

The net rate of ion attachment u,,; can then be used to calculate the growth rate (R)
by Eq. 2.21 where p is the kink density, / is step heigh, b is kink depth, d is mineral

density and yy is terrace width (Nielsen et al., 2013).

(2.21)

To minimise the energy required for the incorporation of these ions they will seek to

minimise the amount of faces exposed to the solution. Figure 2.8 shows the potential
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binding sites at a mineral’s surface. By precipitation at kink and step vacancies vs

adatom sites the incoming ions requires less energy to bind to the surface.

Step vacency
Kink vacency Adatom

=/
|

Figure 2.8: Three key surface binding sites

However, were the surface growth in figure 2.8 to continue until the upper layer of
atoms is complete and there are no step or kink vacancies to fill, incoming ions would
have to form adatoms to continue precipitation. This may be achieved through localised
fluctuations in the energy environment (in the same way the initial critical nucleus is
formed) however this would require a relatively high supersaturation of the mineral in

solution (Woodruff, 2015).

A potential mechanism by which crystal growth can continue was proposed by the
BCF theory presented by Burton et al. (1951). This paper reports the importance of
dislocations within a crystal lattice on the growth of a mineral surface. Figure 2.9
displays a screw dislocation formed through a shear defect in the crystal lattice. As ions
become incorporated at the step sites of this dislocation the step face simply rotates
about an axis, constantly presenting a step face to co-ordinate onto. Spiral growth has
been observed by a number of researchers through atomic force microscopy (Maiwa

et al., 1998; Larsen et al., 2010; Wang et al., 2016).

Figure 2.9: Spiral growth
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Figure 2.10: Orientated attachment of isomorphous particles

2.6 Crystal Morphologies

As the previous section introduced, ions in solution will precipitate to form a crystal
lattice once their concentration passes a certain threshold. Certain arrangements of ions
will be more stable than others resulting in energy wells that causes these precipitates to
be meta-stable. For a given crystal composition there will exist a lattice arrangement that
is the most thermodynamically stable however, often a transient chemical environment
will favour the crystallisation of another polymorph which will convert to the more
stable morphology, often through a series of intermediaries. This process is known as
Ostwald’s rule of stages, however there exists no definitive formula for predicting which

morphologies will form in a given solution.

Calcium carbonate is a versatile mineral with three key polymorphs, each of which
may display varying crystal morphologies depending on the solution from which they

crystallised.

2.6.1 Calcite

Calcite is the most common carbonate polymorph, it belongs to R3C space group within

the trigonal system (a subset of the Hexagonal system) and exhibits a diverse range
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of morphologies. The most stable calcite morphology at atmospheric temperature and
pressure is the calcite rhombohedron, where the interfacial angles are either 102° or
78°. (Ukrainczyk et al., 2014), the rhombohedral morphological unit cell of which is
displayed in Fig. 2.11. An alternative unit cell is often quoted (the structural unit cell)
where the a dimension is halved (from 10 Ato5s A) and the ¢ dimension is doubled
(from 8.5 A to 17 A), this makes the {101} face {104} (or {1014}) (Hazen, 2004).
In calcite the central calcium atom is surrounded by 6 oxygen atoms with C-O bond

lengths of 2.36 A (Blanco-Gutierrez et al., 2014)

c axis

a2

Figure 2.11: Calcite thombohedral structural unit cell with miller indices, viewed from both an arbitary
angle to observe all axes and from along the ¢ axis displaying the hexagonal symmetry (amended from
http://www.mindat.org/min-859.html)

Another common calcite morphology is that of the scalenohedron (Fig. 2.12). This mor-
phology is commonly produced in industrial precipitated calcium carbonate production
by the carbonation of Ca(OH), (Thriveni et al., 2014). The dominant growth face in

this morphology is the {211} face.

The molar ratio of Ca>* to CO%f has a significant effect on the morphology of calcite
precipitated (Jung et al., 2000). Garcia Carmona et al. (2003) report the following ratios

associated with the following morphologies.
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Table 2.2: Calcite morphologies favoured at a range of Ca:COj3 ratios

Ca:CO;3 Morphology

1.06-1.23 Rhombohedral

1.28-1.46 Rhombohedral-Scalenohedral
>1.56 Scalenohedral

This is due to the relative concentrations of Ca and CO3 in the dominant faces of these
morphologies. The 101 face contains equal concentrations of calcium and carbonate
atoms. Thus while the precipitating solution contains equimolar concentrations of Ca
and COj3 the rhombohedral morphology will be favoured. In solutions with excess Ca
it has been suggested that growth sites may become blocked by the Ca ions and the

formation of non-stoichiometric scalenohedral {211} faces will be favoured.

Figure 2.12: Calcite scalenohedral structural unit cell with miller indices, viewed from both an arbitary
angle to observe all axes and from along the c axis displaying the hexagonal symmetry (amended from
http://www.mindat.org/min-859.html)

2.6.2 Aragonite

Aragonite is a distinct polymorph of calcium carbonate, distinguished from calcite by

its orthorhombic crystal system. This polymorph is commonly expressed as "needle"
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like crystals although alternative morphologies of "cauliflower" and "flake" like crystals
have been reported (Chakrabarty and Mahapatra, 1999). In aragonite the central calcium
atom is coordinated by 9 oxygen ions with C-O bond lengths ranging from 2.41-3.55 A

(Blanco-Gutierrez et al., 2014).

Aragonite is a common biomineral present in calcifying organisms including the nacre
of mollusk shells (Massaro et al., 2014), it is metastable with respect to calcite under
atmospheric temperature and pressure. One of the factors which may promote the
stability of aragonite is the presence of magnesium in solution. The Mg>* ion adsorbs to
the surface of calcite due to its high degree of hydration, forming MgCOs3 which is more
soluble than pure calcite leading to the destabilisation of the calcite phase. Magnesium
in not incorporated into the aragonite structure which means aragonite is unaffected by
the presence of Mg in solution (Loste et al., 2003). Therefore in a Mg rich solution (Raz
et al. (2000) suggest Mg:Ca of 4 or greater) precipitating calcium carbonate Aragonite
will be favoured due to this destabilisation of the calcite phase, however, if the Mg
is removed a phase change from aragonite to calcite will occur. Experimental results
suggest that SOﬁ* favours the precipitation of aragonite over calcite (Bots et al., 2011).
However, aragonite has also been observed to form in hyperalkaline springs, absent of

these ions, at elevated temperatures (>25°C) (Chavagnac et al., 2013).
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C axis

Figure 2.13: Aragonite structural unit cell with miller indices (amended from http://www.mindat.org/min-
859.html)

2.6.3 Vaterite

Vaterite is the third polymorph of calcium carbonate and the least stable at room
temperature and pressure. It belongs to the hexagonal crystal system and commonly
presents as thin fibres or spherules. In vaterite the central calcium atom is coordinated
by 8 oxygen atoms with C-O bond lengths ranging from 2.29-2.90 A (Blanco-Gutierrez

et al., 2014).

2.6.4 Amorphous Calcium Carbonate (ACC)

In addition to these three crystalline polymorphs calcium carbonate may form through

an amorphous precursor.

ACC is a highly unstable form of calcium carbonate which commonly forms as a
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precursor to the three main polymorphs (calcite, aragonite and vaterite). It has received
a lot of interest in recent years due to its role in biomieral formation, allowing the
formation of structurally complex minerals (Weiner et al., 2005) as well as its potential
to enhance the doping of trace elements into calcite (Matsunuma et al., 2014), and the

non-classical nucleation pathways it commonly exhibits (Gebauer et al., 2008).

The ACC structure has been found to comprise of a Ca-rich frame with interconnected
tunnels containing water and CO%‘ ions, with an overall chemical formula approxi-

mately CaCO3-H;O0.

2.7 Solid solutions

The crystals we have discussed this far have been pure crystals, that is to say they
contain no foreign ions. In reality most minerals have a variable composition and
will allow for the substitution of trace elements. This principle has long been used
by chemists to separate target species from a solution. In 1925, Doerner and Hoskins
recognised that in a solution precipitating barium sulphate, the concentration of radium
will be lowered even though the solubility limit of its sulphate had not been reached.
This suggested that the precipitation of a major phase (in this case barium sulphate) can
facilitate the coprecipitation of a minor phase (radium sulphate) even under conditions

where the minor phase is soluble.

Different trace elements and different minerals will have varying affinities for one
another. The carbonate system is particularly prone to such coprecipitation owing to

the abundance of M2* ions with a similar ionic radius to calcium. In order to better
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understand the solid solution formed we need to understand the thermodynamics behind

solid solution formation.

In section 2.3.1 we discussed the internal energy of a system and how this relates to
the chemical potential of its constituent species. A simple mixture of two powders will
have a free energy that is the sum of the chemical potentials of the individual powders

multiplied by their mole fraction (Eq. 2.22).

G" = ZliG,’ (2.22)

As St substitutes for Ca in calcite or aragonite it will form a binary solid solution between
the pure calcium carbonate and pure strontianite end members with the composition
Cay_,SryCOs3. A binary solid solution differs from a simple mechanical mixture in that
the two components are dispersed at an atomic scale which leads to bond forming and
changes in entropy (S). The energy of a mechanical mixture (G""¥) is calculated by
summing the products of the mole fractions and chemical potentials for all components
(Eq. 2.22). The difference in energy of an ideal solid solution to this mechanical mixture
is the change in entropy, which must be quantified. This is achieved by correcting for
the amount of potential configurational arrangements (i.e. A-A, A-B, B-B)(Eq. 2.23a).
This entropy change is then combined with the absolute temperature to determine the
deviation from mechanical mixing 2.23b. The molar Gibbs energy of an ideal solid
solution (fof) can then be calculated by Eq. 2.23c. Where the first term defines the
summation of the standard state chemical energies of the components and the second

is derived from the entropy (Appelo. and Postma., 2007). The difference between the
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energies of a mechanical mixture and solid solution are illustrated in Fig. 2.14.

AS = —RYy:Iny;i (2.23a)
Np
— —kg(N—Aln(—2 )+ Ngln(——=2
5( My, T "N N,
G4 = _TAS (2.23b)
G =Yx,G;+RTLyiInxi (2.23¢)

Gibbs molar energy (G)

XB

Figure 2.14: Comparison between a mechanical mixing trend (solid line) and an ideal solid solution
(dashed line). With two hypothetical solutions (red dots) plotted.

2.7.1 Mechanisms for coprecipitation

There are three key coprecipitation mechanisms which can result in this solid solution,
incorporation into crystal defects, major element substitution and adsorption (Meece

and Benninger, 1993; Curti, 1997).
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Incorporation into crystal defects

As a crystal lattice grows defects such as vacancies and dislocations form. These defects
provide free space in the lattice in which ions can become trapped. As the precipitation
rate increases the frequency of these defects increase and this becomes a more important

process.

Sorption

An ionic crystal lattice, such as calcium carbonate, will have an overall neutral charge
due to the balance between cations and anions. The surface of such a crystal however
may host a surface charge significant enough to affect the growth of the crystal. This
surface charge is generated due to a layer of uncoordinated Ca’* and CO%’ ions at the

surface of the lattice (Fenter and Sturchio, 2012).

Negative hydroxyl ions (OH ™) and positive hydrogen ions (H") are attracted to the
uncoordinated Ca>* and CO%‘ ions respectively. Therefore in an alkaline solution OH™
ions will bind to the Ca?" sites leaving the CO%‘ site unoccupied generating a negative
surface charge. This is exacerbated by deprotonation of the OH™ ions which amplify
the negative surface charge. The Zeta point charge of calcite (i.e. the point at which the
surface is un-charged) is reported to exist between pH 8-9.5 (Somasundaran and Agar,

1967).

Solution ions have also been reported to have an effect on the calcite surface charge.
The presence of Mg?™ and Ca?*t produce a positive charge across a calcite surface,

whereas SOi’ produced an overall negative charge (Kasha et al., 2015).
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Sorption may be either outer sphere or inner sphere. Outer sphere complexes form
when ions are attracted to the charged surface of a mineral however water sits between
the solution ions and the mineral surface, which prevents bond forming. During inner
sphere adsorption the water molecules are expelled and a bond forms between the ions

and the mineral surface (Appelo. and Postma., 2007).

Sorption at the calcite surface may be of significant importance for the growth of
precipitates due to its role in controlling solution chemistry and thus supersaturation at
the solution/crystal interface. It will create a concentrated layer of cations close to the

mineral surface, including Ca?*, while anions, such as COZ_, will be repelled.

Major element substitution

One of the key mechanisms by which a trace element can become incorporated into
calcium carbonate is through the direct substitution for a major element within the
carbonate lattice. This establishes a solid solution between the calcium carbonate
(CaCO3) and the trace metal carbonate (MCQO3). Major element substitution becomes
more favourable the more similar the trace element is to the major element in terms of
its ionic radius and charge (Curti, 1997). There are however, several other parameters

which may have an impact.

2.7.2 Distribution coefficient

An useful measure of how effectively a trace metal will incorporate in a mineral is its
distribution coefficient. A range of distribution coefficients (also known as partition

coefficients) exist to quantity the affinity of the trace metal for the carrier mineral.
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The most simple of these is the Berthelot-Nernst distribution coefficient (Dyx) (Eq. 2.24).
The values used for the trace (X) and Carrier (C) are important to the meaning of the Dy
value. If the concentration of the trace and carrier of the bulk crystal are used then the
Dy is a homogeneous distribution coefficient. Such a value is inapplicable to a system
where the solution composition changes during precipitation. If the solution composition
changes during precipitation then only the surface layer will be in equilibrium with
the solution, and therefore only the composition of X and C in this layer may be
used to calculate the distribution coefficient (this is termed a hetrogenous distribution

coefficient).

py - X/ Clon

X/ o .
[X]_I’p’ = Dy x &
[C]ppt [C]sol

An alternative distribution coefficient was devised by Doerner and Hoskins (1925) to

enable calculations to be made based on incremental changes in solution data (Fig.

2.25).

hl( [X]final/ [X] initial)

Ay =
X In([Ca] finar / [Calinitiar) (2.25)
In [X]final — Ay xIn [Ca]final
(Xinitial [Calinitial

A trace element that substitutes very favourably in a carrier mineral and becomes
enriched therein will have a distribution coefficient >1. Whereas a trace element which
is unfavourable in the host mineral and accumulates in the parent solution will have a

distribution coefficient <1.
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Table 2.3: Berthelot-Nernst distribution coefficients for Sr into calcite and aragonite taken from (Curti,
1997)

Polymorph Dg,

Calcite 0.037-0.14
Aragonite 0.9-1.6

Fajans-Paneth-Hahn rule

The Fajans-Paneth-Hahn rule states that the distribution coefficient is dependent on the
solubility of the trace element species in solution; with higher solubilities producing
lower degrees of coprecipitation (Hahn, 1936). Based on this rule, any process which
can lower the solubility of SrCO3; will facilitate higher Dy, values, and greater Sr
concentrations in the precipitate. The solubility of SrCO3 has been reported to decrease
with increasing temperature and is proportional to the cube root of CO; fugacity (Helz
and Holland, 1965). pH is also expected to have an effect on the solubility of strontianite

in a similar way to calcite, with increasing pH leading to decreasing solubility.

Rate effect

The rate of calcium carbonate precipitation is another key control on the distribution
coefficient of strontium. A study by (Lorens 1981) used a pH-stat to maintain a constant
degree of carbonate supersaturation - and thus a constant precipitation rate on Dyg;.
By repeating individual experiments at differing supersaturations they were able to
determine the effect of varying precipitation rate (Fig. 2.15). Their results indicate that
precipitation rate has a strong effect on the Dg;, with more Sr incorporated under faster
precipitation rates. The suggested mechanism for this is that under low precipitation

rates, the cation sites at the surface of a mineral are almost in equilibrium with the
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Figure 2.15: Experimental data from (Tesoriero and Pankow, 1996) plotted against a model produced by
Lorens (1981) (log(Ds,) = 0.249 x log(R) — 1.57) R=nmol of CaCOsper mg of seed crystal per minute

bulk solution. Under these conditions the incorporation of a trace element such as Sr
will be relatively unfavourable owing to the relative difference between its ionic radius
and the ideal for the site. Because of this it may become displaced from the surface
of the mineral before it is fully coordinated by carbonates and incorporated into the
lattice. Under fast precipitation rates it is more likely that the Sr** ion will become
fully coordinated by CO32*- and thus incorporated into the mineral lattice - before it

can become displaced by an ion more favourable that site.

pH has been shown to increase the rate of calcite precipitation, leading to rapid precipi-
tation of small crystals (Ma et al., 2010). Therefore high pH solutions may be preferable

for Sr coprecipitation.

Temperature

Kinsman and Holland (1969) report a linear correlation between temperature and
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Dg, (Figure 2.16). The cause of this trend is likely to be the changing solubilities
of the carbonate phases in solution. As temperature increases the solubility of both
strontianite and calcite decrease. However, the solubility of strontianite is most affected
by temperature changing the solubility ratios of strontianite to calcite. As strontianite s
solubility increases relative to calcites the distribution coefficient increases (Kinsman

and Holland, 1969).

Another possible effect of temperature is alluded to in (Plummer et al., 1978), where it is
shown that the rate of calcite precipitation is dependent on temperature. Because of the
importance of the rate effect reported by (Lorens, 1981) it is possible this mechanism
could play a role in controlling the distribution coefficient. However, data displayed in

figure 2.16 indicates that the change in precipitation rate between 15 - 30°C is minimal.

0 | | | | |
20 40 60 80 100

Temperature °C

Figure 2.16: Data from (Kinsman and Holland, 1969) displaying the effect of temperature on the Ky4. Data
points represent averages of several experiments carried out at each temperature. In this paper a different

formulation of the distribution coefficient formula is used log (1 + ( [[SS:]];)) =Ky (1 +log ([[g;l]]; ))
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Tonic radius effect

The size of the trace elements ionic radius relative to the ideal for the lattice site strongly
controls how effectively a substitution can take place. Strontium’s ionic radius is 1.13
A - 14% greater than that of calcium. This reduces how effectively it can substitute for
calcium in calcite which is reflected in its partition coefficient. Literature values suggest
a partition coefficient for strontium into calcite of 0.02-0.39 (Curti, 1997). Comparing
this with the quoted partition coefficient for cadmium into calcite of 3040-9.5 (Curti,
1997) (which has an ionic radius of 0.95A, 4% smaller than Ca?*) it becomes clear that
ions with significantly larger ionic radii than calcium are less readily incorporated into

calcite.

Another result of the ionic radius effect can be seen in the partition coefficients into the
different phases of calcium carbonate. The M?* lattice site in calcite is characterised
by a 6 fold symmetry whereas aragonite displays a 9 fold symmetry, creating a larger
lattice site (Lorens, 1981). This larger lattice site is better able to accommodate the
Strontium ion, and literature values suggest a Dg, into aragonite of 0.9-1.6 (Kinsman

and Holland, 1969).

Competitive ion effect

A study by Pingitore Jr and Eastman (1986) showed that the addition of barium to a
solution could suppress the strontium partition coefficient, this effect was most prevalent
in dilute Sr solutions. Because barium is an divalent cation with a larger ionic radius
than Sr it will mostly compete for surface defect sites rather than lattice sites. Because

these defect sites are limited and offer a lower energy environment for large cations
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such as Sr and Ba they are important site for trace element incorporation under low
concentration conditions (at higher concentrations the greater number of lattice sites
overwhelm the surface defect sites). A similar effect is observed with increasing NaCl

concentration in the solution.

Solution chemistry can also have a significant effect on the partition coefficient; through
its effects on aqueous complexation, site competition and the polymorph of carbonate
formed. Solutions bearing Mg?*, Ni2*, Co?*, Fe?*, Zn**, and Cu** favour the precipi-
tation of aragonite. Whereas the presence of Mn?*, Cd>*, Ca?*, Sr**, Pb%*, and Ba®*
favour the formation of calcite. Of these species Mg?* has the greatest control on the
final polymorph (Sohnel and Mullin, 1982) thus the greater Mg?* concentrations are

likely to lead to greater partition coefficients.

The SO?[ ion has been shown to favour the stabilisation of aragonite precipitates (Bots
et al., 2011). This may have a positive effect on the substitution of Sr>* into carbonates

by increasing the lattice volume.

Summary

Based on this information Sr>* coprecipitation should be favoured at relatively high
precipitation rates; where its incorporation is into the abundant lattice sites available in a
structurally open calcium carbonate polymorph, such as aragonite or ACC. Competitive
ions should be minimised however the extent to which this is necessary is uncertain at
the concentrations of Sr to be used in these experiments. Magnesium doping however
may induce aragonite formation which would be favourable. The temperature should

have little effect between 15 - 35 degrees however, temperatures lower than this were
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not tested and may be encountered during groundwater treatment.

2.8 Remediation by carbonate coprecipitation

To date much research into carbonate coprecipitation has been focused on natural sys-
tems including biogenic calcite (Lorens, 1981), limestone lithification (Pingitore Jr
et al., 1992) and lacustrine systems (Tesoriero and Pankow, 1996); with few researchers
seeking to apply this process to groundwater remediation. However, carbonate pre-
cipitation controlled by bacterial ureaolysis has been suggested as a mechanism for
the in-situ remediation of *°Sr and other divalent cations from groundwater (Fujita
et al., 2000; Mitchell and Ferris, 2005). Mitchell and Ferris (2005) were able to achieve
35% removal of solution Sr through carbonate precipitation, however, their starting
concentration of 8769 ppm is significantly greater than the ca.0.1 ppm observed at
Sellafield and it is unclear how the system would behave under these low concentration
conditions. Also, while the use of in-situ reactions would reduce pumping and disposal
costs, the ability to closely control the solution composition is lost. Finally pump and
treat would minimise the potential for dissolution and re-mobilisation by removing the
activity from the ground - which is particularly important if '#C is to be included in the

treatment, owing to its 5730 year half life.

2.9 Isotopic exchange and fractionation

14C0O; will take place in the carbonate forming reaction as well as 2COj3; by this

mechanism '*CO3 will become depleted in the solution. However, due to differences in
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atomic mass *COj3 will not react exactly as >?CO;. This is known as an isotope effect
and results in slightly differing chemical behaviour of the different isotopes. These

isotope effects will manifest differently under different conditions.

When the reaction is far from equilibrium (where the reverse component of the reaction
is small) the light isotope will become concentrated in the reaction products. This is
because the heavier isotope moves more slowly and thus has a slower reaction rate

(Hoefs, 2013).

Under equilibrium conditions (where the reverse component of the reaction is equal
to the forward) the heavier isotope will become concentrated in the products. This is
because the heavy isotope will have a lower zero point energy which is due to a lower
molecular vibration. Because of this lower molecular vibration, bonds formed by the
heavier '*C will be stronger leading to more stable compounds (Hoefs, 2013). Based
on this 1*CO; is likely to be more stable in the final carbonate than 12C05, which bodes

well for the long term stability of the final product.

The extent to which the isotopes have separated between the two phases is determined
by the fractionation factor . Where Ry is the ratio of isotopes in phase A and Rp is the

ratio of isotopes in phase B.

Ry
p=— 2.26
0A—B R (2.26)
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Chapter 3

Experimental set-up

3.1 Lab set-up

Experiments were designed to investigate the removal of contaminants from groundwa-
ter, however, to enable the effects of individual ions to be isolated a deionised water
(DIW) stimulant was used. Boylan et al. (2016) showed that below pH 9.3 4C de-gasses
as *CO, as such wherever *C was desired to be in solution NaOH or Ca(OH), was

added to ensure the pH was greater than 9.3.

Experiments were carried out using Carbon-14 as this allowed us to separate the removal
of 14C from other TIC that was in gassing into the solution. '*C was added as 1*HCO;
which is predicted to be the main '“C bearing phase underlying Sellafield (Boylan et al.,
2016). A concentration of 100 KBq L~ was selected, this is approximately 2 times the
maximum concentration of '#C in Sellafield groundwater. Such a high concentration
of 1*C was selected as this allowed for accurate detection of '4C following removal by
several orders of magnitude.
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Strontium was added as non-active SrCl,-6H,O. Non-active Sr was used as there was
no secondary source of Sr in these experiments. Furthermore the Sr concentration in
Sellafield groundwater is low (0.16-5.35 uM), and this treatment would not distinguish
between active and non-active Sr. A concentration of 10 ppm (114 uM) was used, this

is approximately 20x the maximum Sr concentration at Sellafield.

Calcium was added to the solutions as Calcium Hydroxide (Ca(OH);). This was
selected as a reagent as it is a readily available material with a wide array of applications,
including steel manufacture and construction (Moorehead, 1986). Because of this it can
be purchased cheaply and in large quantities. Calcium hydroxide has the added benefit

of containing OH ™ ions, acting as an alkaline buffer and maintaining '*C solubility.

Sodium Carboante (Na;CO3) was selected as the carbonate source for these experiments.
Similarly to Ca(OH); it is a cheap and widely used chemical, mainly used in glass
manufacture (Garrett, 1992). In the Sellafield groundwater inorganic carbon is present
at moderate concentrations (1.23 mM) Graham (2013). Therefore it is unlikely that the

final treatment will require the addition of further carbonate.

pH was measured using an Orion 420 pH meter with a VWR SJ113 probe calibrated at

pH 7.0, 10.01 and 12.46.

3.1.1 Free-Drift precipitation

In Chapter 4 data is presented from a series of free-drift calcite precipitation experiments.
In these experiments a 100 mL alkaline solution (pH 12) was created using 99 mL

DIW and a 1 mL of a 1M NaOH stock solution. This solution was then transferred to a
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500 mL polypropylene conical flask (ThermoFisher Scientific, USA). 10 KBq of '4C
activity was added as a 100 uL aliquot of *HCO3 solution (the TIC concentration of
this solution was negligible). 1 mL of 1000 ppm SrCl,-6H,0O was added to achieve
10 ppm in solution. Calcium Hydroxide was added as a solid, with masses of 0.0074,
0.074 and 0.74g. Nay;CO3 was added as an aliquot taken from a 1 M solution, with

volumes of 0.1, 1 and 10 mL.

Free-drift experiments in Chapter 5 used a solution as the source of Ca(OH), rather
than solid powder. This solution was prepared by dialysis filtration in 1 L Schott flasks.
The flasks were filled with Milli-Q water and bubbled with N, gas for 30 minutes to
ensure they were free from CO;. A mass of 20 g of Ca(OH), powder was mixed into
a slurry with a small volume of MQ water and subsequently inserted into a section of
dialysis tubing which was then sealed at both ends. This tubing was inserted into the 1
L flask of MQ water, the N; tube removed and the cap screwed firmly on. Ca(OH),
flasks were allowed to equilibrate for 1 week to ensure equilibrium had been reached.
For the experiments in Chapter 5 this saturated calcium hydroxide solution was diluted

1:1 with DIW which yielded a 8.92 + 0.87 mM Ca(OH), solution.

3.1.2 Constant composition precipitation

A 150 mL spherical reaction vessel was selected as a vessel for the constant composition
reactor. Inlets were created with two 19 gauge needles, which were pierced through
rubber valves. An overflow in the top of the vessel was included to allow the solution and
precipitate to flush through the reactor, and a magnetic stirrer bar was included to ensure

effective mixing. The Calcium Hydroxide reagent was prepared by dialysis filtration
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as previously discussed however for these experiments the solution concentration was
adjusted by conductivity and pH to ensure a more uniform concentration (8.73 + 0.34
mM). A sodium carbonate solution with a concentration of 50 + 0.024 mM was created
by dissolving Na;CO3 powder in MQ water. These two solution were fed into the
reactor at a constant rate of 135 mL h~! (1.18mmol h—!) and 15 mL h~! (0.75 mmol

h~!) respectively.

3.1.3 Cement encapsulation

Strontium bearing calcite was prepared via the methods of Littlewood et al. (2017),
which yielded a calcite with 6.52 Wt.% Sr. This was mixed into a composite of
Ordinary Portland Cement (OPC) and Ground Granulated Blast Furnace Slag (GGBFS)
and placed on a ball mill for 1 hour to ensure good mixing. 20 g of the subsequent
cement blend was then thoroughly mixed with 10 g DIW to form a uniform paste which
was cast in 50 ml cylindrical polypropylene tubes. Casting was carried out in a CO,

free fume cupboard to allow '#C in the sample to be tracked.

After curing for a set period of time (0.5,1,7,28 days) the sample was crushed and and
dried using Isopropyl Alcohol (IPA), ether and a hot plate. At the end point (28 days)
another sample was prepared using a low speed isomet to cut a slice of the cement

cylinder which was embedded in resin for analysis on a SEM-EDS.
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3.1.4 Filtration

All sections of this work have involved separating calcite from solutions. To achieve this
a Buchner vacuum filter with Sartorius Stedim Polycarbonate Track-Etch Membrane
filter paper was used. Precipitate was rinsed with IPA to remove water and stored in a

desiccator.

3.2 Analytical Techniques

3.2.1 Brunauer, Emmet, and Teller (BET)

The BET technique was used to measure the surface area of precipitates throughout
this study. BET relies on the adsorption of nitrogen gas to the sample at the boiling
point of nitrogen (77 K). Under these conditions it is assumed that the nitrogen forms a
mono-layer over the sample surface and that its adsorption is homogeneous across the
surface of the crystal. With these assumptions the amount of absorbed nitrogen can be

linked to the surface area of the precipitate.

The linear BET equation is presented in (Eq. 3.1), where v is the volume of adsorbed
gas, vy, is the volume of the monolayer, p is the pressure of the gas at equilibrium,pg
is the pressure at saturation while ¢ is the BET constant. Once plotted the volume of
adsorbed gas is equal to 1/(slope+intercept). Which allows the the surface area to be
calculated with (Eq. 3.2), where, N is Avogadro’s number A is the Surface area of a
gas molecule, m is the mass of sample and 2240 is the volume of one mole of gas at

standard temperature and pressure (Brame and Griggs, 2016).
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3.2.2 Flow Injection Analysis (FIA)

Total Inorganic Carbon was analysed using flow injection analysis methods modified

after (Hall and Aller, 1992).

Two eluent streams were used, one comprising of 10 mM NaOH and the second
comprising HCI. The strength of the HCI stream needs to be adjusted depending on the
alkalinity of the samples used. Ranging from 10-30 mM for fresh water samples, to
100 mM for high pH samples (pH=12). The NaOH was made fresh each day using MQ
water that had been bubbled with N to prevent CO; in-gassing. These streams were

driven by a peristaltic pump operating at 0.86 ml min~! into the reaction block.

The streams feed into the Flow Injection Analysis (FIA) cell, comprising of 2 perspex
blocks with a groove for fluid flow (Figure 3.1). A strip of PTFE tape was placed
between the blocks to separate the groove into 2 channels, with the NaOH and HCl
occupying separate channels. Injecting a sample into the acid stream causes all the
TIC to be converted to CO,. This CO is able to travel across the PTFE tape where it
dissolves in the NaOH. The dissolution of the CO, in the NaOH causes a change in it’s
conductivity which is measured and quantified by a conductivity meter, this change in

conductivity can be compared to a series of standards to give the TIC concentration in
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the sample (Hall and Aller, 1992).

Input / output ferrule screw Bolt holes

Figure 3.1: Schematic of FIA cell taken from (Hall and Aller, 1992)

Samples of approximately 1 ml were taken, passed through a 0.2 um Minisart PES
syringe filter and stored in microcentrifuge tubes at -10 °C to prevent degassing of CO;.
After thawing at room temperature for 1-2h the samples were withdrawn with a 1 ml
syringe and injected into a 0.2 ml sample loop. The HCI flow path was switched to pass
through this loop and mix with the sample. Standards were prepared using Na,CO3
solutions at a range of concentrations bracketing the expected sample range. These
were made fresh prior to the analysis using MQ water which had been purged with
Nitrogen to eliminate any dissolved CO,. With this technique 95 % confidence limits

of +£0.4 mM were achieved.

3.2.3 Inductively Coupled Plasma Optical Emission Spectrometry
Ca, Mg, Sr, Na and S concentration was measured by ICP-OES on a ThermoFisher

1CAP 7400 ICP-OES Analyzer.

ICP-OES is able to quantify the concentration of a range of elements in a solution

by nebulizing the sample into an inductively coupled argon plasma at 5000-10000 K.
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The high temperature vaporizes the sample, individual elements are ionized and their
electrons excited from the ground state. As these electrons relax to their ground state
certain characteristic wavelengths are emitted which are picked up and quantified by an

optical emission spectrometer (Hou Xiandeng, 2000).

Samples were prepared by removing an aliquot from the reaction vessel and passing
through a 0.2 um Minisart PES filter into a microcentrifuge tube. 0.5 ml of this filtered
aliquot was removed via pipette and added to 9.5 ml of ICP grade nitric acid. In
experiments were '*C was present after mixing with acid the sample was left un-capped

for 10 mins to allow '*C to be de-gassed.

3.2.4 Liquid Scintillation Counting (LSC)

Liquid scintillation counting was carried out using a Tri-Carb 2100TR liquid scintillation

counter, PerkinElmer, was used to detect 1*C and *°Sr activity in samples.

In LSC the emission of radioactivity from a sample is measured by first suspending
it in a solvent alongside an emulsifier which ensures proper mixing and intimate
contact between the solvent and the radionuclide. As beta particles are emitted solvent
molecules become excited. This energy is conducted to a fluor molecule which is
capable of converting the energy received from the decaying radionuclide to light. The
intensity of the light emitted can be correlated to the energy of the beta particle which

can be used to differentiate different sources of radiation.

There are a number of factors which may interfere with LSC. The efficiency of energy

transfer from the radioactive decay event to the fluor molecule may be reduced by a
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process called Quenching, which may be either chemical or optical. Chemical quenching
is a result of energy loss between the emission from the radionuclide and the emission
of light energy from the fluor molecule. After the energy has been converted to light by
the fluor it’s energy my be decreased by interactions with the solute or vial material,
this is Optical quenching. The Tri-Carb 2100TR quantifies the degree of quenching a
sample has undergone by using a !3*Ba external standard. This standard emits a known
amount of gamma radioactivity, which in turn generates Compton electrons. These
electrons interact with the scintillant as beta particles and are counted. By subtracting
the sample counts from the Compton counts the counts due to the external standard is
derived and this is compared to the theoretical spectrum which allows the effects of

quenching to be accounted for.

Hionic-Fluor cocktail was used to count *C, due to its advertised efficiency with
alkaline samples, high ionic strength tolerance and fast chemiluminescence decay

(Perkin-Elmer). Energy from the '“C nucleus was measured in the band 10-156 eV.

Samples for analysis in Hionic-Fluor were prepared by first adding 100 ul of saturated
NaOH solution to 9 ml of Hionic-Fluor. Next an aliquot was removed from the reaction
vessel and passed through a 0.2 um Minisart Polyethersulfone (PES) filter into a
microcentrifuge tube. 0.5 ml of this filtered aliquot was removed via pipette and
transferred to the vial. Effort was made to minimise the amount of light the sample was
exposed to, however all samples were dark calibrated for 24 h to minimise any effects.
The LSC outputs the amount of counts the detector made per minute this was converted

to sample activity by Eq. 3.3.
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Count rate
Activity = —— /60 33
vy efficiency/ (3-3)

3.2.5 Scanning Electron Microscopy (SEM)

A light microscope relies on focusing light waves in order to create a magnified image
of a sample. In SEM the light is replaced with electrons which are accelerated at 2-1000
keV which gives significantly smaller wavelengths than that of light (Vernon-Parry,
2000). In the FEI Quanta 650 FEG SEM, used for imaging in this study, a field emission
gun is used as the source of electrons. An electric current is applied to a needle formed
from single crystal of tungsten. This results in a strong electric field forming at the ultra
fine tip. Electrons are drawn by this current and flow off the tip towards the anodes.
Two anodes are used which accelerate the electrons towards the sample. A vacuum of

>10'° Torr is required to stabilise the electron emission (Zhou et al., 2007).

As the high energy beam of electrons strike the sample surface they will interact with
the top 1 um of the sample. Some of the incident electrons will be deflected with
minimal energy loss to the sample through an angle of >90°. These electrons are called
backscattered electrons (BSE). Other electrons will interact more substantially with the
sample, imparting energy significant enough to expel an electron from an atom within
the sample. These expelled electrons are called secondary electrons (SE) (Vernon-Parry,

2000).

The SE signal is primarily used to form an image of the sample. These electrons have a

lower energy relative to BSE and thus only escape from the upper portion of the sample
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surface, giving greater resolution. The BSE signal may be used for imaging although,
due to the greater depth of penetration a lower resolution is achieved. BSE however,
are able to give compositional information on a sample. The proportion of electrons
which will be backscattered towards the source is a function of the positive charge
in the nucleus of the target atom. Therefore atoms with a higher atomic number will
produce greater backscatter signals and result in these areas appearing brighter (Zhou

et al., 2007).

3.2.6 Energy Dispersive X-Ray Spectroscopy (EDX)

During the emission of a SE a void is left within the electron orbital called a core
hole. This leaves the atoms in an unstable position which is solved by an outer shell
electron dropping to fill the void. As this electron falls a characteristic X-Ray photon
will be produced. The energy of these X-Rays can be analysed to provide valuable
information about the chemical composition of the sample (Zhou et al., 2007). X-ray
photons may be emitted from anywhere within the interaction volume of the electron
beam which results in a slightly lower resolution for this technique than for SE image

analysis (Vernon-Parry, 2000).

3.2.7 Thermo-Gravimetric Analysis (TGA)

Thermogravimetric analysis was used in Chapter 7 in order to determine the amount of
CaCOs that was dissolved during cement hydration. During TGA a sample is heated
from 20-1000 °C in a crucible which is situated on a balance. As the sample passes

through certain temperature thresholds thermal decomposition of phases within the
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sample will occur. For example calcium carbonate will decompose at approximately
450 °C to CaO and CO;. The mass loss of the sample is measured, which for CaCO3
can can ascribed to CO; loss. This is then converted to the % calcite in the sample using
the tangent method Eq. 3.4 (Adu-Amankwabh et al., 2017). Where mg and m; are the
weight loss before and after the calcium carbonate decomposition, mgg is the mass

remaining at 1000 °C and Mcg, is the molar mass of CO,.

W =) o100 (3.4)
%CaCO; = W (10/mnn) 10 (3.5)
2

3.2.8 X-ray Diffraction (XRD)

Different crystal morphologies may be characterised by the distinctive planes that their
crystal lattices form. One way of measuring these lattice planes and thus determining

the crystal morphologies present in a powder sample is through XRD.

X-rays which are fired at a powder sample will be reflected due to interactions with
lattice ions. At most angles of incidence the reflected X-rays will interfere with each
other resulting in background noise, however, at some angles of incidence the X-rays
will synchronise and reinforce each other to produce an increase in the reflected X-Ray
intensity. The angles at which this reinforcement will occur an be calculated using
Bragg’s law (Eq. 3.6) which states that for constructive interference to occur the lattice

spacing must be such that the flight distances of X-rays reflecting from parallel lattice
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layers will differ by an integer number of wavelengths (Bragg, 1913). By measuring
the angles at which different peaks form it is possible to characterise the crystal lattice
under examination. For example the XRD spectra of the three carbonate phases are

presented in Fig. 3.3.

nA =2dsin 0 (3.6)

XRD peaks rely on the D spacing between planes of atoms. If an atom is replaced by
an atom with a larger or smaller ionic radius there will be a localised strain resulting
in either contraction or expansion of the D spacing. This altered D spacing results in
changes in the peak position. As the crystal lattice is compressed the diffraction angle

shifts to smaller 20° (Warren and Averbach, 1950, 1952).

@)
0O 0 />
O O 0O\O
O O O

OO0 O0OO0
O O O
(OJNO)

O O O/0
OO O0OO0
OO0 O0OO0
OO0 O0OO0

O OO

o
O

0000000 O0

Figure 3.2: The role of lattice parameters in generating XRD signals

3.2.9 X-Ray Absorption Spectroscopy (XAS)

For experiments presented in chapter 6 of this manuscript X-Ray Absorption Spec-
troscopy (XAS) was carried out at B18, Diamond Light Source, Harwell, UK. This
technique was selected in order to probe the local coordination environment of Sr within

the calcite lattice.
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Figure 3.3: XRD data for Calcite and Aragonite using data from rruff.info (Downs et al.)

Synchrotron radiation

The Diamond Light Source is a synchrotron that is capable of generating intense X-Rays
which enable the studying atomic scale phenomenon. These X-Rays are formed by
generating particles using an electron gun which are subsequently accelerated through a
Linac and Booster synchrotron before being stored in a storage ring half a kilometre in

circumference (Fig. 3.4).

The storage ring at Diamond consists of a series of 48 straight segments connected with
bending magnets. As the particles reach speeds approaching the speed of light they
begin to emit large amounts of radiation, most of which is in the direction of particle
movement. The bending magnets are used to manipulate the beam path to meet the next
straight line segment however as this occurs energy is emitted as X-Rays which continue

to travel tangentially to the previous straight line segment. This energy comprises a
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Figure 3.4: Schematic of a Synchrotron (Diamond-Light-Source)

broad spectrum and is subsequently tuned with a monochromator to filter out unwanted

energies. The resultant beam is then focused onto a sample and the amount of energy

absorbed by the sample is measured (Alp, E.E., Mini, S.M. and Ramanathan, 1990;

Diamond-Light-Source).

Synchrotron analysis

During analysis the sample is exposed to X-Rays at a range of energies. If the energy
of these X-Rays is insufficient to excite core electrons there will be little absorption
by with the sample, this defines the pre-edge region of an XAS spectrum (Fig. 3.5).
As the X-Ray energy reaches that required to excite core electrons a sharp increase
in adsorption is observed, called the adsorption edge. The adsorption edge is named
relative to the electron that is promoted. In this study the Sr K-edge was used which
represents the promotion of the electron in the 1st shell (1s!) of the Sr atom (Penner-
Hahn, 2003). The core binding energies of a given atom are well known (the binding
energy of the Sr K 1s electron is known to be 16105 eV) which means that XAS data

collection can be tuned to target a certain atom within the sample (Thompson et al.,
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Figure 3.5: Relative positions of the Pre-Edge, XANES, and EXAFS regions on a XAS spectrum Adapted
from (Alp, E.E., Mini, S.M. and Ramanathan, 1990)

2009).

When a core electron is excited it leaves behind a core hole which is highly unstable and
will be rapidly filled by one of two mechanisms. Both involve a higher energy electron
dropping down to fill the hole, this can either result in the emission of a characteristic
fluorescence energy or the emission of a second electron (termed Auger emission)

(Newville, 2014).

XAS data can be collected in one of two modes, transmission and fluorescence. In trans-
mission mode the intensity of the X-Ray beam is measured before and after interacting
with the sample, this can be used to determine the amount of energy absorbance by the
sample Eq. 3.7 where p(E) is the absorption coefficient and I is the Intensity (Newville,

2014).

W(E) = In Hnitial (3.7)

I Final
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Fluorescence is used for samples with lower concentrations of the target species. Ab-
sorbance is determined from the intensity of X-Ray fluorescence produced during the

relaxation of a higher energy electron to fill a core hole Eq. 3.8 (Newville, 2014).

1 o
[.L(E) o Flqur.eswnce/ (38)
Final

XANES

The analysis of XAS data near to the adsorption edge is termed X-Ray Adsorption Near
Edge Structure. Due to the lower kinetic energy of photoelectrons in the XANES region
they have a longer mean free path, allowing them to interact with multiple neighbouring
atoms. The greater number of scattering events creates a complex signal but allows for
information to be gained about the oxidation state and bond angles of the target atom

(Alp, E.E., Mini, S.M. and Ramanathan, 1990; Penner-Hahn, 2003).

EXAFS

At energies above the binding energy of the core electron photoelectrons will be emitted
from the atom. These will interact with surrounding atoms, called backscattering
atoms. This interaction generates waves which will interact (either constructively or
destructively) with each other and producing a variation in the absorption coefficient.
Important information can be gained by studying these interactions, such as the bond
lengths and coordination of the target atom and the neighbouring atoms (Penner-Hahn,

2003).
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EXAFS data is usually plotted in terms of the wave number of the photo-electron (k)
rather than the X-Ray energy (Eq. 3.9) where Ej is the absorption edge energy, m is the

electron mass and 7 is Planks constant.

(3.9)

The x® is calculated by subtracting the baseline absorption (uy) from the observed
absorption coefficient (1) to isolate the effects of EXAFS absorptions and subsequently
dividing by the baseline to normalise (Eq. 3.10). Since the baseline cannot be measured
an approximation can be made by fitting a spline through the data (Penner-Hahn, 2003).
The number of scattering atoms can be derived from the amplitude of the oscillations in
the x£) while the distance between the absorber and scatterer is inversely proportional

to the frequency of the oscillations (Newville, 2014).

(E) _ H—Ho

- = 3.10
X o (3.10)

The x®) is calculated by the EXAFS equation (Eq. 3.11). This equation contains
two key terms that describe the local atomic environment of the target atom. N is the
number of atoms surrounding the target and R, their distance from the neighbouring
atom. These are coupled with scattering properties f(k) and o(k), and 62, the disorder

in the distance between the neighbours and the target.

EXAFS data commonly displays a decrease in the amplitude of its oscillations at higher
k values. To remedy this the EXAFS is commonly k weighted, in this study a k-weight

of 3 was used to amplify the signal at higher k value (Newville, 2014). The fourier
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transform of the (k) signal is taken which converts the wave number (k) to (R). A
window is selected over which to correct the sample for our analysis a k-range of 3-13
was selected. In the transformed data the number of peaks represent the number of

backscattering atoms surrounding the Sr atom. (Rehr et al., 2017).

W _ v Nifilk)e 207
J J

Synchrotron Technique

Five samples containing 0.02, 0.37, 2.45, 4.35, and 9.36 Wt. % Sr were taken to
Diamond for analysis. XAS data was collected on the Sr K-edge, using transmission
mode and in fluorescence mode for low concentration samples, using a 9 element Ge
solid state detector. Samples were mounted in a liquid nitrogen cryostat (80 K) to

improve the signal to noise ratio.

Multiple scans were summed and averaged in Athena (version 0.9.25) (Ravel and
Newville, 2005) in order to maximise the signal to noise ratio. These scans were then
normalised and compared to spectra for a series of standards. EXAFS data was fitted in
K-space using Artemis (version 0.9.25) (Ravel and Newville, 2005) using a published
calcite model structure (Markgraf and Reeder, 1985) as a basis and performing a series

of iterative refinements in order to minimise the Debye-Waller factor and R-factor.
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Chapter 4

Coprecipitation of '*C and Sr with
carbonate precipitates: The
importance of reaction kinetics and
recrystallization pathways

4.1 Summary

This study investigated the simultaneous removal of Sr>* and 14CO§_ from (pH >12)
Ca(OH), solution by the precipitation of calcium carbonate. Initial Ca2+:CO%7 ratios
ranged from 10:1 to 10:100 (mM: mM). Maximum removal of 14C and Sr2* both
occurred in the system containing 10 mM Ca’* and 1 mM CO%f (99.7% and 98.6%
removal, respectively). A kinetic model is provided that describes '“C and Sr removal
in terms of mineral dissolution and precipitation reactions. The removal of '“C was
achieved during the depletion of the initial TIC in solution, and was subsequently
significantly affected by recrystallization of a calcite precipitate from an elongate to
isotropic morphology. This liberated >46% of the *C back to solution. Sr** removal

117
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occurred as Ca’T became depleted in solution and was not significantly affected by the
recrystallization process. This reaction could form the basis for low cost remediation
scheme for °Sr and *C in radioactively contaminated waters (<$0.25 reagent cost per

m?> treated).

4.2 Introduction

The mining, milling and refining of nuclear fuels, accidents occurring during the
operation of nuclear power facilities, and nuclear fuel reprocessing have left a legacy of
groundwater pollution by radionuclides (Kersting et al., 1999; Naftz et al., 2002; Panias
et al., 2005). Radioactively contaminated ground and groundwater pose a potential
threat to a number of receptors including drinking water resources, humans and non-
human biota (Palmisano and Hazen, 2003; Stewart et al., 2006). Also the presence of
even low levels of groundwater pollution will require continued oversight, and thus may
negatively impact on the restoration of nuclear sites to beneficial use (NDA, 2013). %°Sr
is a high yield fission product that if ingested can substitute for Ca in bone (Nielsen,
2004). It is mobile in groundwater as the *°Sr>* ion and is a contaminant of concern at
nuclear sites across the world (Gray et al., 1995; Saunders and Toran, 1995; Standring
et al., 2002; Thompson and Steefel, 2010). '*C is a long lived neutron capture product
that can be taken up by biota during assimilative respiration and growth Amiro and
Ewing (1992). '4C is an important component of all radioactive wastes and is potentially
very mobile in groundwater as H14CO§ . As aresult '4C is a contaminant of concern
at many nuclear sites (Aquilonius and Hallberg, 2005; Dias et al., 2009; Magnusson

et al., 2007; Roussel-Debet et al., 2006), and is known to have been released in large
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quantities at some sites (e.g. '*C emissions averaged 8.13 TBq year~! between 1994

and 2013 at the UK Sellafield nuclear site Tierney et al. (2016)).

At Sellafield, off-site measurements of groundwater *°Sr and '“C activities were below
detection limits in 2013. However, in the same year within the site boundary, activities
of up to 42 kBq L~ of *Sr and 44 kBq L~! of '*C were reported (well above the WHO
drinking water guidelines of 0.1 and 0.01 kBq L™ respectively)(Stamper et al., 2014).
While the WHO guidelines are not regulated concentration limits, treatment of these
groundwaters may ultimately be necessary prior to eventual site closure. *°Sr (as Sr**)
and *C (as HCOy) are in places co-located, therefore, a technique that can remove
both ions in a single process would have advantages over other methods of groundwater
treatment. Cation exchange media (e.g. zeolites and resins) are the primary technology
currently used to remove *°Sr from nuclear plant effluents, and to treat incoming
plant make-up water (Marinin and Brown, 2000; National-Nuclear-Laoratory). Their
operation relies on the displacement of weakly bound cations from a matrix by aqueous
2082+ ions. The approach can be very effective for the removal of high concentrations
of ions from effluents; however, their applicability to low concentrations in groundwater
is potentially problematic owing to the presence of competing ions (Barton et al.,
2004). Contaminated groundwater tends to contain *°Sr’* ions in concentrations
of ng/L-pg/L whereas other divalent metals such as Ca®>T and Mg?* are present in
mg/L concentrations. The competition from these groundwater ions for exchange sites
can greatly reduce the effectiveness of any proposed treatment scheme based on ion
exchange media. In addition, anionic contaminants such as 14C in bicarbonate and

carbonate ions (HCO;3 and CO%’) would require a separate anion exchange process
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with similar competing ion issues from non-radioactive species.

Induced carbonate precipitation is an alternative approach that could potentially remove
both 2°Sr and '*C in a single process (Fujita et al., 2000; Mitchell and Ferris, 2005;
Achal et al., 2012). Calcium hydroxide (Ca(OH);) is a relatively low cost reagent
that is produced on a large scale for use in the construction and agricultural industries
(National-Lime-Association). Addition of calcium hydroxide to water containing HCO5
or CO%‘ results in the rapid precipitation of calcium carbonate (Eq. 4.1-4.4)(Clark
et al., 1992). Rapid precipitation of calcium carbonate can result in the co-precipitation

of other metal ions(Curti, 1997).

Ca(OH)y(s) = Ca} ) +20H" (4.1)
COy(g) = COy (g (4.2a)
COx(ag)+OH™ = HCOy (4.2b)
HyCO3(4g) = HCOy ,  +H' = CO3,  +H” (4.2¢)
Caip) +CO% ) = CaCOy (4.3)
Thus the net reaction is:
Ca(OH); +CO, = CaCO3 + H,0 (4.4)

Coprecipitation of trace metals in carbonates occurs because of a similarity in the

valence and ionic radius of the major carbonate M>* jon (Ca>") and a range of minor
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ions (Sr**, Fe>*, Cd**, Cu®*). These minor ions may replace calcium within the
carbonate lattice or adsorb to the growing mineral, causing their accumulation in the
solid phase (Curti, 1997). Much of the early work on coprecipitation into carbonates
focused on marine limestone and calcifying organisms (Holland et al., 1964; Katz
et al., 1972; Pingitore Jr et al., 1992). When treating 908y and '*C in contaminated
groundwater sub-saturated with respect to carbonate it is likely that the precipitate
formed will undergo eventual dissolution. Therefore in these regimes it is likely that
the groundwater will need to be extracted and treated ex-situ to give better process
control, improve efficiency and facilitate the safe disposal of the radionuclide containing

carbonates that are produced.

One of the factors which may affect the efficiency of *°Sr and '*C incorporation into
carbonates will be the crystallization pathways the precipitate undergoes. Neo-formed
precipitates are often unstable and their recrystallization can occur over time (Ferndndez-
Diaz et al., 2010). Due to wide interest in the fundamentals of carbonate nucleation
and growth, the crystallisation pathways that occur during the precipitation of aqueous
Ca’* and CO%* and eventual transformation to thermodynamically stable calcite have
received a lot of attention (Zhang and Dawe, 2000; Gebauer et al., 2008; Nielsen et al.,
2014). Ostwald’s rule of stages describes one of the common causes of morphological
transitions during precipitation (Ostwald, 1897). This rule states that during nucleation
the first formed phase is the most kinetically accessible, but this may not be the most
thermodynamically stable. As precipitation progresses this kinetically accessible phase
will transform to a thermodynamically stable one, potentially thorough a series of

intermediaries. The consequences of recrystallization for trace metal co-precipitation
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have not yet been fully determined.

This paper reports an investigation of '#C-carbonate and Sr uptake during calcium car-
bonate precipitation in both closed systems and systems that were open to atmospheric
CO,. We have characterized the crystallization pathways that were observed and the
associate effects on *C and Sr uptake. A simple kinetic model is then proposed which
identifies the controlling factors at different stages of the alkaline precipitation process,
and indicates reaction stages that control the rate of '“C and Sr uptake. Finally, the
implications of the experimental results for a low cost treatment scheme for '4C/*°Sr

contaminated groundwater are discussed.

4.3 Experimental Section

Calcium carbonate precipitation from alkaline solutions was investigated in triplicate
batch experiments conducted in 500 ml polypropylene conical flasks (ThermoFisher
Scientific, USA). The initial solution comprised of 100 ml of 0.01 M NaOH. This
solution was used to provide an initial pH of 12 as it has been shown that at pH <10
atmospheric exchange of '“C is significant (Boylan et al., 2016). Sr was added as
SrCl,-6H,0 to a concentration of 0.114 mM Sr+ (10 ppm) and 14C was added as
Na;4CO3 to an activity of 100 Bq ml~!. These concentrations were used because
they are easily measurable but remain close to the observed contamination levels at
Sellafield (see Table 1 below). Natural groundwater Sr concentrations are low so
the treatment strategy is to remove all aqueous Sr, thus it was unnecessary to use

radiostrontium. However the possibility of CO%’/HCO; exchange with atmospheric
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CO, meant it is important to understand the fate of aqueous '“C. The solution was
mixed by swirling on an orbital shaker. Calcium was then added as solid Ca(OH),
to a concentration equivalent to 10 mM, and simultaneously carbonate was added as
Na,COj3 to concentrations of 1, 5, 10 and 100 mM. Thus the initial Ca2+:CO§_ ratios
were 10:1, 10:5. 10:10 and 10:100 (mM:mM) (hereafter referred to as [Ca]10:[CO3]1

etc...)

Air-permeable foam bungs were placed in the top of the conical flasks to prevent sample
contamination, and the flasks were placed on an orbital shaker at 100 rpm for 200
h. Periodically the temperature and pH of the solution in the flask were measured
and sub-samples were taken for chemical and mineralogical analysis. The sampling
interval was increased from 30 s to 200 h as the experiment progressed to give data at

approximately equal intervals of log(time).

Separate closed system experiments were carried out in 40 ml sealed reaction vessels
with minimal headspace. These were ran for 24 h and sampled at the same time intervals

as the open system experiments.

Chemical analysis

Temperature and pH were measured using an Orion 420 pH meter with a VWR SJ113
probe calibrated at pH 4.01, 7.0 and 10.01. All aqueous samples were filtered using
0.2 um Polyethersulfone hydrophilic filters. Sub-samples for metal analysis (0.5 mL)
were added to 9.5 mL of 0.1 M Aristar® grade HNO3 (VWR International, USA) for
storage and analysed using ion-coupled plasma, optical emission spectrometer (Thermo

1CAP 7400, Thermo Fisher Scientific, Inc, USA). Carbon-14 was measured by liquid



Chapter 4. Reaction Kinetics and Recrystallization Pathways 124

scintillation counting (Tri-Carb 2100TR, PerkinElmer, USA); sub-samples of 0.5 mL
were added to 9 mL of Hionic Fluor Liquid Scintillation Cocktail (PerkinElmer, USA)

and 100 ul of 2M NaOH and stored in the dark for 24 h before counting.

TIC (Total Inorganic Carbon) was analysed in a parallel series of experiments using the
same starting conditions (excluding '#C). Filtered aqueous samples were stored in a 1.5
ml Eppendorf vials and frozen to prevent degassing of CO,. TIC determinations were
made by Flow Injection Analysis (FIA) following the method of Hall and Aller (Hall

and Aller, 1992).

Mineralogical analysis

A series of sacrificial experiments were carried out to recover solids for x-ray diffraction
(XRD) and scanning electron microscope (SEM) analysis from the [Ca]10:[CO3]1
experiment. These employed the same starting conditions (excluding '“C) as the precip-
itation experiments described above. Periodically an entire replicate was sacrificed and
the solution was passed through a Buchner filter with Sartorius Stedim Polycarbonate
Track-Etch Membrane filter paper. Solids were washed with isopropyl alcohol, and

then stored in a desiccator.

The mineralogy of solids recovered by vacuum filtration was analysed using a Bruker
D8 XRD with a Cu Ka source. Rietveld analysis (Rietveld, 1969) was carried out using
Topas 4-2 to calculate relative proportions of carbonate polymorphs and Ca(OH);,. The
morphology of precipitates was observed using a FEI Quanta 650 FEG SEM. This also
enabled observations to be made on changes in crystal size distribution and morphology,

as well as looking for amorphous intermediaries.
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4.4 Results and discussion

The pH of all the precipitation experiments displayed a similar pattern with time
regardless of the initial Ca2+:CO§’ molar ratio (Figure 4.1). In all cases the pH
was initially fairly stable at a value 12.18 & 0.26 for approximately 24 h, and then
decreased with time until the end of the tests. The rate of pH change was more
rapid in experiments with lower initial CO? concentrations. The experimental series
displayed a systematic increase in final pH, from 8.99 for [Ca]10:[CO3]1 to 10.08 for
[Ca]10:[CO3]100. Temperature measurements indicated a temperature of 19.6 £+ 0.8

during all experiments.

The Ca concentration varied systematically with the initial Ca2+:CO§’ molar ratio.
Experiments where Ca®" was present in molar excess to the initial amount of CO%‘
exhibited significant Ca2* concentrations in solution (>10% Co) for at least the first
8 h, before this dropped to less than 1% Co. In contrast, the Ca®>" concentration in
experiments where there were initially equal amounts of Ca>* and CO%—, Or an excess
of CO%‘, dropped rapidly to less than 1% Co over the first Smin. In all experiments the
Ca’" concentration reached a minimum of 11.6 uM = 1.1, before there was a slight
increase contemporaneously with the decrease in pH. The final Ca>* concentration was

20.9 uM + 9.7 in all tests.

The strontium concentration decreased from 114 uM to 0.02 uM =+ 0.1 in all experi-
ments. In all cases Sr removal from solution started after most of the Ca (>80%) had
been removed from solution. The [Ca]10:[CO3]5 experiment displayed a pause in Sr

removal between 8 min—6 h. Strontium showed a similar remobilization to calcium
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Figure 4.1: Solution composition for the open system experiments alongside model data computed in
PHREEQC. The model for '“C removal was run until max TIC depletion which occurred at 50min, after
which in-gassing became important. All other data was modelled for 72 h.
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after 100 h increasing from 0.02 uM = 0.1 to 0.4 uM + 0.2 by 200 h.

All experiments displayed an initial decrease in TIC concentration lasting until 8min in
high Ca2+:CO§_ molar ratios and 50min in experiments with low Ca2+:CO%_ molar
ratios. In experiments with high Ca2+:CO%_ molar ratios the initial decrease in TIC
was followed by an interval of uniformly low TIC after which TIC began to accumulate.
Experiments with low Ca2+:CO§_ molar ratios did not display this interval of uniform
TIC concentration, instead showed immediate TIC accumulation following the initial

depletion.

Carbon-14 removal varied systematically with the experimental conditions. Maximum
removal (99.7%) was observed at 50min during the [Ca]10:[CO3]1 experiment, however
this experiment also displayed a significant remobilization starting after 50min, which
reached a maximum after 72 h. Experiments with higher Ca2+:CO§* molar ratios

displayed progressively less '“C removal but with lower remobilization.

The XRD analysis of precipitate recovered from the [Ca]10:[COs3]1 sacrificial experi-
ments showed that the initial precipitate (t=1.5min) was calcite, and that this was the
only new crystalline phase identified during the experiments (Appendix Figure A.1).
SEM analysis indicates an elongate morphology characterized by an average length of
490 nm and width of 110 nm was present after 1.5min, which displayed growth along
the elongate axis to 590 nm by 110 nm by 50min (Figure 4.2 and Appendix Figure A.2).
After 50min the morphology of the precipitate changed, becoming more isotropic (460

nm by 410 nm), this transition was complete by 190 h.
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Figure 4.2: Histograms displaying crystal width:length ratios of >100 crystals at 6 time points throughout
the [Ca]10:[CO3]1 experiment, with key SEM images for illustration.

Closed system experiments (Figure 4.3) displayed a stable pH>12 throughout the
experiments. Initial calcium trends were similar to those observed in the equivalent

open system experiments; in experiments where there were initially equal amounts of
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Ca?* and CO?, or an excess of CO?, the Ca%* concentrations reduced rapidly to less
than 1% of initial concentrations (Cg) over the first 5min, but where Ca2* was present
in molar excess a significant aqueous Ca’* concentrations developed over the first
hour. However, in the closed [Ca]10:[CO3]1 system there was no subsequent drop in
aqueous Ca”" concentration at longer time periods. Near complete strontium removal
occurred the systems where [CO3]>[Ca], but very little strontium removal was observed
where Ca?t was present in molar excess to CO%‘. A small amount of strontium was
remobilized after 24 h in the experiment where initial Ca’>* and CO%‘ concentrations
were close to stoichiometric balance. The removal of '“C was less effective in the
closed system systems than in the equivalent open systems (e.g. a maximum of 90%
removal was observed in the closed [Ca]10:[CO3]1 system versus 99.7% removal in the

open systems), but there was no significant remobilization of '*C over time.

4.4.1 Interpretation

The pH of all the precipitation experiments was initially controlled by NaOH and the
subsequent rapid dissolution of Ca(OH),. Where there was in-gassing of atmospheric
CO,, the pH was buffered downwards by hydroxylation (Eq. 4.2b), and the system
transitioned to a carbonate buffered system after 24 h. Closed system experiments did

not show this pH drop due to the lack of atmospheric CO2 in-gassing.

Calcium hydroxide was added as a solid but will have dissolved until it became satu-
rated. The [Ca]10:[CO3]1 and [Ca]10:[CO3]5 experiments displayed an increase in
the concentration of Ca?* corresponding to this dissolution between 30s and 50min.

The rate of increase will have been a function of both Ca(OH), dissolution and cal-
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cium carbonate precipitation. Once the solid Ca(OH), was exhausted, all the open
experiments displayed a trend of decreasing aqueous Ca>* concentration with time.
This was due to the precipitation of calcium carbonate, which is supported by both the
SEM images and the XRD analysis of the [Ca] 10:[CO§_]1 system. Where there was
stoichiometric excess of CO%‘ in the initial solution the removal of Ca%t was rapid,
because Ca?™ from the dissolving Ca(OH), was able to react immediately with CO?
in the initial solution. These systems displayed a rate of calcium carbonate precipitation
that was controlled by the rate of Ca(OH), dissolution. In the [Ca]lO:[CO%‘]l and
[Ca] 10:[CO§*]5 experiments, where there was stoichiometric excess of Ca?t, the aque-
ous CaT concentration initially increased, and only decreased once the solid Ca(OH,
was exhausted and in-gassing of atmospheric CO; into the alkaline solution resulted in
calcium carbonate formation. In these systems the rate of calcium carbonate formation
was controlled by the rate of CO; in-gassing once the CO%‘ in the initial solution was

exhausted.

The control of CO; in-gassing on the calcite precipitation rate is supported by the TIC
trend, which displays depletion to minimum values within 8 min in experiments with
initial stoichiometric excess of Ca>*. This depletion was followed by an interval where
TIC was maintained at low concentrations, indicating any TIC in-gassing was being
rapidly used by carbonate precipitation. Experiments with initial stoichiometric excess
of CO%‘ also show an initial depletion of TIC. However this depletion was immediately
followed by an increase in TIC (observed at the end of all experiments) caused by

in-gassing of CO, in the absence of carbonate precipitation.

The initial morphology of solids recovered from the sacrificial [Ca]10:[CO3]1 experi-
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ments was similar to that observed by Jung et al. (2000) under excess Ca conditions.
It was suggested that the elongate shaped calcite results from excess Ca adsorption at
the growth surface of the rhombohedral {104} faces which slows their growth. After
50 min a transition from elongate to isotropic calcite occurred which continued until
the end of the experiment at 198 h. The cause of this transition is unclear as it initiated
around the peak aqueous Ca’" concentration when aqueous CO? was negligible (an

interval during which the elongate form should be strongly favoured).

4.4.2 Modelling

Kinetic modelling was carried out using PHREEQC version 3 (Parkhurst and Appelo,
2013) and the Hatches database (Cross and Ewart, 1991) to better explain the key trends
observed in the data (the full input text is available in Appendix A. Review of the data
suggests the variation in the bulk chemistry of the reaction with time depends on the
kinetics of at least three processes: the rate of Ca(OH), dissolution, the rate of calcite

precipitation, and the rate of CO; in-gassing.

Ca(OH), dissolution

Calcium hydroxide dissolution was modelled using the rate equation (Eq. 4.5) (Jo-

hannsen and Rademacher, 1999).

Rport = kr X S X (Ksp —a{Ca®} x a{ OH™}?) (4.5)

Where S), is the surface area of the dissolving Ca(OH),5) and a{X?} is the aqueous
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activity of X (calculated in PHREEQC from aqueous concentration using the Debye-
Hiickel formula (Parkhurst and Appelo, 1999)). Implicitly equation (Eq. 4.5) assumes
that the rate limiting step controlling the rate of the reverse reaction is a tri-molecular
elementary reaction. The forward and reverse constants suggested by Johannsen and
Rademacher are ky = 1 x 10 mol L' s ' m'and k,=2.1 L2 mol 2 s~ ! m—2 at 20°C
Johannsen and Rademacher (1999). The ratio of the forward and reverse rate constants
imply a solubility product for calcium hydroxide dissolution of 4.8 x 10—6. This value
is fractionally lower than the commonly used value of K;,=5.5 X 10-°, (Lide, 2001)
but the difference is probably associated with the sensitivity of the reverse reaction to

the amount of solid present (Johannsen and Rademacher, 1999).

The surface area of the Ca(OH); starting material was calculated from triplicate BET
analyses using a Micromeritics Gemini VII 2390a instrument. A sample size of 0.479
g was used and dried overnight at a temperature of 105°C while being flushed with
nitrogen gas. The sample was then re-weighed to account for any moisture loss. A
dead-space volume measurement was taken using helium which was then removed
via vacuum and triplicate measurements were taken, using nitrogen as an absorbent
at -196°C. Results are presented in Table 4.1. A specific surface area of 4.18 m? g~!
was obtained. In order to account for decreasing particle size during the dissolution
the initial surface area was multiplied by the ratio of current moles to initial moles of
Ca(OH)z(S). The initial amount of Ca(OH); added to the system was assumed to be 9.2

mmol (rather than 10 mmol) to account for the 8% =+ 3% calcite impurities observed in

the Ca(OH); stock, identified by XRD and quantified by Rietveld analysis.

The output from this model was compared to XRD data obtained for the percentage
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Table 4.1: BET analysis of the Ca(OH)2 starting material
BET surface area (m? g_l) BET constant (C) r?

—

a 4.2236+0.043 274.1 0.9996
b 4.1449£0.041 211.9 0.9996
c 4.1594+0.043 254.2 0.9996
Average 4.176+0.068 246.73 0.9996

calcite in the solid phase, converted to [Ca] by multiplying the percentage by the
expected final concentration and dividing by 100. As well as conductivity data obtained
from dissolving 10 mmol of Ca(OH); in 100ml of 0.01M NaOH. The conductivity data
was converted to % dissolved by dividing by the stable conductivity achieved after 30
minutes and multiplying by 100. This was then converted to [Ca] by multiplying by the

expected final concentration/100.

Estimating the surface area of Ca(OH),s) from its mass would slightly underestimate
the rate of dissolution if the Ca(OH),s) consisted of uniform equidimensional particles,
as volume would decrease with the nominal particle size more quickly than would the
surface area. However if the Ca(OH); ) assemblage contained a range of particle sizes,
then the complete dissolution of fine crystals on short time scales would result in a
decrease in the overall dissolution rate over longer time periods. Separate Ca(OH);
dissolution experiments were conducted to investigate the rate of Ca(OH),g) dissolution
under the conditions used in this study (Figure 4.4). These show that the rate equation
assumed in the model underestimates the rate of dissolution over the first 2 min, and then
overestimates the rate slightly; however, the Johannsen and Rademacher rate equation

provides a good approximation to the observed data.
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Figure 4.4: Comparison of published Ca(OH), dissolution rate to experimental data. XRD data obtained
through Rietveld refinement on powders generated during the experimental series, and conductivity data
obtained during separate triplicate experiments.

Calcite kinetics

The Nancollas and Reddy model (Nancollas and Reddy, 1971) was used to predict
calcium carbonate precipitation rates. This model was selected as it is based on the
direct reaction of Ca2* ions with CO%‘ ions to form CaCOs3 (Eq. 6), which is believed

to be the main reaction pathway at pH>9 (Inskeep and Bloom, 1985).

Rea = kg x Se x (a{Ca*"} x a{COF"} — K,,) (4.6)

Where &y is the second order rate constant for calcite precipitation (k=118 dm® mol~!
m~2 s~!, (Inskeep and Bloom, 1985)), K, is the solubility product constant for calcite

(Ksp = 10~844 (Lide, 2001)), and S. is the calcite surface area available for reaction.

The surface area of neo-formed calcite could not be estimated from BET analysis due

to low precipitate yields as well as the presence of Ca(OH)2 alongside the early formed
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precipitate. Surface areas were instead calculated from the average crystal dimensions
from SEM images using an assumed calcite density of 2.7 g cm > and assuming a cubic
shape for rhombic crystals and a cylindrical shape for prismatic crystals.The rhombic

crystals yielded a surface area of 5.37 m? g~!

while the prismatic crystals displayed a
significantly larger surface area of 76.19 m?> g~!. If it assumed that by the end of testing
10 mmol of Ca forms CaCOj3 (formula weight 100 g mol~!) then the rhombic end-point

population would have an expected surface area of:

SA =5.37 % (0.01 x 100) = 5.37 m* L™! (4.7)

The initial rhombic calcite has a larger specific surface area but smaller mass so the
overall surface area is minimal (the initial concentration of seed crystals in the Ca(OH),

was calculated at 8.16% of the 1 mmol Ca(OH),):

SA =76.19 x (0.01 x 100) = 6.2 m*> L™! (4.8)

Due to uncertainties in the mass of CaCOs precipitated at early time points a value
of 5.4 m? g~! was used, which reflects the maximum surface area associated with the
rhombic endpoint (based on the conversion of 10 mM of Ca(OH), to CaCOs3). The
estimated surface area value used is consistent with those observed in the literature

(Table 4.2).
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Table 4.2: Surface area and crystal sizes taken from literature values and SEM images

Crystal Length Surface area ~ Morphology

(um) (m” g~ ")
Inskeep and Bloom (1985) 4-20 0.7 Rhombic
Schultz et al. (2013) <0.5 14-17 Nano—Rhombic
Nancollas and Reddy (1971) 10 0.3 Prismatic
Huang et al. (1991) 0.7 8.63 Prismatic
This Study 0.41 5.2 Rhombic
This Study 0.5 76 Prismatic

CO,

The chemical equation for the uptake of CO,(,,) into an aqueous solution are shown
in Eq. 4.2a—4.2c (Clark et al., 1992). Deprotonation reactions such as Eq. 4.2c are
rapid in aqueous solution, therefore in systems not limited by mixing, the rate at which
atmospheric CO—2 enters solution will be controlled either by dissolution (Eq. 4.2a) or

hydroxylation (Eq. 4.2b).

Noyes et al. (Noyes et al., 1996) suggest that the dissolution of CO; into an aqueous
solution can be explained by contact between a gas phase and a homogenous solution
when the reaction vessel was stirred vigorously enough to prevent a saturated surface
layer forming. They report that gas dissolution flux of CO; per unit interface area (mol

cm 2 s 1) was:

Jcor = ki x ([C OS?ZZ)ibrmm] —[COs49)) (4.9)

Where K, is the exchange coefficient k;, = 5.4 X 104 cms— L, [COz(aq)] is the aqueous
concentration of CO, and [COz(aq)]equilibrium is the aqueous CO, concentration at

equilibrium, calculated by Henry’s law (Eq. 8) (Atkins and De Paula, 2006):
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(COYL™") = Ky % Peoo @10

Where Pco; is the partial pressure of CO; in the atmosphere (Pegr = 4 X 10~%) and
Ky 1s the Henry’s law constant (K = 0.034 mol L~ ! atm~! for the dissolution of CO,
in water (Sander, 2015)). Thus [CO;(,,)lequilibrium is 1.36 x 107> mol L~!. The
maximum rate of CO; dissolution will occur when [COy(,4)]=0 and is equal to 7.34 x

2

10~2 mol em~2 s~ 1. If the solution surface area in a 100ml flask is 56 cm? (10.5 cm

diameter) the CO, dissolution rate will be 1.48 mmol hr~'.

The subsequent hydroxylation of this CO;(,,) by hydroxyl ions will have a forward

reaction rate of the form:

Rhyd = khyd X [COz(aq)] X [OHi] (411)

Where the rate constant kj,; = 5900 L mol~! s™!, (Pinsent et al., 1956). The theoretical
maximum hydroxylation rate occurs when there is equilibrium between atmospheric
and dissolved CO,. At pH 12.3 ((OH ] 0.02 mol L) this rate is equal to 5777 mmol
L~" hr~!. Thus in a 100 mL solution at pH 12.3 the theoretical maximum hydroxylation
rate of CO, is 578 mmol hr~!. This suggests that in a highly alkaline system, that is
initially very under-saturated with respect to carbonate species, the CO; dissolution rate

will control the carbonate flux.

Figure 4.5L shows the variation in Ca%{;;) in the [Ca]10:[CO3]]1 test for the time period

between 50min and 6 h. This system has a stoichiometric excess of Ca?t, and during

this time period, after the calcium hydroxide had dissolved but while the pH>12, it
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is believed that the aqueous calcium concentration is controlled by the CO; flux to
solution. If this assumption is correct, the experimental observed flux of CO; into
solution is constant during this time period, and equivalent to 0.25 mmol hr~! into 100

mL of solution.

Figure 4.5R shows the increase in TIC in the [Ca]10:[CO3]10 test for the time period
between 50 min and 72 h. This system was initially in stoichiometric balance, but the
data are for the time once Ca’" had been removed from solution, and while the pH>12.
During this period it is believed that the dissolved TIC concentration is controlled by
the CO, flux to solution. If this assumption is correct, the experimental observed flux
of CO; into solution is constant during this time period, and equivalent to 0.22 mmol
hr~! into 100 mL of solution. This is very similar to the CO? flux observed in the
[Ca]10:[COs]1 test, and both about one sixth of the theoretical maximum dissolution

flux of 1.48 mmol hr~! calculated from (Eq. 4.10).

The maximum CO,g) dissolution rate predicted by (Eq. 4.10) is equivalent to con-
suming the total amount of CO; in the headspace of a 500 mL conical flask ( 500 mL)
in 40s. The neck of the conical flasks were "stoppered" with foam bungs designed to
stop contamination with atmospheric dust, but allow gas exchange with atmosphere by
diffusion. It is probable that diffusion through the foam bung was unable to match the
maximum rate of CO, dissolution, and the partial pressure CO, within the head-space
of the flask was below its atmospheric value. An atmospheric Prg, of 6.75 x 1072

(1/6'" atmospheric) yields a forward rate consistent with the experimental data.

The experimental rate begins to deviate from 0.25 mmol hr~—! as TIC accumulates

in solution. As TIC accumulates the [COy(,,)] will increase and the reverse term in
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Figure 4.5: Excerpt from the [Ca]10:[CO3]1 Ca plot between 50 m - 6 h R) Excerpt from the
[Ca]10:[CO3]10 TIC plot displaying a linear trend between S0 m - 72 h

equation (Eq. 4.9) becomes important. Without this reverse term the in-gassing would
proceed unrestricted and predict a lower than observed final pH (4.6). PHREEQC
distributes COz(aq) into the HyCO3 "pool" therefore the [HyCO3] was used in the model
in place of [CO,(,,)]. This reverse rate will therefore be an overestimation of the
out-gassing, however due to the low concentrations of HyCO3 and COy(,,) at high pH
this effect will be minimal. Figure 4.6 shows that the models including and excluding

this reverse term are able to bracket the observed data.

Contaminant removal

Carbon-14 removal was modelled assuming its removal would be proportional to that
of initial TIC, and that isotopic affects are minimal. The '*C C/Cy modelling shown

in figure 4.1 is terminated at the point of maximum '*C removal (after the initial TIC
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Figure 4.6: Experimental CO; data from the [Ca]10:[CO3]1 experiment plotted against 3 model curves

Table 4.3: Average strontium distribution coefficients for each triplicate series

Experiment Ca,, Cagy  Srpp Sty Dy,

10_1 9.980 0.020 0.011 4.15x10~* 0.0508
10_5 9.984 0.016 0.011 5.93x10~* 0.0287
10_10 9912 0.034 0.011 3.28x10~* 0.1120
10_100 9.988 0.012 0.011 225x10~* 0.0606
Average 9.966 0.020 0.011 3.90x10~* 0.0566

is depleted) as CO; in-gassing affects this trend. This was the case for all systems

apart from the [Ca]10:[CO3]1 experiment which showed significantly more rapid '*C

depletion than TIC. This could be due to errors in the TIC measurements (near to the

limit of detection), which become less significant at higher concentrations.

Sr removal was modelled assuming that (Sr,Ca)COs is an ideal solid solution with a

distribution coefficient of 0.057. This value was chosen as an average of experimental

values (table 4.3) and concurs with literature values (Curti, 1997).

(4.12)
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4.4.3 Discussion

Carbon-14 uptake was controlled by the depletion of TIC from the solution. This was
achieved most effectively where there was a stoichiometric excess of Ca>™ in solution.
However, a recrystallization process which started after about S0min caused a remobi-
lization of '“C to the solution. This remobilization indicates that the recrystallization
involved a significant amount of dissolution which returned the lattice material to the
solution, where the '“C was diluted by '>CO» from in-gassing. Between 50 min and
24 h the remobilization observed in the [Ca]10:[CO3]1 experiment was limited and
14C removal remains >89%. In this case the remobilization was limited because the
14CO§* was released into a solution with high Ca and low TIC and therefore was
re-precipitated. After 24 h TIC began to accumulate in solution and so 14CO%_ released
by recrystallization also accumulated in solution. This suggests that if a net negative
flux of TIC was maintained during the recrystallization '*C would not accumulate in

the solution.

In the closed system experiments the lack of CO; in-gassing ensured minimal TIC in
solution to dilute any '*C remobilized. However, this lack of CO, appears to have
resulted in a lower '*C removal across all experiments, likely due to the lower overall

volume of calcite precipitated.

Sr was removed in exceedance of 97% under all experimental conditions (the maximum
observed removal was 98.6% in the [Ca] 10:[CO§_]1 experiment). Sr removal occurred
within the first 8min in experiments with a stoichiometric excess of TIC, this Sr removal
was associated with a depletion of Ca. Experiments with stoichiometric excess of Ca

displayed a lag before the removal of Sr. Between 6-24 h 4.4 mmol of Ca (47%) was
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precipitated, accompanied by 0.78 ppm of Sr (7.8%). During the following interval
(24-48 h) 1.2 mmol of Ca was precipitated (13%), accompanied by 8.4 ppm of Sr (84%).
This suggests that an incorporation mechanism was operating between 24-48 hours that

was not occurring during the preceding interval.

A possible mechanism that explains the observed changes in Sr uptake involves the
mode of Sr adsorption to the calcite surface. As Sr’>* concentration increases relative
to Ca>*, Sr incorporation may proceed via a strontianite like precursor rather than
simple substitution for Ca in calcite (Parkman et al., 1998), producing a higher overall
Sr uptake to solids (as observed in the later stages our experiments). Further work
would be required to prove this mechanism, however the results are consistent with a
more effective incorporation route following the depletion of solution Ca; potentially
indicating the concentration of Sr relative to Ca may play a role in the effective removal
of Sr. The [Ca]10:[CO3]5 experiment showed composite behaviour of the two series.
Initially Sr was removed rapidly due to low concentration of Ca in solution simultaneous
with dissolution of Ca(OH), and precipitation of CaCO3. Following this initial depletion
there was a period during which Sr concentration remained stable (£0.1ppm). This is
due to the accumulation of Ca in solution following the dissolution of Ca(OH)2 into a

TIC depleted solution.

A similar strontium removal from solution was achieved in all systems. It is possible
that Sr was also remobilized during calcite recrystallization in the [Ca]10:[CO3]1
experiment, however, in contrast to the situation with 14, there is no additional source
of M2 cations in the solution and as such Sr was immediately re-precipitated and did

not accumulate in solution.
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The Sr and Ca concentration at the final time-points in all experiments were higher
than the concentrations at the penultimate time points. This is a function of decreasing
solution pH, which will have caused the dissolution of calcite. In the experiments where
there was an initial stoichiometric excess of Ca>* there is a loss of '*C from solution in
the final stages of experiments. These experiments reached a final pH<9.3, and so this
loss is attributed to isotopic exchange of aqueous '*C with atmospheric 12CO (this has

be found to be a significant process in solutions with pH<9.324).

4.4.4 Implications for groundwater treatment

A representative composition for groundwater in the Sellafield Separation Area is re-
ported in (table 4.4) Graham (2013). Dosing such groundwater with calcium hydroxide
to produce a solution with a pH>12 and a stoichiometric excess of Ca’T over CO%‘ (i.e.
conditions similar to those in the [Ca] 10:[CO§_]1 experiment) is a promising method
for removing '*C-carbonates and *Sr. This would be most effective if it were operated
as a two stage treatment scheme. The first stage would comprise of adding Ca(OH), in
a closed system to remove TIC, and thus the '*C, from solution. After separation of
the precipitate, the aqueous effluent would then be sparged with air to promote CO,
in-gassing and induce further carbonate precipitation, which would co-precipitate the

9OSr

Only Ca(OH); will need to be added to run the proposed treatment scheme. TIC content
in the groundwater is sufficient such that the addition of 840.3 g of Ca(OH), per mj3
would achieve a 10:1 Ca:CO3 molar ratio and yield an approximate pH of 11.6 which

would be sufficient to minimise de-gassing of *C. Costing information for this reagent
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Table 4.4: Concentration of selected Sellafield groundwater ions and the range of reported '*C and *°Sr
activities.Graham (2013)

GW species Concentration

pH 7

Ca 0.96 mM
HCO3 1.23 mM

Mg 0.19 mM

K 0.18 mM

Na 1.12 mM

Cl 1.40 mM

S04 0.21 mM

Sr 1.40 uM

l4c 1-50 KBq L~!
08y 0.1-44 KBq L™!

Table 4.5: Costing information for the proposed treatment scheme. Prices quoted from Singleton Birch
01652 686000 (19/11/2015)

Reagent Ca(OH),
Amount require per m> 8403 g
Cost per ton of reagent $260

Cost per m® of groundwater  $0.22

is provided in Table 4.5.

Mass balance calculations using the maximum removal efficiencies observed in our ex-
periments suggest that a m> of the most contaminated groundwater present at Sellafield
would precipitate 287 grams of calcite during the '#C removal phase, which would
contain 49.85 MBq of '*C. The *°Sr removal phase would yield a further 943 grams of
calcite which would contain 43.38 MBq of *Sr. This would constitute a material with
a total B activity of 75 GBg/ton (>6x the upper limit for Low Level Waste (Laker et al.,
2010)); however, treatment of lower activity groundwater, would in practice produce

materials with much lower activities.

This process would also produce discharge water containing 0.15 KBq L~! of '*C and

0.62 KBq L~! of *Sr. This effluent could be further treated by Ion Exchange media
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(having reduced the competing ions Ca and Mg during the calcite precipitation process)
or simply discharged, depending on acceptable discharge limits. Finally, it is noted
that the proposed two-stage treatment scheme would create separate waste products
for 14C and °°Sr and does not result in an increase in liquid volume. It would also
produce an effluent stream buffered to pH<9 (which is typically a desired pH limit for
effluent discharges to surface waters (Mayes et al., 2009)). Therefore, this treatment
shows significant potential as a working remediation technique but further work is
still required to understand how this treatment scheme would function in site specific
groundwater regimes. For example it is not known how the presence of Mg and SOZ*
in groundwater would affect the treatment (as these groundwater ions can affect the
morphology and allotropes of carbonate precipitates (Bots et al., 2011)), or how the
treatment efficiencies would scale to a smaller Sr>* concentrations (i.e. 1.4 uM vs 114
uM). The overall cost effectiveness of this treatment will also be affected by in-situ
rates of contaminant desorption/dissolution from solids, which may result in the need

for continued groundwater removal and treatment over long time periods.

Conclusion

The precipitation of calcium carbonate has been shown to be a viable mechanism for the
removal of '#C and Sr from a solution. Overall, the maximum achieved removal of 4C
and St was 99.7% and 98.6% respectively. However, the chemical and morphological
data suggest that the crystallization pathways involved in precipitation can have a
significant impact on the removal of '*C from a solution. If re-crystallization occurs it

returns the lattice material to the solution, where it mixes with atmospheric CO;. This
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mixing allows dilution of *C by '?C which results in a lower incorporation of '*C into
the re-precipitated calcite. If a treatment system based on calcium hydroxide dosing
were applied to the most contaminated groundwater present at the UK Sellafield site,
these removals would produce just over 1 kg solid residue (containing 100 MBq total
beta activity) per m? treated and produce an effluent with a pH<9, containing 0.15 KBq

L~! of '4C and 0.62 KBq L~! of Sr after a single application.

Supporting information

This includes additional experimental and XRD data, groundwater compositions, Sr
distribution coefficients and reagent costings. Further details of our kinetic model
development are also provided along with the full PHREEQC input script. This material

is available in Appendix B.
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Chapter 5

Potential amendments to the
Carbonate precipitation scheme

5.1 Summary

A range of amendments to the reaction scheme presented in chapter 4 were tested in
an attempt to improve the incorporation and stability of Sr and '“C. These included
sulphate, pH and the presence of seed crystals. Increased sulphate concentration was
unable to favour aragonite precipitation and instead inhibited the removal of strontium
by forming SrSO4 complexes in solution which depresses the Sl ontianire- Under high
SO, conditions carbonate morphology displayed a clear variation with pH with vaterite
favoured at low pH, aragonite at circumneutral and calcite at high pH. The presence
of seed crystals was not significantly beneficial to the long term stability of the calcite
although did create a more rapid removal of l4c (likely due to the depressed Slccire)
and an enhanced removal of Sr due to the presence of a large surface area of negatively
charged calcite.
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5.2 Introduction

The calcium carbonate crystal system comprises of a Ca>* ion bound to a CO%f ion
in a repeating pattern forming a crystal lattice. Due to the abundance of M>* jons in
nature the Ca?" site in the carbonate lattice commonly experiences substitution of trace
elements. The incorporation of trace elements into this site in carbonates has received
interest from a variety of fields, including understanding the lithification of carbonate
sediments (Kinsman and Holland, 1969), as a proxy for sea surface temperature in
corals (Marshall and McCulloch, 2002), and more recently as a potential remediation

technique for groundwater contamination (Fujita et al., 2000; Mitchell and Ferris, 2005).

Previous work has detailed the potential for a pump and treat scheme for the removal
of Sr and '*C from groundwater (Chapter 4). This work showed high removals for
14C (99.7%) however this was subject to significant remobilization due to the recrystal-
lization of the metastable precipitate. A slightly lower removal of *°Sr was observed

(98.6%) this removal was however stable.

This section will aim to test some of the published factors which have been shown to
affect the coprecipitation of Sr and '*C into calcium carbonate. A brief discussion of

these factors will follow.

The bond lengths and angles between atoms in the carbonate lattice may vary resulting
in 3 major polymorphs, Calcite, Aragonite, and Vaterite (in order of decreasing ther-
modynamic stability). Due the differences in atom coordination different polymorphs
will favour the incorporation of different trace ions. The M site in aragonite is coordi-

nated by nine oxygen atoms, as opposed to six oxygen atoms in calcite. This greater
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coordination number in aragonite results in larger M>* lattice sites which allows larger
ions, such as Sr2t, to coordinate more effectively (Blanco-Gutierrez et al., 2014). This
is backed up by experimental synchrotron data from Finch and Allison (2007) which
suggests that Sr substitutes ideally for calcium in aragonite, causing minor lattice distri-
bution. However, in the rhombohedral calcite structure Sr substitutes in an octahedral

coordination which imparts significant strain on the lattice.

Magnesium is another ion capable of substituting into calcium sites in the carbonate
lattice. As Mg 2T incorporates at the calcite surface it inhibits the calcite growth
rate which makes the formation of this polymorph in high Mg systems less favorable.
Magnesium it is not compatible in aragonite however, due to the larger lattice sites, and
so does not inhibit the growth of this polymorph (Cabrera and Vermilyea, 1958; Finch
and Allison, 2007). Under the high pH conditions used in this work however Mg>* will
precipitate out as Brucite (Mg(OH),) which makes it infeasible to study the effects of

this ion on our system.

Sulphate substitution into carbonate sites within the calcium carbonate lattice is pos-
sible due to this molecule’s similar ionic radius and charge to the carbonate molecule.
However this molecule introduces disorder into the lattice, due to its larger ionic radius
than carbonate. Due to differing lattice site geometries the degree of this disorder varies
depending on the polymorph it is hosted in. Modelling of the effect of sulphate on
the lattice energy of the 3 carbonate polymorphs was carried out by Fernandez-Diaz
et al. (2010). This showed an increase in lattice energy for both aragonite and calcite
across 0-4 % SOA%’ incorporation. Aragonite displayed a greater increase in lattice

energy for a given % SO>~, suggesting its incorporation into aragonite is particularly
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unfavourable. Conversely vaterite displayed a decrease in lattice energy where the
substitution was > 2% indicating % SOZ‘ incorporation would make this polymorph
more stable. This modelling suggests that % SO?[ favours the precipitation of vaterite
> calcite > aragonite. A series of constant composition experiments carried out by Bots
et al. (2011) found that high SOi_ concentrations (>36 mM) the aragonite fraction of
carbonate increased, with vaterite also present. It is therefore not entirely clear if %

SOi_ will promote or inhibit the precipitation of aragonite.

The role of pH in controlling carbonate polymorphism was investigated by Tai and Chen
(1998), who reported a significant correlation between the two. Their findings for a
system absent of additives suggest that there exists a rapid change in the main carbonate
polymorph precipitated between pH 11-12. With aragonite the major polymorph at pH

11 and calcite taking over around pH 11.7.

The recrystallization of a metastable precipitate and subsequent remobliization of '4C
was observed in Chapter 4. A potential mechanism to overcome this recrystallization is
to use rhombic seed crystals in the initial solution to force the crystallization pathway.
Seed crystals are important due to the presence of an energy barrier to be overcome
during the nucleation of a crystalline phase. This energy barrier results from the energy
required to form an interface in a solution. By providing an excess surface area for the
precipitating phase to nucleate onto, the energy barrier is reduced and precipitation may

proceed.

This section will test methods of improving the incorporation and stability of Sr and
14C in carbonates precipitated from high pH solutions. Sulphate will be tested as

a mechanism of favouring aragonite formation,with a range of pH values tested to
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observe any thresholds. A stable rhombohedral calcite seed crystal will be tested as a
mechanism for negating any recrystallization of the carbonate precipitate, utilizing a

range of surface areas.

5.3 Methods

Solution set-up

Experiments were carried out as triplicate batch experiments conducted in 500 ml
polypropylene conical flasks (ThermoFisher Scientific, USA). Ca(OH); solution was
prepared by dialysis filtration to form a saturated solution of 17.5 4+ 2.5 mM Ca(OH),
solution. This solution was diluted 1:1 with DIW to form a solution with a Ca>* concen-
tration 8.92 + 0.87 mM. SrCl,-6H,0, H'*CO3 and NaOH were added at concentrations
of 10 ppm, 100 Bq mI~! and 10 mM respectively, achieving a total volume of 100 ml.
After which 1 mM Na,COs3 was added to commence the reaction, this starting solution
had an initial pH of approximately 12.3. Experiments were re-ran in order '“C to enable

TIC measurement by FIA to take place.

Sulphate experiments

Sulphate has been reported to destabilise the aragonite lattice and, to a lesser extent,
the calcite lattice, favouring the precipitation of vaterite (Fernandez-Diaz et al., 2010).
Bots et al. (2011) however found that high sulphate concentration (57.6 mM) caused a

mixture of aragonite and vaterite to be precipitated (30% aragonite 70% vaterite). The
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effect of sulphate on carbonate precipitation at high pH was tested by using varying
sulphate concentrations. The base solution was amended by the addition of a Na;SO4
solution to achieve a concentration of 10, 25 and 50 mM. These concentrations were
selected based on previous work from (Bots et al., 2011) which suggests over 50 mM
SO4 (even with a Mg:Ca=0) calcite is absent and vaterite and aragonite are the sole
carbonate polymorphs. Intermediate concentrations were then selected to observe any
systematic trends. Variations in carbonate morphology and polymorphs were observed
with SEM and XRD analyses carried out on solid samples obtained by vacuum filtration.
LSC and ICP-OES was carried out on solution samples to observe variation in '*C and

Sr removal and solution chemistry.

pH experiments

To further test the effect of pH on carbonate polymorphism the 50 mM sulphate ex-
periment was repeated across a range of pH values. This was achieved by using an
autotitrator set up with 0.5 mM HCI and 1 mM NaOH to maintain a constant pH of
8,9,10,11 and 12. Temperature control was achieved with a water bath situated on
a stirrer plate, with a feedback device to maintain a constant temperature of 20°C.
Solid samples were collected and analysed by XRD and SEM to determine carbonate

morphology and polymorphism.

Seed crystal experiments

The role of seed crystals was tested by using a range of seed crystal surface areas during

carbonate precipitation. Rhombohedral calcite seed crystals, purchased from Sigma



Chapter 5. Potential amendments to the Carbonate precipitation scheme 163

Aldrich, were first measured by BET analysis. Triplicate analysis revealed a surface
area of 0.207 m? g~! 4 0.01 m? g~'. Masses of 0.484 g and 0.968 g were added to
produce seed crystal surface areas of 1 and 2 m?> L~!. Comparison of these could then
be made to the dialysis filtration experiments, which are assumed to have close to 0 m?
L~! seed. Samples were analysed by Liquid Scintillation Counting and ICP-OES to
observe the variations in '*C and *°Sr removal, and SEM/XRD to observe the effect of

the seeds on calcite morphology.

5.4 Results

5.4.1 The role of Sulphate

Data for the role of sulphate on carbonate precipitation under high pH conditions are
presented in Figure 5.1. pH displayed no systematic variance across the series, all
experiments displayed an initial pH of 12.26 + 0.11 which progressed to 9.18 £ 0.19

after 196 hrs.

Calcium removal was mostly complete within the first 48 h. This removal was slightly
retarded during the 10-25 mM SO4 experiments, and further retarded in the 50 mM SOq4

experiment.

Magnesium was present at low concentrations during the first 1:30 mins of the ex-
periment. A maximum concentration of 0.06 mM was observed in the 10 mM SO4
experiment, this is likely from impurities in the Na,SO4 and Ca(OH), and at such low

concentrations is unlikely to have significantly affected precipitation.



Chapter 5. Potential amendments to the Carbonate precipitation scheme

164

0 mM

10 mM

12
10

0 LI A1) 11 R 1 B R A

® —&
ToT T @

0 —0 o 0 000 °

e

4 elC
2 e Sr
0

0.01

01 1 10
Time (Hours)

25 mM

100

1000

7.14(:
e Sr

=% - —% _~ &

0.01 0.1 1 10 100
Time (Hours)

50 mM

1000

T

IS

RN

Py
T T T T T T T T T T T T T T e @7

—0—0—0 —0 000 0

oo e e o o000 O

0 LI A1) 11 R 1 B R A

1 4

04 |®C
02 {4 5/

¥

r———%

0 T T TTI T T TIm T T T T 17

0.01

Figure 5.1: Complied data from the 0, 10, 25 and 50 mM sodium sulphate systems

0.1 1 10
Time (Hours)

7.14(:

¢ Sr

100

1000

0.01 01 1 10 100
Time (Hours)

1000



Chapter 5. Potential amendments to the Carbonate precipitation scheme 165

The maximum removal of Sr in the varying sulphate experiments is displayed in Figure
5.2. This displays a near linear decrease in the Sr coprecipitation due to increasing
concentrations of SOA%’, with a drop of 12.8 % maximum removal observed from the 0

mM SOi_ to the 50 mM SOi_ experiments.

100
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Figure 5.2: Effect of sulphate concentration on maximum removal of Sr in the 0, 10, 25 and 50 mM
Na,SO4 experiments

XRD data taken from the batch experiment comprising 50 mM NaZSOi’ (Appendix
Figure B.1) indicate that early in the experiment (8 min) Na;SO4 was present. After
1 h the Na;SO4 had dissolved and been replaced by a mixture of CaSO,4 and calcite.
By 6 hrs calcite was present and was the only observed carbonate polymorph in all

subsequent samples.

SEM images of precipitates from end member systems (0 mM and 50 mM SO,) are
presented in Appendix Figure B.6. In the sulphate free experiment precipitates presented
as hemispheric crystal aggregates approximately 10.39 um in diameter after 50 min,
which grew to 27.1 um after 72 h. The 50 mM SOy4 experiment precipitates presented

as a combination of hemispheric aggregates and some "dumbbell shaped" crystals with
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an average size of 6.0 um after 50 min, these grew to 30.6 um after 72 h. The end
point morphologies from the 0 mM and 50 mM SO, systems were both hemispheric
aggregates of rhombic crystals, with some finer more disordered material coating the

surface.

Sulphate concentration had a minimal effect on the removal of '*C (Table 5.1). The main
effect was a slightly slower induction time which resulted in slightly less remobilization.

However, this is mostly within error.

Table 5.1: Affect of Na,SO4 concentration on the removal of '*C with 95% confidence limits

Max 4C % removal
NaySOy4 I II II1 Mean =+

0 mM 9993 99.89 9495 983 7.12
10mM 100.01 90.08 99.95 96.7 14.2
25mM  94.63 9993 99.87 98.1 7.56
S50mM 9994 9986 88.87 96.2 158

5.4.2 pH effect

In the experiment that comprised 50 mM Na;SO4 with a constant pH (controlled by
an autotitrator) that was varied from 9-12 a clear trend was observed in the carbonate
polymorph formed which is presented in Figure 5.3 (raw data Appendix Figure B.4).
At lower pH vaterite was the dominant morphology as predicted by (Ferndndez-Diaz
et al., 2010) with a mixture of vaterite, aragonite and calcite at pH 11 progressing to

pure calcite at pH 12.
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Figure 5.3: Changes in carbonate polymorphism with pH in 50 mM sulphate system

5.4.3 Seed crystal addition

The effects of seed crystals on the coprecipitation of '*C and Sr into calcite is sum-
marised in table 5.2. This indicates that as seed crystal surface area increases the
removals of both *C and Sr are enhanced. With >1 m? L~! of seed crystal surface area
Sr was removed below the limits of detection of the ICP-OES (1.03 x 10~% mM) which,
correcting for dilution suggests a maximum solution concentration of 2.05x 10™> mM.

Table 5.2: Maximum observed removals of '4C and Sr with changing calcite seed crystal surface area.

Seed crystal SA  '*C Removal SrRemoval Average 'C  Average Sr

m2 L~} % % % %

0 99.92 98.20

0 99.89 98.00 98.25 98.2
0 94.95 98.40

1 99.93 >99.99

1 99.92 >99.99 99.91 >99.99
1 99.89 >99.99

2 99.89 >99.99

2 99.95 >99.99 99.94 >99.99
2 99.98 >99.99

The kinetics of Sr removal does not vary significantly across the range of surface areas

used. '*C removal however does show a systematic trend with increasing surface area
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figure 5.4. The data suggest that larger calcite surface areas result in faster removal
of 1#C from solution (>80% of the *C to be removed within the first 30 seconds).
After 6 hours the '*C appears to show a slight increase until 24 hours, after which a
further increase was observed. The '“C increase observed in the seeded experiments
was greater and outside the errors in the unseeded experiments. Early time intervals
(30s, 1:30 min and 8 min) for the unseeded experiment display a significant variation in

their '4C removal.
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Figure 5.4: Effect of seed crystal surface area on removal of '4C

SEM images from the unseeded systems are presented as the 0 mM SO, images on the
left of Appendix figure B.6. These show that in the absence of seed crystals precipitates
commonly nucleated on the surface of the reaction vessel presenting as hemispheric
aggregates. Individual crystals within these aggregates appear to be rhombic in structure,
by 72 h aggregates are coated in more disordered particles. SEM images from seeded
experiments are presented in Appendix Figure B.8 no morphology other than the initial

rhombic calcite was observed. After 24 h these calcite rhombs showed some surface
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pitting, which can be seen in Appendix Figure B.8d (a higher magnification image has

been included in Appendix Figure B.9).

5.5 Discussion

Sulphate had a systematic effect on the removal of Sr from the solution, with higher
sulphate concentrations leading to lower incorporation of Sr into the calcium carbonate.
XRD data suggests that the presence of NaySOy4 did generate a slightly different crystal-
lization pathway than sulphate free experiments. At the 8 minute time point Na; SOy
was present (Figure B.1), likely due to crystallization in the stock solution, which was
near saturation. Gypsum was observed after 1 hr alongside calcite, and calcite was the
only phase observed after 6 hrs. It was after 6 hrs when most Sr was precipitated (6-48
h). This interval was dominated by the calcite polymorph so the intermediaries are

unlikely to have affected the coprecipitation of Sr.

PHREEQC modelling suggests that as SOZ_ concentration increases the complexation
of both Ca>* and Sr** by SOZ* increases. This leads to a reduction in the aqueous ion
activity for these ions and thus a reduction in the saturation indices for both Calcite
and Strontianite (Figure 5.5). This complexation of Sr by sulphate is most likely the
reason for its lower Dy, in the high sulphate experiments, as previous experiments found
that Sr was most effectively removed from batch precipitation experiments after TIC
had accumulated sufficiently to supersaturate strontianite. Due to the lower activity of
Sr*™ in the high SOi_ experiments a greater accumulation of TIC will be required to

supersaturate strontianite.
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Figure 5.5: Distribution of (a) Ca and (b) Sr solution species with increasing solution SO4 plotted with
changing Saturation indices for Calcite and Aragonite.

Figure 5.6 shows the evolution of solution Sr’* with time. All systems show a gradual
decline in the Ca:Sr over the first 24 hrs. This is a result of Ca?T being preferentially
incorporated in the calcite over Sr>*. In the absence of sulphate the decrease in Ca:Sr
was followed by a rebound caused by enhanced Sr’>* incorporation, suggesting a new
mechanism of Sr>* into the calcite. The strength of this rebound shows a systematic
decline with increasing sulphate, which suggests that the sulphate is inhibiting the

enhanced Sr’T uptake at low Ca:Sr.

5.5.1 Aragonite inhibition

All experiments aimed at producing aragonite failed to achieve their goal. It is therefore

clear that the precipitation mechanism that favours aragonite at low pH does not operate
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Figure 5.6: Effect of increasing sulphate concentration on the Ca:Sr ratio of the solution

effectively at high pH. A key difference between a low and high pH solution, in terms
of carbonate precipitation is the speciation of TIC. In solutions with pH >10.3 The
majority of solution TIC is speciated as CO%‘ rather than HCO; . Gebauer et al. (2008)
suggest that under high pH conditions, with more carbonate ions present, calcium ions
are more effectively bound in prenuleation clusters. It is therefore possible that a change
in prenucleation structure could generate the differences observed in polymorphs across

the range of pH’s studied (Hu et al., 2015).

Another potential difference is the effect of high pH on the calcite surface. At pH 8.2
calcite has a neutral surface charge, as the pH increases a negative charge is generated by
deprotonation of hydroxyl groups bound to the calcite surface (Fenter et al., 2000). The

effect of this change in surface charge is unclear however it may prevent the aggregation
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of calcite particles as well as affecting the interfacial free energy of the calcite changing
how effectively it can act as seed particles (Chevalier, 2014). If the increased surface
charge generated at high pH were able to stabilise the calcite surface it can be predicted
to be the dominant high pH carbonate polymorph (as most other polymorphs are formed

due to processes destabilising calcite in solution).

5.5.2 Role of seed crystals

The presence of calcite seed crystals allowed carbonate precipitation to proceed at a
faster rate. This resulted in a decreased induction period and a more rapid removal
of *C. The remobilization of *C which, in the unseeded system, has been shown to
be caused by the recrystallization of an metastable precipitate, was present regardless
of the seed crystal surface area and increased slightly with increasing seed surface
area. SEM images are presented in figure B.8. These suggest that the precipitate
inherited the structure of the seed crystals as no other morphologies were observed.
However, due to the volume of seed crystals it was only possible to observe a small
fraction of these under the SEM. Due to uncertainties in the precipitation mechanism the
explanation of the observed '“C remobilization increase remains unclear. The timing,
contemporaneous with the remobilization in the 0 m? L2 system, suggests the same
cause (the recrystallization of a metastable precipitate) however, SEM images were
inconclusive in determining whether the precipitates are inheriting the seed crystal
morphology or nucleating as separate crystals with a distinct morphology. If the 4C
calcite is precipitated with the same morphology as the seed crystals it is possible that

the remobilization was caused by dissolution of the calcite surface as the pH dropped.
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From 6-24 h, the window in which the remobilization commenced, a pH decrease of 0.51
pH units was observed due to CO, in-gassing. This mechanism explains the enhanced
remobilization in the seeded experiments as these will have reached equilibrium more

rapidly and thus be further from equilibrium as the pH fell.

Sr removal was facilitated by the presence of seed crystals with removals in excess of
the ICP-OES limit of detection (99.8%) observed. The most effective Sr removal was
achieved between 24-48 h, after the Ca concentration had been reduced to 0.058 mM.
During this interval 0.08 mM Sr was removed alongside 0.05 mM Ca. This suggests that
either the Sr is precipitating as a strontianite like phase or is removed through sorption
to the calcite surface. The removal of Sr through sorption fits with the observation that

Sr removal is enhanced by larger seed crystal surface areas.

5.6 Conclusions

pH appears to play a significant role in determining which carbonate polymorph will
precipitate from a solution. Controls on carbonate polymorphism at circumneutral pH
have been well established, with Mg?* binding to the calcite surface and inhibiting
the subsequent attachment of Ca>* ions, SO4 substituting for CO%‘ in calcite and
aragontite, inhibiting both polymorphs; and high temperature (>35°C) inhibiting calcite
and favouring aragonite.

Alkaline conditions appear to have a significant impact on the nucleation of calcium

carbonate polymorphs. Mg is not soluble, Sulphate appears to slightly inhibit calcite

precipitation (figure 5.6) however its effect is minimal. The presence of seed crystals
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did not negate the remobilization of *C observed in previous experiments. However,
seeding did lead to a significantly shorter induction period, with >50% of '#C removed
within the first 30 s. This produced a removal window, lasting from 50 min - 6 h during
which the '*C removal in all systems was 99.9-94.4 %. This stable removal window of
5 hiis potentially valuable for a remediation scheme and may make the separation of the

14C calcite before its recrystallization viable.

Increased seed crystal surface area also had a beneficial impact on the removal of Sr
from solution, potentially due to adsorption of Sr>* to the negatively charged calcite

surface, or lowering the effective supersaturation required for calcite precipitation.
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Chapter 6

Enhanced Crystallographic
incorporation of Strontium(Il) ions to
Calcite via Preferential Adsorption at
Obtuse Sites during Spiral Growth

@104}
{i14¥ {014}®
- >
@ Growth
rate

L/W ratio

o _ N
-

¥

0.37 245 435 9.36
SrWt. %

6.1 Summary

Sr-containing calcium carbonates were precipitated from solutions containing Ca(OH),,
SrCl; and Na;COs in a reactor where constant solution composition was maintained.

177



Chapter 6. Enhanced Crystallographic incorporation 178

The total concentration of divalent ions was same in all experiments, but the Sr/Ca ratio
was varied between 0.002 and 0.86, and the pH value was between 12.02 and 12.25. All
solutions were oversaturated with respect to calcite (Sl 47 = 1.1-1.4). Calcite was the
only product formed at low Sr/Ca ratios, but at St/Ca > 0.45 strontianite was detected
in some systems. Sr-rich precipitate was observed in both a surface layer on (6.9-6 um)
rhombic calcite seed crystals and as smaller (> 3.64-1.96 um) calcite crystals that were
elongated along their C-axis. The degree of crystal elongation increased with the Sr/Ca
ratio in those crystals. Precipitates recovered from low Sr/Ca ratio experiments exhibited
an XRD spectrum identical to that of rhombic calcite, however the peaks attributed to
Sr-containing calcite shifted progressively to lower 20 values with increasing solution
Sr/Ca ratio, indicating increased lattice volume. Sr K-edge EXAFS analysis of the
precipitates showed that the shift in morphology and lattice volume is accompanied
by a change in the local coordination of Sr>* in calcite. The Sr-O bond lengths were
similar to the Ca-O bond lengths in calcite, but Sr-O coordination increased from 6 fold
in crystals containing 0.21 Wt. % Sr, to 8 fold in crystals containing 9.47 Wt. % Sr, and
the Sr-Ca coordination decreased from 6 and 6 (for the first and second Sr-Ca shells
respectively) to 4 and 1. It is suggested that Sr>* undergoes preferential incorporation at
obtuse (+) growth sites on the calcite surface due to its large ionic radius (1.13 A), and
this increases the growth rate parallel to the C-axis, resulting in the observed elongation

in this direction.
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6.2 Introduction

The transfer of trace elements from solution to solid calcium carbonate has received
a significant amount of interest across a range of fields. The Sr content of biogenic
carbonates, both aragonite and calcite, has been used to reconstruct paleo-climatic
conditions (Weber, 1973; de Villiers et al., 1994; Stoll et al., 2002; Ruiz-Agudo et al.,
2011). Trace element incorporation has been used to understand crystal growth (Yoreo
and Dove, 2004; Davis et al., 2004; Paquette and Reeder, 1995). Furthermore the
coprecipitation of Sr into calcium carbonates has been proposed as an attenuation and
remediation mechanism for *°Sr contamination in groundwater (Fujita et al., 2000;

Warren et al., 2001; Mitchell and Ferris, 2005).

The three main polymorphs of calcium carbonate found in geological deposits are
calcite, aragonite and vaterite in order of decreasing stability. Calcite is characterised
by rhombohedral coordination, with the central calcium atom surrounded by 6 oxygen
atoms with Ca-O bond lengths of 2.36 ; this is the most stable polymorph in most
environmental settings. Aragonite has a more open structure. The central calcium
atom is surrounded by 9 oxygen atoms with Ca-O bond lengths of 2.42-2.66 (Blanco-
Gutierrez et al., 2014). Vaterite is the lest stable calcium carbonate morphology, with
the central calcium atom surrounded by 8 oxygen atoms with Ca-O bond lengths of
2.29-2.90 A(Blanco-Gutierrez et al., 2014). Aragonite formation is favoured by high
temperature/pressure environments (Burton and Walter, 1987), and by the presence of
Mg2+ and SOZ* ions (Davis et al., 2004; Bots et al., 2011). Sulphate ions compete
for the carbonate site and, due to the larger sites in aragonite, sulphate hinders the

growth of this polymorph the least (Fernandez-Diaz et al., 2010). Magnesium ions
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compete for the calcium sites. Mg>T ions are smaller than Ca”* ions, and therefore
preferentially adsorb to calcite over aragonite, due to the smaller calcium sites therein.
However, due to its higher hydration energy (Rodriguez-Cruz et al., 1999) Mg?* retards
growth at the calcite surface after adsorption, favouring the precipitation of aragonite.
Furthermore, due to the presence of acute and obtuse growth sites at the calcite surface
(which affects the geometry/size/adsorption properties of the calcite sites), Mg>* affects
the morphology of the calcite crystals by preferentially adsorbing to the acute sites due

to its small ionic radius (Davis et al., 2004).

The incorporation of Sr>* into carbonates is dependent on a number of factors. Stron-
tium may substitute for calcium in the carbonate lattice due to similarities in their
ionic radius and charge. However, strontium’s larger ionic radius (Ca=1.0 Sr=1.13)
introduces strain to the mineral lattice, eventually destabilising it at high incorporation

rates (Tesoriero and Pankow, 1996; Nielsen et al., 2013).

It has been proposed that while incorporation of low levels of Sr** into the calcite
lattice may be favourable (although the effect may be within error), increasing Sr>+
concentrations result in a sharp decrease in step growth speed at both obtuse and acute
sites (Wasylenki et al., 2005). This latter trend been modelled by calculating step growth
rates from a solid solution between rhombohedral calcite and strontianite endmembers,
and by assuming that Sr2+ in the calcite lattice alters the ion activity product of CaCO3
resulting in a higher detachment rate of Ca’>* ions from the lattice which slows step

growth (Nielsen et al., 2013).

Fast crystallisation rates favour Sr’* incorporation into calcite by minimising the

amount of time the Sr’T is exposed at the calcite surface and able to be desorbed and
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replaced by a more favourable cation (Lorens, 1981; Gabitov and Watson, 2006; Tang
et al., 2008; Gabitov et al., 2014). Mngr is also known to enhance the incorporation
of Sr** into calcite. Mg?* is smaller than Ca?*, which in conjunction the larger Sr>*
ion balances the lattice strain, enabling greater Sr°* incorporation (Littlewood et al.,
2017). Strontium’s local coordination environment within the carbonate lattice will
also have a significant impact on its distribution coefficient. The larger M?* sites
in aragonite allow for greater incorporation of Sr>* relative to calcite (Curti, 1999).
Previous work by Matsunuma et al. (2014) used an amorphous calcium carbonate (ACC)
pathway to improve the incorporation of trace metals such as Sr into the calcite lattice.
Littlewood et al. (2017) found that this technique produced calcite through a vaterite
intermediary, and that Sr>* coprecipitated through this pathway retained its vaterite like
local environment (within the calcite crystals), indicating reaction pathways are critical

for Sr incorporation into calcite.

This paper investigates how Sr is incorporated in calcite, and whether the mechanism
of strontium incorporation into calcite changes as the amount of Sr incorporation
increases. A series of constant solution composition experiments were conducted in
a continuous tank stirred reactor (CTSR) that was seeded with calcite crystals. The
total concentration of divalent ions in the reactor feedstock was constant across the
experimental series, but the Sr/Ca ratio in individual experiments was varied between
0.002 and 0.86. Precipitates recovered from the reactor at different Sr/Ca ratios were
analysed by (i) scanning electron microscopy to observe the crystal morphology and
determine the Sr/Ca ratio in different polymorphs by energy dispersive spectroscopy, (i1)

x-ray diffraction spectroscopy to determine minerals present and to provide information
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on their unit cell dimensions, (iii) and x-ray absorption spectroscopy to determine of

the coordination environment around Sr ions incorporated into newly formed minerals.

6.3 Experimental Section

6.3.1 Continuous tank stirred reactor (CTSR) experiments

The continuous tank stirred reactor (CTSR) consisted of a 150 mL spherical reaction
vessel with two inlets for the mixed Ca(OH),/SrCl, solution and Na;COj3 solution
(Quickfit® jointed borosilicate glassware). The concentrations of divalent cations in the
stock solution were maintained at a constant concentration of 8.73 =+ 0.34 mM, but the
Sr/Ca ratio was varied. Na,CO3 was added at a nominal concentration of 50 = 0.024
mM to all experiments. The divalent metal and carbonate solutions were fed into the
reactor at a constant rate of 135 mL h-1 (1.18 mmol h™!) and 15 mL h-1 (0.75 mmol
h~1) respectively to produce a constant solution composition within the reactor with an
excess of M%* jons. The pH of the reactor varied between 12.02 and 12.25. The output
fluxes of M?* ions was measured (see below), and the precipitation rate was calculated
from the difference between the input and ouput fluxes (it varied from 0.74-1.10 mmol
h1.

Initial unseeded experiments produced both calcite and aragonite across a range of
Sr:Ca ratios, with no systematic trend (see SI Table 1). Therefore calcite seed crystals
with a total mass of 0.73 g (1 m? L) were added to the reactor at the start of the tests

to ensure that calcite was the only polymorph produced (SI Table 2). The CTSR was

initially run for 5 h (with a flow rate of 150 mL h~! to replace 1 reactor volume/hour)
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after which time 3 solution samples ( 4 mL) were taken at 1 h intervals to confirm that
the solution composition in the reactor had equilibrated, and to determine the Ca:Sr
ratio. Solution samples were filtered (0.2 um Polyethersulfone hydrophilic filters) and
the temperature and pH were determined using an Orion 420 pH meter with a VWR
SJ113 probe (calibrated at pH 7.0, 10.01 and 12.46). A 1 mL subsample of the filtrate
was then added to 9 mL of 0.1 M Aristar® grade HNO3 (VWR International, USA) for

chemical analysis.

At the end of each 7 hour experiment all the precipitate in the reactor was collected
by passing the reactor solution through a Buchner filter with Sartorius Stedim Poly-
carbonate Track-Etch Membrane filter paper. The precipitate was thoroughly rinsed
with isopropyl alcohol, after which it was stored in a desiccator. Subsamples of the
precipitate ( 4 mg) were dissolved in 10 mL of 0.1 M Aristar® grade HNO; for chemical
analysis. Sr and Ca concentrations in the reactor solutions and the precipitate were
determined by Ionically Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

(Thermo iCAP 7400, Thermo Fisher Scientific, Inc, USA).

6.3.2 Scanning Electron Microscopy and Energy Dispersive Spec-
troscopy

Precipitate samples were mounted on carbon tape, attached to aluminium stubs and
coated with iridium for Scanning Electron Microscope (SEM) analysis on a FEI Quanta
650 Field Emission Gun SEM to investigate crystal morphology. One sample containing
6.36 Wt. % Sr was set in epoxy resin and polished using silicon carbide paper followed

by a water-free diamond paste to provide a smooth surface for Energy Dispersive
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Spectra (EDS) analysis which was carried out on a Tescan VEGA3 XM, equipped with

X-max 150 SDD EDS and Aztec 3.3 data acquisition software.

6.3.3 X-ray Diffraction

Calcite precipitates recovered from the reactor at the endpoint of the experiments were
mixed with a small portion of silicon standard and mounted on low background silicon
sample holders (the use of a standard enables the resultant XRD pattern to be corrected).

Mineralogical analysis was carried out using a Bruker D8 XRD with a Cu K1 source.

6.3.4 X-ray Adsorption Spectroscopy

Sr K-edge (16,105 eV) X-ray absorption spectra were collected from selected Sr-
containing carbonate precipitates on beamline B18 at the Diamond Light Source. Sam-
ples were prepared as pressed pellets, dispersed with cellulose and held in Kapton®
tape. Samples were mounted a liquid nitrogen cryostat (80 K) during data collection to
minimise noise. At beamline B18 focussing of the beam produces a spot size of 200
x 250 um. Spectra were gathered from high concentration samples in transmission
mode, and in fluorescence mode (using a 9 element Ge solid state detector) for low
concentration samples. Multiple XAS scans from each sample were summed and
averaged using Athena (version 0.9.25) to maximise the signal/noise ratio. Normalised
X-ray absorption near edge structure (XANES) data were plotted and compared to Sr
K-edge XANES spectra collected from (Sr-containing) calcite, aragonite and strontian-
ite standards. EXAFS spectra were then extracted and fitted in k-space using Artemis

(version 0.9.25) Ravel and Newville (2005) to fit the data using the Markgraf and Reeder
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Markgraf and Reeder (1985) calcite model structure.

6.4 Results

XRD

XRD analysis of precipitate from the CTSR reactor experiment with a solution St/Ca
ratio of 0.002 exhibited a peak profile consistent with calcite, displaying a maximum
intensity peak at 29.4° 26, and secondary peaks at 39.5°, 39.4°, 43.1°, 47.5°, and 48.5°
260. These peaks are consistent with a pure calcite sample. XRD analysis of the other
precipitates from the CTSR reactor experiment exhibited essentially the same peak
profile, however the spectra showed clear variation with increasing Wt. % Sr (Figure
6.1). As the Sr content of the calcite increased the peaks in the XRD spectra exhibited
broadening and a shift in the maximum intensity to lower 260. Above 2.45 Wt. %
splitting of the calcite peaks was also observed. It is possible that this splitting was
present in lower concentration samples but was masked by the proximity of the peaks

(a clear asymmetry can be seen in the 2.45 Wt. % samples).

After St Wt. % in the precipitate exceeded 9.23 strontianite was first detected in
XRD patterns, and became the dominant end product observed when Sr Wt. % in the
precipitate exceeded 9.36 (SI Table 2). Precipitates containing detectable strontianite

were not included in the subsequent analysis of Sr incorporation in calcite.
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Figure 6.1: A) XRD traces displaying peak broadening and subsequent splitting of the calcite {104} peak
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Figure 6.2: Variation in the Sr:Ca ratio in precipitates as a function of Sr:Ca ratio in solution. Trend line
calculated by linear regression indicates DSr=0.15.

6.4.1 Sr/Ca ratio in the precipitates

In experiments where the precipitate contained less than 9.36 Wt. % Sr there was an
approximately linear relationship (Sr/Ca,pt = 0.15 x Sr/Cauq) between the Sr/Ca
ratio measured in the precipitate and that measured in reactor solution (Figure 6.2). The
gradient is equivalent to the Berthelot-Nernst distribution coefficient (Eq. 6.1). Three

experiments where Sl onrianice Was > 2.2 produced precipitates with a Dgr >0.2.

1/ [Cal 6

Dsr = [51]/[Calui

6.4.2 Precipitate morphology

Precipitates from these experiments were characterised as a mixture of larger rhombs
(X 6.9-6.0 um) and smaller elongate crystals (¥ 3.64-1.96 um) with rhombic ends and

cylindrical centres (Figure 6.3). With increasing Wt. % Sr the elongate crystals present
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Figure 6.3: Two SEM images from an experiment with 9.36 Wt.% Sr displaying the two calcite
morphologies. A) Elongate calcite B) Rhombic Calcite.

Table 6.1: Wt.% Sr and Dgr for the range of precipitates analyzed

#  Sr/Ca Sr/Ca  Sr DSr L/W*
(solution) (ppt) (Wt. %) (Median)
50 0.00 0.00 0.02 0.10 1.59
65 0.01 0.00 0.11 0.11
66 0.02 0.00 0.21 0.13
58 0.03 0.00 0.32 0.11
57 0.04 0.00 0.37 0.12 1.61
51 0.04 0.01  0.50 0.13
59 0.20 0.02 1.96 0.12
52 0.22 0.03 2.45 0.13 1.82
60 0.39 0.04 3.59 0.11
53 042 0.05 4.35 0.13 2.13
61 0.57 0.08 6.36 0.14
67 0.74 0.11  8.30 0.15
54 0.86 0.13 936 0.15 2.50
63 0.74 0.13 947 0.17

# = sample number; L/W = length/width ratio

*elongate crystals only; average of > 100 measurements for each sample.

in the precipitate displayed a clear trend of increasing length/width ratio, summarised

in Table 1. The larger rhombs had average length to width ratios of 0.87.

6.4.3 EDS

EDS mapping was carried-out on 4 separate regions on a resin embedded calcite sample

with 6.36 Wt. % Sr. Representative images of the back scattered electron image (BSEI)

and Sr, Ca and O maps are included in Figure 6.4. The BSEI identifies a large rhombic
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Figure 6.4: Back Scattered Electron Image with Sr, Ca, and Cl1 EDS element maps from a 6.36 Wt.%
sample

25um O Map

crystal (lower right corner) and the fine elongate crystals (occupying the rest of the
image). Ca and O maps also highlight these crystals and indicate the crystals have
uniform distribution of calcium and carbonate. Sr maps indicates that the rhombic
crystals have Sr rich rims but low Sr interiors, while Sr is more uniformly distributed in

the elongate crystallites (SI Figure 3).

6.4.4 XAS

Analysis of strontium’s coordination environment by XAS is presented in Table 6.2.
The lowest Wt.% sample displays Sr-O, Sr-C and Sr-Ca bond lengths and coordination
values similar to those observed for Ca-O, Ca-C and Ca-Ca in pure calcite. The lowest
Wt.% sample displayed a peak at 16,108 eV and another at 16,119 eV (Figure 6.5).
As the Wt.% Sr in the calcite increased the 16,119 eV peak decreased in relative

magnitude to become a shoulder to the 16108 eV peak in the 9.47 Wt.% sample. This
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Figure 6.5: Sr XANES spectra collected from a series of increasing Sr Wt.% samples (black lines),
plotted with selected standard data (grey)

is consistent with a transition from calcite like coordination environment to a more
strontianite/aragonite like coordination environment (both strontianite and aragonite

have a 9-fold coordination environment around the divalent metal ion).

Fitting of EXAFS data suggests that low concentrations of Sr** (0.21 Wt.%) are able
to fit into the calcite structure maintaining 6-fold Sr-O coordination, but with a Sr-O
bond length of 2.43 £ 0.09 (the Ca-O bond length in pure calcite is 2.36 ref 22).
At higher Sr incorporation (>1.96 Wt.%) the Sr-O bond length was similar (2.44 £+
0.02 ), but the best fit for Sr-O coordination increased to 7. The most concentrated
sample (9.56 Wt.%) was best fit with 8 fold Sr-O coordination, more similar to that
of strontianite/aragonite although the Sr-O bond length is shorter than in strontianite
(which has a Sr-O bond length of 2.59 Finch and Allison (2007)). Thus, the Sr-O

co-ordination number progressively increased with increasing Sr incorporation.

Coordination of Sr-C remained at 6 in all samples observed, with bond distances

decreasing from 3.22 + 0.09 to 2.93 + 0.05 in the 9.47 Wt. % sample. These fits show
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increased Debye-Waller (62) values which result from carbons low atomic mass and

weak electron scattering, and indicates a higher degree of uncertainty in these values.

Bond lengths between Sr and the first and second shells of Ca atoms remained similar
across the series (first shell 4.02-4.03 , second shell 4.99-5.04 ), however, there was a
progressive decrease in the transform amplitudes observed above 3 (Figure 6.6). As
a result, the best fit coordination numbers systematically decreased through the series
from 6 and 6 for the first and second shell respectively in the 0.21 Wt.% sample to 4

and 1 in the 9.47 Wt. % sample.
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Figure 6.6: A) EXAFS spectra collected from a series of increasing Sr Wt.% samples and B) correspond-
ing Fourier transformations (FT). Model fits using the data shown in Table 2 are also provided for each
sample in grey.



Chapter 6. Enhanced Crystallographic incorporation 192

6.5 Discussion

6.5.1 Effect of solution composition on reaction product

In this study Sr bearing calcites were precipitated that contained up to 9.36 Wt. % Sr,
which was the upper limit for Sr incorporation to calcite observed in these experiments.
Two samples displayed a greater Sr Wt. % (SI Table 2) however, XRD analysis
indicates one contained strontianite alongside calcite, and both displayed Dg, >2. A
Dg, > 2 was therefore used to identify any further experiments which may have been
affected by strontianite precipitation. Dg, for Sr incorporation into calcite showed little
variation prior to the formation of strontianite (Dg,=0.10-0.17), indicating similar rates
of carbonate precipitation in these experiments (Lorens, 1981). A minor increase in Dy,
was observed toward the upper end of our experimental range, prior to the detection of
strontianite through XRD. This may indicate the formation of some strontianite below

limits of detection for this technique.

6.5.2 Mode of Sr incorporation to calcite

The {104} main XRD peak of Sr substituted calcite, which is nominally at 26 = 29.4°,
exhibits a linear trend of decreasing 26° position with increasing Sr Wt. % (Figure 6.1).
This indicates that there is a progressive expansion of the calcite lattice volume with

increasing Sr** incorporation Ravel and Newville (2005). Samples with 4.35 and 9.36
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Table 6.2: EXAFS fitting parameters calculated for selected calcite samples in Artemis. Standard data for
Calcite (**> Markgraf and Reeder (1985), '® Littlewood et al. (2017), 2 Finch and Allison (2007), *® De
Villiers (1971)), Aragonite and Strontianite are included for comparison.

Shell N R() o’ R-Factor x?

O 6 236
cC 6 321
)
Calcite Ca 6 405
Ca 6 499
O 6 2439 00043 0034 1096
C 6 3.197) 00176
021We% oy 6 4.03(1) 0.0061
Ca 6 494(2) 0.0066
O 7 244(1) 00050 0023 7824
C 6 3.16(5) 00258
LOOWL % 0 s 4031) 0.0055
Ca 5 497(2) 00083
O 7 2451) 00068 0021 2935
C 6 2786) 00266
3IOWER 4 405(1) 0.0067
Ca 3 5023) 00085
O 8 2451) 00066 001 1195.9
C 6 0215 0.1243
QATWER i 4 4.03(1) 0.0083
Ca 1 504(4) 00043
Sr-Calcite!8 O ) 23T
Gawee C 5 310
SR ca 4 412
O 9 258
Aragonite”  C 6 298
Ca 6 402
O 9 259
Strontianite?® C 6 3.03
St 6 409
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Wt. % Sr display peak splitting, the right hand peak is Sr-free calcite (probably the
seed crystals), while the left hand peak results from calcite that has become disordered
due to the presence of Sr (present as both overgrowths on rhombic seed crystals and
as elongate crystals). The 2.45 Wt. % sample does not display splitting on the {104}
peak however this peak displays a shift in its 26°, fitting on a linear trend with the other
samples. It is therefore likely that this peak is a composite of two peaks, a pure calcite
peak and a disordered Sr-calcite peak, which were too close together to be resolved by
the XRD software. This interpretation is supported by the EXAFS data, which shows
Sr is incorporated into the Ca site within the calcite lattice, and bond lengths calculated
in Artemis suggest the strain imparted by increasing the Sr Wt. % causes a change in
the coordination environment of Sr. An increase in the coordination of O atoms around
the Sr, reflecting a larger M?* site. A decrease in the long-range Sr-Ca coordination
was also observed which indicates an expansion of the M>* sites resulting in increasing
distortion of the calcite lattice. The local environment for Sr within calcite progressed
from a rhombohedral calcite like coordination to one more similar to the orthorhombic
aragonite/strontianite structure (Figure 6.5). This coordination environment differs from
that reported in Littlewood et al. (2017), who found that when calcite is formed from the
reordering of an ACC precursor through a vaterite intermediary the Sr** was retained
in a vaterite like environment. The difference in Sr>* coordination between this study
and that reported by Littlewood et al. (2017) indicates that the crystallization pathway
impacts not only how effectively a trace element may be incorporated but also its local

coordination environment.
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6.5.3 Effect of Sr>" on calcite morphology

SEM analysis of five precipitates with Wt. % Sr ranging from 0.02-9.36 identified two
distinct calcite morphologies, a rhombohedral and an elongate form. Image analysis
from these precipitates indicate that the L/W ratio of the elongate morphology displayed
a systematic increase as the proportion of Sr in the precipitate increased (Table 1). This
correlation between the L/W ratio and the Sr Wt. % implies that the incorporation of Sr

favours the growth of a more elongate morphology.

EDS spot analysis indicates that the rhombohedral crystals contain very little Sr through-
out their centres, although there is Sr-rich layer at their surface. The Sr-poor core of the
rhombic crystals are similar in size to the added calcite seed crystals (SI Figure 4), there-
fore the rhombic crystal very likely represent a retained fraction of the seed crystals that
have been overgrown with Sr-rich calcite during the experiments. Indeed XRD patterns
show peaks from two separate calcite phases, one identical to pure Sr-free calcite, the
other strained by Sr incorporation. EDS indicates that the maximum concentration of Sr
in the Sr-rich overgrowths on rhombic crystals is similar to the average concentration
of the smaller elongate crystals. However Sr incorporation in overgrowth layer was
typically lower than the elongate crystals, potentially due to the averaging effects of
the EDS spot and the narrow rim of Sr incorporation displayed by the rhombic crystals.
Therefore we conclude that both the overgrowths and the elongated crystals may have
similar amounts of Sr-incorporation (although the mechanism of incorporation may be

different).

The SEM-EDS, XRD and EXAFS data together show that Sr is incorporated into

calcite and is primarily hosted within its lattice rather than present in surface sorption
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complexes. It is also clear that greater incorporation of Sr leads to a change in the local
coordination environment of the Srion and a greater observed elongation of the initially

smaller particles.

Several studies have identified a similar elongate calcite morphology displaying elonga-
tion about the c-axis produced by the presence of Mg and organic compounds (Davis
et al., 2004; Ukrainczyk et al., 2015; Kim et al., 2012). Atomic Force Microscope maps
published in Davis et al. (2004) suggest that Mg?* affects the propagation of calcite
growth steps by preferentially adsorbing to the acute step sites, causing retardation of

the growth rate for these sites and leading to anisotropy in kink propagation.

Due to its larger ionic radius relative to calcium it is expected that Sr>* will preferentially
adsorb to the obtuse sites rather than the acute sites. The enhanced growth rate parallel to
the c-glide plane suggests that this incorporation of Sr>* is enhancing the growth rate of
the obtuse face Figure 6.7. Nielsen et al. (2013) suggest that low concentrations of Sr>+
may enhance the calcite growth rate as it is contributing to the net precipitation rate. Step
growth rate data (Wasylenki et al., 2005) (which are supported by modelling Nielsen
et al. (2013)) displays a more rapid step speed for obtuse steps, with the difference
between obtuse and acute steps becoming greater with increasing SI. It is likely that our
experiments, which were carried out at SI=0.41-.71 rather than the SI=0.24-0.51 used to
measure the step growth rates, would display an even greater obtuse step speed relative
to acute steps. Additionally, a threshold followed by a rapid decline in the step growth
rates with increasing [Sr?T] is reported (Wasylenki et al., 2005). This threshold results
from the impact of trace ions on the solubility of calcite. As the proportion of strontium

ions within the lattice increases the lattice bonds become less stable and the rate of
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Figure 6.7: Schematic image based on a crystal from the 2.45 Wt. % system. Displaying a side on view
of the {104} face and elongating parallel to the C-Axis. A schematic image of the inclination of the
carbonate planes with respect to the {104} face is included based on Teng et al. (1998)

ion detachment increases, this effectively destabilises the formation of calcite (Nielsen
et al., 2013). This threshold is encountered at increasing [SrZt] with increasing SI,
since our experiments were carried out at greater SI than those presented in (Wasylenki

et al., 2005) it is likely that the threshold was not encountered during our experiments.

Sr>* incorporation into calcite produces a similar elongated crystal observed by Mg>*
incorporation (Davis et al., 2004) but do so by different mechanisms. Sr2t adsorbs to
obtuse sites and enhances growth parallel to the c-glide plane, whereas Mg adsorbs
to acute sites due to its relatively small ionic radius and retards growth due to its
relatively high hydration energy Rodriguez-Cruz et al. (1999), and thus restricts growth

orthogonal to the c-glide plane. We suggest that the rhombic morphology does not show
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similar elongation to the elongate due to the nature of the Sr incorporation i.e. it is a

thin surface layer which cannot influence the shape of the bulk crystal.

6.6 Conclusions

A suite of calcite precipitates displaying a range of Sr>* concentrations were produced
in a constant composition reactor. These calcites exhibited increased lattice volume
associated with increased Sr content. At low concentrations the Sr?* ion displayed
a local environment similar to that of Ca in calcite; with higher concentrations this
became more aragonite/strontianite like yet retained a short Sr-O bond length. The
presence of Sr>* during calcite growth was found to affect the morphology of the
resultant calcite. Precipitates containing greater Sr contents displayed an elongation
about their c-axis, most likely caused by preferential adsorption of Sr>* at the obtuse
growth steps, allowing an enhanced growth rate at these sites. This study shows that
Sr-containing calcite can be produced at relatively high Dg, values in high throughput
reactors across a broad range of Sr concentrations. Therefore, controlled Sr-calcite
precipitation may potentially be used to remove *°Sr from waste waters present at

nuclear sites.
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Chapter 7

Stability of radiolabelled carbonate
wastes in cement waste forms

7.1 Summary

The incorporation of Sr bearing calcite into cement was investigated using a cement
blend which comprised 50% Ordinary Portland Cement, 40% Blast Furnace Slag, and
10% calcite. It was found that during the cement hydration 5.3 % of the initial calcite
dissolved and subsequently incorporated into the cement. It was not possible to track
the fate of Sr from the dissolving calcite however it is anticipated to be distributed
through the CSH and Ettringite phases, and the '#C is predicted to be distributed in the
monocarboaluminate phase. This study indicates that under the conditions studied the
majority of calcite incorporated into the cement will be distributed as calcite throughout
the matrix, with a minor amount incorporated in cement minerals.
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7.2 Introduction

The long term disposal and storage of nuclear waste is an important issue facing the
nuclear industry. Radionuclides, particularly those with long half-lives, will remain a
hazard millennia into the future; therefore their ultimate disposal must be in a stable

waste form.

Cement is commonly used as a material for the immobilization of a range of waste
streams. Ordinary Portland Cement (OPC) in particular is widely available, cheap
to produce and has a long history of scientific research. It has the added benefit of
producing alkalinity, which favours insolubility of many minerals, including carbonates
(Glasser, 1997). It may be used to encapsulate solid wastes such as Magnox swarf
(Fairhall and Palmer, 1992), preventing direct contact between the solid waste and any
waters reaching the repository. Due to the requirement of hydration water in cement
production it is possible to directly mix contaminated waters into cement powder;

immobilising the contaminant ions by reactions with the cement (Milestone, 2006).

Limestone is commonly used in composite cements acting as both an "inert filler" and
an active reactant (Matschei et al., 2007). It is becoming increasingly favoured as a way
of reducing the amount of cement required for a given casting and thus reducing CO;
emissions (Revani and Proske, 2017). While carbonate minerals are insoluble under
the high pH conditions produced by OPC, they may continue to react after addition
to cement (Milestone, 2006). Contaminant ions either become incorporated into the
cement minerals or precipitate as secondary phases. It is important to understand these

reactions to determine the long term stability and leaching properties of the final cement
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waste forms.

The presence of carbonate ions from the dissolving calcite results in the stabilisation of
monocarboaluminate (Mc) over monosulphoaluminate. The aluminium released from
this reacts to produce ettringite (Adu-Amankwabh et al., 2017; Bonavetti et al., 2001).
This ettringite has a larger molar volume than other cement phases and may lead to
a reduction in the pore volume of the cement, although it can also generate cracking
which may generate fluid flow paths (Matschei et al., 2007). The presence of Limestone
in composite cements is also reported to promote Calcium Silicate Hydrate gel (C-S-H)
formation (Adu-Amankwah et al., 2017). This increase in early hydration is reported to

produce a greater initial strength but weakens the cement in the long term.

Utton et al. (2011) carried out a study into the mixture of BaCO3 containing l4c,
produced from THORP re-processing at Sellafield, into a Ground Granulated Blast
Furnace Slag (GGBFS) and OPC composite (GGBFS:OPC 9:1). They found that
BaCOs3 reacted with the SO4 present in OPC to produce BaSO,, which is less soluble
that BaCO3. This process is unlikely to happen with Ca,SrCO3; due to the lower
solubility of these phases in their carbonate form relative to their sulphate form. The
14C containing carbonate group was reported to partition into the Mc phase. This Mc
phase was likely stabilised by the presence of Ba which scavenges sulphate from the

pore solution which may favour the transformation of Mc to ettringite.

This section will test the leaching properties of a OPC/BFS cement after mixing with
a '“C labelled Ca,SrCO3;. The micro-structure of the resultant waste form will be
observed, both before and after leaching, to determine how the Ca,SrCO3 is hosted and

if any reactions have taken place.
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7.3 Methods

Strontium bearing calcium carbonate was prepared via the methods of (Littlewood et al.,
2017), yeilding a Sr composition of 6.52 Wt. % Sr>*. A stock solution with a fixed
[Ca], [Sr] and [!*C] was prepared and subsequently mixed with Na,COs to precipitate
Ca,Sr;_,COs. This was allowed to react for 24 h before the crystals were separated via
vacuum filtration and rinsing with IPA. The calcite powder was stored in a desiccator

prior to mixing into cement grout.

This calcite powder was then blended with Ordinary Portland Cement (OPC) and
Ground Granulated Blast Furnace Slag (GGBFS), in the proportions listed in Table 7.1.
The OPC contains a small percentage of calcite, therefore the mixing proportions were
adjusted to account for this calcite. In the 50-40-10 system 8.75 % of calcite with a Sr
Wt.% of 6.52 was mixed with 1.25 Wt.% calcite with a Sr Wt.% of 0. This combined
gives 10% calcite with an average 5.71 Wt.%. The Cement was then cast in a CO; free
environment using 5 mm diameter cylindrical moulds using 20 g of the cement powder
blend and 10 g DIW. These blocks were left for 0.5, 1, 7, 12, and 28 days to cure in a

CO, free environment.

Before analysis the cement was removed from its moulds and crushed using an mortar
and pestle to a coarse sand consistency, then washed in IPA for 10 minutes, Ether for 10
minutes before spending 20 minutes on a Hotplate at 50°C to dry. Samples for analysis
via EDS were prepared by cutting the cement cylinder using a low speed isomet and
then mounting in resin before polishing with silicon carbide paper and a water free

diamond paste to achieve a flat surface.
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Thermo-Gravimetric Analysis (TGA) was carried out on ground and hydration stopped
samples to determine which phases were present based on their thermal decomposition
temperatures. This was supplemented by XRD analysis on both dried and un-dried
samples using a Bruker D2 XRD. SEM/EDS analysis was carried out using a Tescan
VEGA3 XM, equipped with X-max 150 silicon drift detector EDS and Aztec 3.3 data
acquisition software on dried and polished samples from the 28 d end point to determine
both which phases were present and the distribution of Sr amongst them.

Table 7.1: Cement blends used for the encapsulation experiments

% 50-40-10 70:20:10 20:70:10

OPC 52.35 70.64 19.98

GGBFS  38.90 20.52 70.37

Calcite 8.75 8.84 9.65

7.4 Results

Thermogravimetric Analysis (TGA) data presented in Table 7.2 indicates the mass
loss due to the thermal decomposition of CaCO3; to CaO and CO; which has been
converted to the % of calcite which dissolved during cement hydration. In the 50-40-10
experiment a progressive dissolution starting at 27.9 % after 12 hours and increasing
to a maximum of 55.6 % after 28 days. In the experiment which contained a greater
proportion of GGBFS (20-70-10) less calcite was dissolved (17.5 %) conversely in the

higher OPC experiment (70-20-10) more calcite was dissolved (77.4 %).

The bulk concentration of Sr distributed amongst the cement phases was calculated
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Table 7.2. For the each experiment this was based on the dilution of the dissolving

calcite with an average Wt.% Sr of 5.71 in a final 30 g cement waste form.

Table 7.2: TGA time series displaying progressive decrease in the amount of CaCO3 in the cement with
curing time for the 50-40-10 system. Data from the 20-70-10 and 70-20-10 28d end points are included.

Blend composition Time (days) % CaCO3z % Dissolved Bulk Wt. % Sr

0.5 7.21 27.9 0.15
50-40-10 7 4.67 53.3 0.28
28 4.44 55.6 0.29
20-70-10 28 1.75 17.5 0.09
70-20-10 28 7.74 77.4 0.41

The Al/Ca and Si/Ca ratios of the 28 day aged 50-40-10 cement blend, determined
by SEM-EDS, are plotted in figure 7.1. These are characteristic of limestone blended
cements (Adu-Amankwah et al., 2017), with most analyses plotting between ettringite
and Calcium Silicate Hydrate (CSH) end members. Several samples which appear to
deviate from this trend line, instead plotting between Calcium Hydroxide (CH) and
the CSH characterised by lower Al and Si. The only samples which returned any Sr
plot in this area (plotted as black circles) are the only analyses which returned any Sr,
suggesting that Sr is hosted in either as hydroxides or CaCOj3. Further analysis of the
Sr bearing samples, based on their composition and morphology, suggest that they are

the initial calcite added.
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Figure 7.1: Elemental ratios determined by EDS spot analysis plotted alongside key cement end members.
Analyses which returned Sr concentrations above LOD are plotted as black circles.

Mapping data is presented in SI Figure D.2. This is somewhat inconclusive due to the

low concentration of Sr present in the sample however, spot analysis indicates discrete

particles with a Sr Wt. % of 6.75 £ 0.61 figure 7.2 which, based on their composition

most likely indicate the calcite initially added to the system.

XRD data carried out on non-hydrated sample is presented in figure 7.3. This displays

ingrowth of Mc from 0.5-28 days. The ettringite peak displays a similar intensity

throughout the experiment, indicating its formed early during cement hydration and

that it is stable.
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Sr Bearing Phase

Figure 7.2: Illustration of the morphology which returned Sr Wt.% 6.75 + 0.61
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Figure 7.3: XRD data for 3 time points in the 50-40-10 cement blend cured system, displaying the AFt
(Ettringite) peak and Mc (Monocarboaluminate) peak.



Chapter 7. Stability of radiolabelled carbonate wastes in cement waste forms 211

7.5 Discussion

Sr Distribution

No significant accumulation of Sr in a phase other than the initial CaCO3 was clearly
identified. It is possible that Sr is compatible with all cement phases, in the 50-
40-10 experiment this would result in a diffuse incorporation across the sample of
approximately 0.29 Wt. %, which is likely lower than the limits of detection for EDS.
This is supported by the literature as previous authors have suggested the incorporation
of Sr into a range of cement phases is viable. These phases include Ettringite (Gougar
et al., 1996), C-S-H and 9 A-Tobermorite (Youssef et al., 2014). While these phases
are likely to have varying affinities for the Sr>* ion if the Sr concentration is low and
spread diffusely though the sample these subtleties may be below the limit of detection

and subsequently lost.

C Distribution

Monocarboaluminate was present in these cement blends and, due to the lack of CO,
in-gassing, the carbonate in this phase is likely derived from the carbonate added to our
experiment. Had this carbonate contained radioactive *C it is likely that it too would
have been transformed to Mc. This is supported by (Utton et al., 2011) who found that

14C from Ba'*COj3 was transformed into Mc.



Chapter 7. Stability of radiolabelled carbonate wastes in cement waste forms 212

Effect of Cement composition

The cement composition has a significant impact on the dissolution of calcite and
therefore the bulk Sr concentration amongst the nascent cement phases. Cements with
greater concentrations of OPC displayed greater dissolution of the initial calcite added,
up to 77.4 % in the system comprising 70 % OPC. The cause of this is unclear without
further mineralogical analysis to determine which mineral phases were driving the
dissolution of calcite. However, this suggests that the use of high GGBFS cement would
produce a waste form with a lower amount of discrete calcite particles and therefore
minimise hotspots of Sr within the cement. Whether the actual activity of these hotspots
is enough to cause a criticality hazard if clumping of the calcite particles occurs would

need further assessment.

Any dissolution of Ca and Sr bearing material from the cement grout is likely to be
precipitated as calcium carbonate due to the predicted high pH of the groundwater (based
on cement buffering). An understanding of the groundwater chemistry i.e. whether it is
Ca or CO3 dominated would be useful in determining the potential incorporation of *Sr
or “C into this phase. The precipitation of calcite may fill pore spaces and fractures in

the waste form which would reduce permeability and minimise further dissolution.

7.6 Conclusions

From this work the final fate of Sr incorporated into the cement grouts remains some-
what unclear as EDS analysis only returned positive Sr results for phase assemblages

comprising CaCO3. Future work may seek to use a different analytical technique, such
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as microfocus XRF performed using a synchrotron source, to allow for detection of
the dissolving Sr. However, in the cement compositions used in this study a range of
radio-calcite dissolution was achieved (17.5-77.4 %), which suggests that the cement
composition is likely to be an important factor from a waste disposal standpoint. Based
on this information an experiment could be designed to study the leaching properties
of a cement waste form with the Sr mostly in a carbonate phase relative to one with Sr
mostly in a cement phase. However, based on a high pH cement buffered repository and
due to the physical separation of the calcite from groundwater by the cement matrix,

calcium carbonate minerals are likely to have a low solubility.

Based on the observed presence of Mc in both XRD and elemental cross plots, coupled
with the findings of Utton et al. (2011) which suggest '“C is stable within this phase, it
is likely that any '“C dissolving from the radioactive calcite will be partitioned into this

phase.



Chapter 7. Stability of radiolabelled carbonate wastes in cement waste forms 214




Bibliography

Adu-Amankwah, S., Zajac, M., Stabler, C., Lothenbach, B., Black, L. (2017). Influence
of limestone and anhydrite on the hydration of Portland cements. Cement and
Concrete Research, pp. 96—109.

URL: http://dx.doi.org/10.1016/j.cemconres.2017.05.013

Bonavetti, V.L., Rahhal, V.F.,, Irassar, E.F. (2001). Studies on the carboaluminate
formation in limestone filler-blended cements. Cement and Concrete Research, 31(6),

pp. 853-859.

Fairhall, G.A., Palmer, J.D. (1992). The encapsulation of Magnox Swarf in cement in
the United Kingdom. Cement and Concrete Research, 22(2-3), pp. 293-298.

Glasser, F.P. (1997). Fundamental aspects of cement solidification and stabilisation.

Journal of Hazardous Materials, 52(2-3), pp. 151-170.

Gougar, M.L.D., Scheetz, B.E., Roy, D.M. (1996). Ettringite and C-S-H portland
cement phases for waste ion immobilization: A review. Waste Management, 16(4),

pp- 295-303.

Littlewood, J.L., Shaw, S., Peacock, C.L., Bots, P., Trivedi, D., Burke, I.T. (2017).
Mechanism of Enhanced Strontium Uptake into Calcite via an Amorphous Calcium
Carbonate Crystallization Pathway. Crystal Growth and Design, 17(3), pp. 1214—
1223.

Matschei, T., Lothenbach, B., Glasser, F.P. (2007). The role of calcium carbonate in

cement hydration. Cement and Concrete Research, 37(4), pp. 551-558.

215



Bibliography 216

Milestone, N.B. (2006). Reactions in cement encapsulated nuclear wastes: need for

toolbox of different cement types. Advances in Applied Ceramics, 105(1), pp. 13-20.

Revani, M., Proske, T. (2017). Influence of chemical-mineralogical properties of
limestone on the shrinkage behaviour of cement paste and concrete made of limestone-
rich cements. Construction and Building Materials, 157, pp. 818—828.

URL: https://doi.org/10.1016/j.conbuildmat.2017.09.101

Utton, C.A., Gallucci, E., Hill, J., Milestone, N.B. (2011). Interaction between BaCO3
and OPC/BFS composite cements at 20 °c and 60 °c. Cement and Concrete Research,

41(3), pp. 236-243.

Youssef, M., Pellenq, R.J., Yildiz, B. (2014). Docking 90Sr radionuclide in cement: An
atomistic modeling study. Physics and Chemistry of the Earth, 70-71, pp. 39-44.
URL: http://dx.doi.org/10.1016/j.pce.2013.11.007



Part 1V

Conclusions

217






Chapter 8

Conclusions

This project’s goal was to expand the knowledge of Sr and '“C coprecipitation into
calcium carbonate to aid in the design of a remediation process. This section will aim
to extrapolate the key learnings of this project with respect to potential remediation

strategies.

14C removal

Carbon-14 removal was observed at a maximum of 99.9 % after 50 minutes in an
experiment comprising 10 mM Ca(OH); and 1 mM Na;CO3 and 2 m? L~! rhombic
seed crystals (Section 5), however similar removals were obtained for all systems where
an excess of Ca was present with respect to TIC. This is due to the Ca>* ions in solution
readily reacting with the 14CO§_ ions to form calcite; this reaction is favoured by seed

crystals as these lower the effective supersaturation required for precipitation.

After its initial removal '*C displayed a remobilisation back to solution, indicating

219
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that its encapsulation in calcite is metastable. This remobilisation was only significant
after TIC began to accumulate in the solution and there was no longer a net CO; flux
to the precipitate. It is likely caused by a shift in the stable calcite morpholgy, from
scalenohedral in high Ca:COj3 solutions to rhombohedral in low Ca:CO3 solution, and
exacerbated by an associated decrease in pH caused by CO; in-gassing which increases

the solubility of CaCOs.

90Sr removal

Strontium was removed to below the limits of quantification for ICP-OES (2.9 ppb) in
experiments where there was an an excess of NayCOj relative to Ca(OH), and abundant
calcite seed crystals (Section 5). The presence of calcite seed crystals had a significant
impact on the removal of Sr, increasing it from 98.2% in experiments prepared by
dialysis filtration (i.e. in the absence of seed crystals) to over 99.9% in experiments
with 2 m> L~! of rhombic seed crystals. This is most likely due to the seed crystals
lowering the effective supersaturations of both calcite and strontianite as well as the

adsorption of Sr to the seed crystal surfaces (which become negative at high pH).

Strontium-90 incorporation into calcite was demonstrated to operate across a range of
Sr concentrations with a linear distribution coefficient (Section 6). In some systems
an increase in the Dg, was observed towards the end of the experiment. Modelling
supports the idea that this is caused by the accumulation of TIC from CO; in-gassing
which generates a supersaturation of strontianite. Under the conditions anticipated at
Sellafield, with groundwater Sr concentrations of 1.4 uM whereas previous experiments

were carried out using 140 uM. This means a supersaturation of strontianite will require
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greater concentration of TIC in the solution to achieve and is unlikely to occur in the

Sellafield groundwater.
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Figure 8.1: Strontianite supersaturation as a function of pH plotted for 3 Sr concentrations (140, 14, 1.4
uM).

The importance of Ionic content

Increased ionic strength may inhibit this technique due to the complexing of *°Sr (and
14CO%‘) by solution ions. This suppresses the supersaturation of strontianite which has

been shown to be important for the removal of Sr by this technique.

The precipitation of Sr and '*C into calcite was the main focus of this investigation
however aragonite (a polymorph of calcite with larger M>™ sites) was also investigated.
Incorporation of Sr into this morphology is reported to be more favourable than into
calcite however this study found it difficult to consistently obtain aragonite at high pH.
However if the groundwater is at a circumneutral pH aragonite precipitation may be

accessible and thus improve the Dy;-.
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Understanding the strontianite-calcite solid solution

The Calcite-Strontianite solid solution was found to exist across a broad range of
solution compositions i.e. as the as the amount of Sr in the solution increased relative
to calcium the proportions in the precipitate increased correspondingly. This solid
solution only stopped after strontianite because supersaturated, however calcite with a

high degree of Sr** displayed an increasing lattice disorder.

The stability of radio-carbonate powders in cement waste forms

During mixing into cement a significant proportion of radio-carbonate has been showed
to dissolve to form new phases. However, problems were encountered tracking the
fate of the contaminants amongst these phases, but based on previous literature it
is likely that '*C will partition into monocarboaluminte and *°Sr will be distributed
across ettringite, CSH and tobermorite. Further work would have to be carried out
to understand if any preferential incorporation exists. The portion of radio-carbonate
that remains un-dissolved is likely to remain stable, due to its physical isolation in
the cement matrix and its insolubility in the high pH conditions predicted in a cement

buffered repository.
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8.1 Potential treatment schemes

8.1.1 Batch

Data from batch experiments run for '*C and Sr removal are contained in sections 4
and 5. These experiments were able to achieve effective removal of both Sr and '*C by
99.99% and 99.7% respectively. However, since the Sr and '*C removal did not occur
at the same time it is unlikely that a simple batch reactor (Figure 8.2) would be able to

achieve simultaneous removal of these two isotopes.

It may however be possible to use a solution with a TIC excess to effectively remove
over 99.99% of *°Sr (along with calcium) followed with a polishing stage comprising

of an ion exchange media to remove '“C.

Na;COj5 inlet

]

Figure 8.2: Schematic of a Batch treatment process

8.1.2 Continuous flow

Due to the differing removal environments of *Sr and '*C for this treatment to operate
as a continuous flow system it is necessary to separate the *°Sr and '*C removal stages.

This can be achieved by running this as a two stage treatment, with one stage comprising
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a solution with an excess of TIC and the other and excess of Ca.

Filtration

A continuous flow treatment scheme would have the potential benefit of allowing
treatment of groundwater at the rate of pumping, rather than intermittent pumping and
treating. However it is unclear how a continuous pumping regime would affect the
contaminant profile in the groundwater, as previous work has shown that this may result

in increased adsorption of groundwater ions to soil minerals.

Due to the different timings and conditions required for *°Sr and '*C removal these
contaminants would have to form separate waste streams in a continuous flow treatment
scheme. This could be beneficial as it would allow for separate treatment of the two

waste streams which would have significantly different half-lives and ionizing energy.

N32C05

GW inlet — — Effluent

Figure 8.3: Schematic of a continuous flow treatment process

Gas separation

At pH<9 *C will speciate as '*CO,. Therefore if a tank of groundwater is buffered to

pH 8 with HCI and allowed sufficient time to equilibrate with the head-space '*C will
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be removed from solution as '*CO,. This 14CO, may be carried to a second tank filled
with a saturated Ca(OH), solution. The high pH will force dissolution of the 'CO,
and the excess Ca will precipitated the '4C as calcium carbonate. The initial solution,
now containing only *°Sr will pass to a second tank where a high TIC concentration

can be used to favour Sr removal by carbonate precipitation.

— Effluent

NaQCO3

l
GW inlet — — Effluent

Figure 8.4: Schematic of a continuous flow treatment process

Final Remarks

This research has demonstrated that while there exist a number of complicating factors,
the coprecipitation of *°Sr and '“C into calcite is a potentially viable method for the
removal of these two isotopes from groundwater. It may be used either to lower the
ionic content and reduce the radionuclide profile before a final ion exchange step,

or a more complex scheme may be developed that could achieve a more significant
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removal. Due to the complexities presented by the carbonate precipitation scheme
careful consideration and modelling of site specific conditions will be required prior to

any application.
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Appendix A

Supplementary information Chapter
4: Coprecipitation of '*C and Sr with
carbonate precipitates: The
importance of reaction kinetics and
recrystallization pathways

S.I. Section 1: Full PHREEQC input script

The following script was designed to model the simultaneous dissolution of Ca(OH),
in-gassing of CO, and precipitation of CaCO3. Comment have been included within

the script to include readability.

RATES

Calcite

# Nancollas and Reddy Calcite precipitation rate

—start

10 si_ cc = si("Calcite")

20 if (m <= 0 and si_ cc < 0) then goto 200

30 rate = 0.576 % 118.2 = 5.4 x (3.6e-9 - act("Ca+2") =*
act ("C03-2"))

80 moles = rate x time

229
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140 if (moles > m) then moles = m

150 if (moles >= 0) then goto 200

160 temp = tot ("Ca")

170 mc = tot ("C(4)")

180 if mc < temp then temp = mc

190 if -moles > temp then moles = —-temp

200 save moles

—-end

# Johannsen 1999 Ca(OH)2 dissolution rate

Ca (OH) 2

—start

1l si_ caoh = si("Ca(OH)2")

20 1f (m <= 0 and si_ caoh < 0) then goto 200
30 SA = 4.5 % m/m0

100 rate = 2.1 * SA x (4.76e-6 — act("Cat+t2") =«
act ("OH-")2)

110 moles = rate * time

200 SAVE moles

—-end

# Empirical Linear CO2 in—-gassing rate
CO2 (9)

—start

1 si_ co2 = si("CO02(g)™"™)

2 PCO2 = 7.2e-5 # 1/6 atm

3 CO2eq = PCO2 % 0.032

4 SA = 56 # cm2

20 if (m <= 0 and si_ co2 < =-3.4) then goto 200
25 rate = 5.4e-4 * CO2eq - 5.4e-4 % (MOL("H2CO03")/10)
26 rate = rate x SA

30 moles = rate x TIME

200 SAVE moles

—end

INCREMENTAL_ REACTIONS TRUE

#Starting solution 1 L

#0.01M NaOH, 1lppm SrCl2 & lmmol Na2CO3
solution 1

temp 20.0

pH 12.2

water 1 kg

units mmol/L

Na 3 charge

c(4) 1

Sr 0.114

Cl 0.228

KINETICS

C0O2 (9)

-m0 1
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Ca (OH) 2
-m0 0.00918
Calcite
-m0 O
-parms 50 0.6

—cvode TRUE

# —steps 259200 in 432 steps

# —steps 3000 in 100 steps

# —-steps 0.5 1.5 8 50 360 1440 2880 4320 minutes
-steps 0.5 1 6.5 42 310 1080 1440 1440 7680 minutes

SELECTED_

OUTPUT

—file Complete Solution.xls

—-reset false

USER__ PUNCH

-headings t pH Ca(mmol) Na(mmol) TIC SrC/CO nCalcite
14C/CO
—-start

10
20
30
40
50
60
70
80

PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH

—end
USER__ GRAPH 1

—-axis_
—axis_
—axis_
—-initial__
—connect__

—start
10 GRAPH_ X total_ time/3600
20 GRAPH_ Y TOT ("Ca")%x1000
USER_ GRAPH 2

—axis_
—axis__
—-axis_

—start
10 GRAPH X total time/3600
20 GRAPH_ Y —-LA("H+")

END

total time/60/60

—LA("H+")
TOT ("Ca")x1000
TOT("N ") %1000
T('C(4) ) *1000
- ((KIN("Calcite")*1000)+0.00108/0.0114)
N('Calc1te")
act ("C02"™) %1000

scale x_ axis 0.001 auto auto auto logscale
scale y_ axis auto
titles "time (h)" "[Ca] (mmol)"

solutions false
simulations true

scale x_ axis 0.001 auto auto auto logscale
scale y_ axis auto

titles "time (h)" "pH"

—initial__
—connect_

solutions false
simulations true
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Figure A.1: Stacked XRD traces displaying key mineral phases throughout the [Ca]10:[CO3]1 experiment
(C=Calcite, P=Portlandite)
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(e) 48:00:00 (f) 190:00:00

Figure A.2: SEM micrographs from the [Ca]10:[CO32]1 experiment from time intervals between
00:01:30-190h
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Figure B.1: XRD data from the 50 mM Na;SO4 system. N=Na;SO4 G=Gypsum C=Calcite
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Figure B.2: XRD data from the 40 °C system
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Figure B.3: XRD data from the auto titration experiments using 50 mM Na;SO4 from pH 9-12



Appendix B. Supplementary information Chapter 5: Sequestering '*C and Sr into
calcium carbonate: The role of pH, Temperature and Sulphate on carbonate

polymorphism

239

Intensity (counts)

A

pH 9
Vaterite

pH 10
Vaterite

pH 12
Calcite

20° Cu2«x

16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

Figure B.4: XRD data from the auto titration experiments using 50 mM Na;SO4 from pH 9-12
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Figure B.5: Complied data from the 1 and 2 m?> L~2 experiments



Appendix B. Supplementary information Chapter 5: Sequestering '“C and Sr into
calcium carbonate: The role of pH, Temperature and Sulphate on carbonate
polymorphism 241

(g) 0 mM SO4 72h (h) 50 mM SO4 72 h

Figure B.6: A comparison of SEM images taken from the 50 mM SO, experiments (left) and the 0 mM
SO4 experiment (right)
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(d) 50 mM pH 12

Figure B.7: The role of pH on carbonate polymorphism in the 50 mM SOy systems. 5 um scale bar
(image a) valid for all images.
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Figure B.8: A comparison of SEM images taken from the seeded experiments, using 0.484 g of Sigma
Aldrich CaCOj3 to achieve a 1 m? L~! surface area.
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Figure B.10: Vaterite ball observed after 6 h in the 40 °C experiment
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S.1. for Section 6:

Enhanced Crystallographic
incorporation of Strontium(II) ions to
Calcite via Preferential Adsorption at
Obtuse Sites during Spiral Growth

S.I. Section 1 - XRD Carbonate Polymorphism

Initial constant composition experiments were carried out in a continuous tank stirred
reactor fed by a Ca(OH),/SrCl, solution (in which the Sr:Ca ratio varied from 0-0.48)
and a 50 mM Na;COj3 solution. This achieved a constant composition environment in
which the Sr/Ca ratio varied, enabling observations to be made on the role of solution
Sr/Ca on Sr incorporation into calcite. Reactions were carried out in a 150 mL reaction

vessel in the absence of initial seed crystals.

Data compiled in SI Table 1 show a significant variation in the polymorphism of the

245
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Table C.1: XRD data from the unseeded CTSR experiments

Sample [Ca] [Sr] Sr/Ca Calcite Aragonite Strontianite

# (mM) (mM) x10? % % %
2 15 0 0 98.67 1.33 0
8 10 0 0 81.29 18.71 0
9 10 0 0 12.40 87.6 0
13 149 0.1 0.0l 73.39 26.61 0
3 9.9 0.1 0.0l 93.39 6.37 0.24
14 145 05 003 9853 1.44 0.03
4 9.5 0.5 0.05 100 0 0
17 12 3 0.25 97.23 1.98 0.79
6 8 2 0.25 98.85 0.51 0.64
7 6.3 3 0.48 24.87 26.1 49.03
12 9.5 0.5 0.05 - - -
15 14 1 0.09 - - -
5 9 1 0.11 - - -

16 13 2 0.15 - - -
18 1.5 2.5 0.33 - - -

carbonate forming. At high Sr:Ca (0.48) strontianite becomes the main phase however
below this value a mixture of calcite and aragonite was present, the proportions of which
show no systematic variation. A potential explanation for this is that both calcite and
aragonite have similar solubility products (3.39x107%) and (4.57 x 10~?) respectively.
Due to these similar supersaturations, and the lack of seed crystals, the polymorph
distribution will be dependent of the first phases nucleated in solution. If a significant
proportion of the early-formed crystals are of the aragonite polymorph then this will act
as a seed crystal allowing a significant proportion of aragonite to form. Due to calcites
slightly higher supersaturation this is the most common phase to nucleate which is

represented by the skew of the data towards calcite.

Experiments were repeated with rhombohedral calcite seed crystals to guide the crys-
tallization pathways. This was successful at producing a 100% Calcite precipitate in

most experiments however XRD data was collected on a Bruker D8 XRD with a Cu



Appendix C. S.I. for Section 6:

Enhanced Crystallographic incorporation of Strontium(II) ions to Calcite via
Preferential Adsorption at Obtuse Sites during Spiral Growth

247

Table C.2: Identification of carbonate polymorph via XRD for selected samples from the unseeded

constant composition experiments. C=Calcite, S=Strontianite.

# Sr/Casal Sr/Cappt Wt. % Sr DSr XRD SIcalcite Slstrontianite
50 0 0 0.02 0.1 C 1.26 -0.43
65 0.01 0 0.11 0.11 1.07 0.09
58 0.03 0 0.32 0.11 1.3 0.76
60  0.39 0.04 3.56 0.11 1.21 1.76
57 0.04 0 0.37 0.12 C 1.24 0.74
59 0.2 0.02 1.96 0.12 1.28 1.54
66 0.02 0 0.21 0.13 1.36 0.49
51 0.04 0.01 0.5 0.13 1.24 0.85
52 0.22 0.03 2.45 0.13 C 1.12 1.43
53 0.42 0.05 4.35 0.13 C 1.26 1.85
61 0.57 0.08 6.36 0.14 1.21 1.93
67 0.74 0.11 8.3 0.15 1.1 1.94
54 0.86 0.13 9.36 0.15 C 1.14 2.04
63 0.74 0.13 9.48 0.17 1.33 2.16
56 0.84 0.2 13.74 024 C/S 1.34 2.22
55 0.46 0.13 9.23 0.28 C/S 2.07 2.69
62 0.85 0.32 19.04 0.38 1.4 2.29

Ko source for selected experiments from the series, it was not possible to collect XRD

data for all experiment due to sample size constraints. A summary of samples with

XRD data collected is included in the table below, with XRD traces in SI Fig. 3. Two

samples were identified with XRD peaks at 25.7 and 26.5 which are consistent with

strontianite although a shift to higher 20 values was observed, potentially indicating

Calcite substitution into the lattice.
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BET surface area (m? g_l) BET Constant (C) 12

a 0.208 -122 0.999
b 0.206 -108 0.999
c 0.206 -106 0.999
Average 0.206 -122 0.999

S.I. Section 2 - Specific Surface Area of Calcite Seed
Crystal

The surface area of calcite seed crystals was determined by triplicate BET analysis
using a Micromeritics Gemini VII 2390a instrument. A sample of calcite powder was
weighed and dried overnight at a temperature of 105°C under a nitrogen atmosphere
to remove any water, after which the sample was reweighed. A dead-space volume
measurement was taken using helium which was then removed via vacuum and triplicate
measurements were taken, using nitrogen as an absorbent at -196 °C. An average value
of 0.206 m~2 L~! was observed. By adding a mass of 0.73 g of the seed to the 150 mL

reactor a surface area of 1 m2 L~! was achieved.
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S.I. Section 3 - Calcite morphology series

The following 5 images were collected on a FEI Quanta 650 Field Emission Gun SEM,
from a suite samples with Wt. % Sr ranging from 0.02-9.36 %. These images focus on

the elongate morphology, displaying its elongating with greater Sr incorporation.

9.36 Wt.% Sr
Figure C.2: Increase of the W/L of the elongate crystals with increasing Wt. % Sr
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S.I. Section 4 - EDS Histogram

EDS spot analyses were carried out over 41 Rhombic crystals and 37 Crystals of fine
material which presented as either elongate crystals or circular in cross section. Of
the 41 Rhombic crystals 25 displayed no strontium above limits of detection while the
remaining 16 displayed a median Sr/Ca of 0.019. All of the fine material registered Sr
at concentrations above the LOD, with a median Sr/Ca of 0.25. This is displayed in the

histogram in SI Figure 3.

BFines MRhombs E< LOD|

25

20

Frequency
o

-
o

0.1 0.2 0.3 0.4
Sr/Ca

Figure C.3: Sr/Ca ratios from EDS spot analysis of a resin embedded sample of precipitate containing
6.36 Wt. % Sr
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Wt. % Sr L (um) W (um) L/W

0.02 4.00 2.50 1.59
0.37 3.73 2.39 1.61
Elongate 245 3.00 1.65 1.82
4.35 4.00 1.89  2.13
9.36 3.48 1.38 2.5

X 3.64 1.96 1.86
Rhombic X 6.86 5.97 1.15

S.I. Section 5 - Rhombic Crystal Comparison

These micrographs are included to demonstrate the similarity in morphology of the seed
crystals used at the start of the reaction and the rhombic morphology obtained at the

completion of the reaction.

Figure C.4: Comparison of Rhombic crystal obtained from the seeded CTSR (L) and a sample of the
seed crystals added at t=0 (R)
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S.1. Section 6 - Data table

The final two experiments (56 and 62) were excluded from analyses as these displayed
distribution coefficients indicative of strontianite formation. XRD analysis was carried

out on sample 56 which returned a positive analysis for strontianite.
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Figure C.1: XRD data for 7 samples from the unseeded constant composition experiments



# Ca Sr TIC a(Ca?t) a(Sr*t) a(CO%’) Sr/Ca Ca/CO3 Sr/Ca Wt. % Dg, Slcacire  Slstrontianite  Slstromsianize  lonic Strength  pH ~ Temp Rate
(mM) (mM) (mM) (mM) (mM) (mM)  (Solution) (Solution) (ppt)  (ppt) (R3c¢) (pcmn) (R3c¢) (mmol/L) (°C)  (mmol/h)
50 1.74 0.00 0.05 0.88 0.00 0.02 0.00 33.68 0.00 0.02 0.13 143 -0.54 2.2 15.11 12.17 20.97 0.834
65 1.81 002 0.03 0.91 0.01 0.01 0.02 56.73 0.00 0.11 0.11 1.24 0.08 -1.58 15.36 12.22 21.30  0.781
66 1.82 0.03 0.06 0.91 0.02 0.02 0.04 29.76 0.01 0.21 0.13 1.53 0.58 -1.08 15.41 12.19 21.07 0.788
58 226 007 0.04 1.11 0.04 0.01 0.07 52.59 0.01 0.32  0.11 1.47 0.75 -0.91 16.67 12.24 21.07 0.837
57 204 007 0.04 1.02 0.04 0.01 0.08 48.73 0.01 0.73 0.12 1.41 0.74 -0.92 16.10 1224 21.00 0.904
51 1.51 007 0.06 0.77 0.04 0.02 0.10 26.68 0.01 0.50 0.13 1.41 0.84 -0.82 14.72 12.06 21.06 1.009
59 1.74 035 0.05 0.88 0.20 0.02 0.44 32.69 0.05 1.96 0.12 1.45 1.53 -0.13 16.16 12.22 2070 0916
52 139 031 0.05 0.71 0.18 0.02 0.49 30.15 0.06 245 0.13 1.29 1.42 -0.24 15.12 12.03 21.10  0.959
60 1.74 068 0.05 0.87 0.38 0.02 0.84 37.71 0.10 359 0.11 1.38 175 0.09 17.13 12.20 21.03 0.882
53 138 058 0.06 0.70 0.33 0.02 0.93 21.26 0.12 435 0.13 1.43 1.84 0.18 15.89 12.02 21.27 0.979
61 1.77 101 0.05 0.88 0.56 0.02 1.24 39.18 0.18 636 0.14 1.38 1.92 0.26 18.19 12.18 20.73 0.862
67 145 1.08 0.04 0.73 0.61 0.01 1.63 33.82 024 830 0.15 1.28 1.93 0.27 17.56 12.11 21.03 0.755
54 1.17 1.01 0.06 0.61 0.58 0.02 1.89 20.18 028 936 0.15 1.32 2.03 0.37 16.63 12.09 17.83 0.807
63 1.73 128 0.06 0.86 0.71 0.02 1.62 28.75 028 948 0.17 1.50 2.15 0.49 18.89 12.12 21.00  0.742
56 1.73 143 0.06 0.86 0.79 0.02 1.84 27.20 045 1374 0.24 1.51 221 0.55 19.32 12.13  21.17 0.848
62 225 191 0.05 1.09 1.02 0.01 1.86 41.38 0.71 19.04 0.38 1.57 2.28 0.62 22.15 12.09 20.93 0.667
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C.1 S.L Section 7 — Crystallography

Line drawings of selected crystals were extracted from selected SEM micrographs.
The interfacial angles between these faces appears to be >90° although it is difficult to
precisely measure the angles as the none of the facets are viewed face on by the SEM.
The apex of each crystal clearly showed three main faces with one larger than the other

two, it was assumed that this was the {104} face.

5um

o
=1
-
Z.
[

SIXY-D

Interfacial Angles all >90
Figure C.5: Crystal line drawings displaying C-Axes and crystal faces.
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Appendix D

S.1. for Section 7:
Stability of radiolabelled carbonate

wastes in cement waste forms
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Figure D.1: TGA data from the 28 d endpoint of the 50-40-10 blended system
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10 um
Figure D.2: EDS map displaying Sr distribution across a sample surface with associated SEM image.



