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Abstract

The dissolution characteristic of thermally activated serpentine under the
additive-free carbonic acid system plays a significant role in the success of
the serpentine-based mineral carbonation process. It is believed that
magnesium (as MgO in activated rock) is liberated by the protons
associated with the MgO-CO,-H,O equilibria. The availability of protons is
inhibited by the accumulation of magnesium in the aqueous phase as the
extraction proceeds. Parallel with leaching, the precipitation of MgCOs
under hydrothermal conditions further contributes to the complexity of this
system. The OLI-MSE thermodynamic simulations provided predictions for
the reaction pathways in the MgO-CO,-H,O system. Under the reaction
conditions applicable for the ex situ mineral carbonation process, e.g., 7' =
423 K and Pcor = 100 bar, the equilibrium solubility of magnesite is
predicted as Cp g ~0.0197 mol kg_l at the corresponding pH of 5.3.

Experiments were carried out over a wide range of conditions, covering
different reaction temperatures (from 303 to 473 K), pressures (from 10 to
160 bar), mass loading factors (from 0.03 to 1 min), and particle sizes (20 to
180 um) by using a continuous fluidised bed reactor under the saturated
CO,-H,0 system.

The increase in concentrations of magnesium in the effluent corresponds
to higher rates of extraction in the reactor; however, at sufficiently high
rates, concentrations were found to be limited by the equilibrium solubility
of MgCOs. No evidence for MgCOs particles in the effluent or/in the
reactor was found. It was concluded that the corresponding formation of
solid magnesium carbonate species must be associated with the porous
substrate. The experimental data for which magnesium concentrations were

below the saturation value were correlated as,

Xy
dt

= ky+ [H]"e /KT £(X)

The form of the rate function f(X) at Xy 4 ~0.25 showed a minimum

standard deviation with n = 1 and also implied that E, = 0, suggesting that
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the rates at undersaturated conditions are directly proportional to the bulk
aqueous activity of protons and that activation energy becomes negligible.
It was further concluded that the difference between these results and those
reported for the dissolution of crystalline serpentinite (e.g., n = 0.53 and E,,
~ 10 kcal mol™' (Daval et al, 2013a)) may reflect the fact that the
employed activated material is amorphous rather than crystalline.

The consensus of the mean form of rate functions f(X) for the
undersaturated data with the shrinking core models suggests that the
product layer diffusion control shrinking core model more-or-less
reproduces the trend in the data. However, due to the lack of sensitivity to
particle size, it was concluded that this model cannot be correct, since the
results for the variation in particle size (within a factor of nine) suggest that
the reaction rates should be independent of the external surface area of the
particles. This behaviour, however, was not matched within the product
layer diffusion control model. It was therefore concluded that an alternative
model similar to the grain models, in which the dependence of the rate on
particle size is a balance between intergranular diffusion and reaction of the
grains, may provide a better overall description of the reaction process.

It was also found that the relatively high extent of material removal
during the dissolution process did not correspond to the significant
development of internal voidage and porosity, suggesting that a major
restructuring process is involved as particles react. Observations of the post-
leached particles through SEM further indicated this surface restructuring
phenomenon. Dissolution and reprecipitation of silica inside the internal
reaction interfaces and/or on the outer surface of the particles are thought to
be responsible for this surface restructuring process. The relatively high
measured concentrations of silica in the aqueous leachate for almost all
experimental cases indicate the reprecipitation of amorphous silica on the
reacting surfaces, similar to the dissolution-reprecipitation mechanism
observed in the literature.

Additionally, under saturated conditions, it was found that a very different
rate-limiting mechanism governs the system — most likely as a result of the

impulse of the state of equilibria in the carbonic acid system. The
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dissolution and reprecipitation of the leached magnesium further inhibit the
extraction of magnesium. The SEM-EDS analyses verified the formation of
magnesite species through the reaction layers of the particles. Under such
conditions, the extraction of magnesium was inhibited by the equilibrium.

In summary, this thesis contributes to the understanding of the kinetics of
magnesium extraction at conditions corresponding to far-from-equilibrium
and close to equilibrium. Under supersaturated conditions, parallel
precipitation and deposition of carbonate species through the reaction
interfaces of the solid/fluid inhibit magnesium extraction by limiting the
diffusive transport of protons and leached aqueous magnesium species. In
addition, the reactions associated with the dissolution and reprecipitation of
silica species further influence the extraction of magnesium under
undersaturated conditions, likely via a decrease in the interdiffusion of

active aqueous species between the reaction layers.
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Chapter 1. Introduction

1 Introduction

Climate change is perhaps one of the most challenging issues humanity
faces in the current century. The adverse effects of climate change have
intensified over the past decades due to increasing demand and consumption
of energy derived from the combustion of fossil fuels (i.e., coal, oil, and
natural gas). The abundant use of fossil fuels has resulted in an increase in
anthropogenic greenhouse gas (GHG) emissions. Carbon dioxide is the
largest contributor of GHG, representing ~60% of total GHG emissions
(InternationalEnergyAgency, 2014). Global CO, emissions reached 35.3
billion tonnes in 2013, which is approximately 56% higher than two decades
ago (Jos G.J. Olivier et al., 2014). Atmospheric CO, levels have increased
from 280 ppm during pre-industrial times to a record high of 400 ppm in
June 2015 (Ed Dlugokencky and Pieter Tans), with a corresponding increase
in global surface temperature of about 0.8 K. The period from 1983 t02012
— was the warmest 30 year period of the last 1400 years in the Northern
Hemisphere. The uncontrolled release of GHG has resulted in an increase of
the natural greenhouse effect; however, the impacts of this increase may not
be immediately apparent since stability is an intrinsic characteristic of the
interacting climate. Nevertheless, if the current trend in GHG emissions
continues, more intense anthropogenic warming and rise in sea level are
anticipated. Without climate change mitigation policies, it is projected that
global GHG emissions in 2030 will increase by 25% to 90% relative to the
year 2000 level (Pachauri et al., 2014).

The fifth assessment report from the Intergovernmental Panel on Climate
Change (IPCC) confirms that, among all factors, human activities influence
the climate system most profoundly (Pachauri et al., 2014). The
International Energy Agency (IEA) reported that, of all human activities that
produce GHG, the use of energy represents by far the largest source of CO,

emissions, accounting for ~90% (InternationalEnergyAgency, 2014). These



CO; emissions result directly from oxidation of fossil fuels. According to
IEA (2014), in 2012 fossil fuel sources accounted for 82% of the global
primary energy supply. The growing worldwide demand for fossil fuels has
played a significant role in the upward trend of CO, emissions. The IPCC
proposed an upper limit on atmospheric CO; levels of 450 ppm to prevent
irreversible climate change. The fifth [PCC assessment report indicates that,
to avoid the worst effects of climate change, it is essential to reduce global
CO; emissions by 40-70% by 2050 with respect to 2010 levels and to reduce
emission levels to near zero or below by 2100. Considering the long life of
CO; in the atmosphere, stabilising CO, concentrations at any level, requires
a large reduction of CO, emissions from current levels. In 2005, the IPCC
provided guidelines reviewing the various pathways to reduce GHG
emissions (Metz et al., 2005). Among all, Carbon Capture and Storage, or
Sequestration, (CCS) is the most suitable starting point for large-scale point-
source CO, mitigation. According to predictions provided by the IPCC, the
use of CCS coupled with additional mitigation policies, such as utilisation
of less carbon-intensive fossil fuels along with an increase in the use of
renewable energies, can potentially reduce CO, emissions by up to 18.5 Gt
per annum by 2020. The current approaches to CCS within the industry are
mainly reliant on geological sequestration. However, uncertainties regarding
the potential capacity of global geological sequestration for large-scale CCS
and the need for additional storage monitoring techniques have resulted in a
significant drawback in process feasibility compared with that initially
perceived by the IPCC in 2005 (Bachu et al., 2007, Eccles et al., 2009, Little
and Jackson, 2010). An alternative for CCS is the injection of CO, into
oceans, which is an immature technology that will alter the local chemical
environment and likely has consequences on the ecosystem. Mineral
carbonation offers a potentially more feasible option for CO, sequestration —
as the products of mineral carbonation are stable and would provide storage
capacity on a geological time scale (Lackner et al., 1995). In this process,
CO; is reacted with metal oxide bearing minerals, and forms the
corresponding carbonates (Mazzotti et al., 2005, O’Connor et al., 2005).
Mineral carbonation mimics natural weathering phenomenon, but on an

industrial scale. From a thermodynamics point of view, carbonates represent
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a lower energy state than CO, (Goff and Lackner, 1998b). The carbonation
reaction is exothermic and can theoretically yield energy; thus, taking
advantage of the natural chemistry of this process offers an excellent

opportunity for reduction in CO, emissions.

1.1 Background for Carbon Mineralisation as a

Path for Reduction in CO, Emission

The weathering of silicate minerals is important as approximately 92 wt.%
of the earth’s crust is composed of silicate minerals. In this regard, the
concentration of carbon dioxide in the atmosphere over the last 100 million
years has been influenced (if not controlled) by the transformation of
calcium and magnesium containing silicate rocks into carbonate through the
weathering and sedimentation processes (Berner et al, 1983).
Approximately 10% of all atmospheric carbon dioxide is estimated to be
exported to carbonates by the weathering of silicate worldwide per annum
(Schopka et al., 2011, Gaillardet et al., 1999). Wilson et al. (2006) showed
that abandoned serpentine-rich mine tailing at Clinton Creek, Canada, may
contain carbonate levels up to 60 wt.%. This observation underlines that the
carbon isotopic composition of such carbonates confirms their atmospheric
origin (Wilson et al., 2006). Weathering of serpentinite has been regarded as
a primary source of natural present day magnesium carbonates and is
responsible for the majority of all large-scale sedimentary magnesite
(MgCOs) deposits (Moller, 1989). It is, however, worth noting that the
kinetics of chemical weathering reactions under natural conditions are not
sufficient to meet current anthropogenic CO, emissions (Seifritz, 1990).
Lackner and co-workers proposed that employment of ultramafic rocks for
industrial-scale mineral carbonation processes could be viewed as an
alternative to reducing CO, emissions.

For the industrial approach, depending on the magnesium content of the
ore, ~1.6 to 3.7 tonnes of ore are typically required to fix a tonne of CO;
(O’Connor et al., 2005). Among the available mafic minerals, the serpentine
mineral group is an attractive feedstock for the CCS process due to its great

abundance and its relatively high MgO content. Serpentinised peridotite



reserves are estimated to be in the hundreds of thousands of gigatonnes.
Carbonation of this source could potentially mineralise the CO, produced
from the combustion of all known coal reserves (10,00 Gt C) (Lackner,
2002, Lackner et al., 1995, Goff and Lackner, 1998b). Furthermore, Brent
and Petrite (2008) showed that the scale of mining practice of serpentinite
required for mineral carbonation is in common practice with rock and coal

based mining operations.

1.1.1 Review of Research Development for Mineral

Carbonation

Ex situ aqueous mineral carbonation is an accelerated form of natural
weathering of silicate rocks through above-ground processes. The best-
studied case is the aqueous mineral carbonation process was initially
proposed by Albany NETL (O’Connor et al., 2005). This process occurs in
two main steps. The first step is the detachment of magnesium from the
mineral structure while leaving a SiO; rich layer. The second step is the
precipitation of stable magnesium carbonate. The hypothesised sequence of

the reactions is illustrated through (R 1.1 to R 1.3),

CO; (ag) + H,0 (1) = H,COs (ag) = H (ag) + HCOs (ag) (R 1.1)
serpentine dissolution,
Mg;3Si,0s(OH)4 (5)+6 H (ag) 23Mg*" (ag)+2Si0,(s)+5H,0 (R1.2)
carbonation formation,

Mg*" (ag) + HCO;™ (agq) = MgCOs (s) + H (R 1.3)

where CO; is first dissolved in water to form carbonic acid (H,CO3), which
is then dissociated to protons (H™ or H30") and bicarbonate ions (HCO3).
The protons hydrolyse the mineral, resulting in the liberation of magnesium
cations and the formation of free silica and water. The magnesium cations in
the solution react with the bicarbonate ions to form solid magnesium
carbonate (MgCOs3). Many research groups, such as Los Alamos National
Laboratory (LANL), Abo Akademi University, and National Energy
Technology Laboratory (NETL), have observed that various strategies, such
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as using thermally activated serpentine, increasing the activity of carbon
dioxide in the solution, and increasing the overall surface area of the
feedstock through high-energy grinding, result in improvement of the
overall yields of the carbonation process. However, the energy cost
associated with very fine grinding of the feedstock directly contributes to
decreasing the process viability (Huijgen and Comans, 2005, Huijgen et al.,
2007, Gerdemann et al., 2007, Haug et al., 2010). On the other hand,
thermal activation of feedstock was estimated to require up to ~250 kWh of
electricity per tonne of serpentine (O’Connor et al., 2005). As a result, in
2005 the IPCC concluded that the carbonation of serpentine is not
economically feasible. Since then, many studies have re-evaluated the
different steps involved in the Albany NETL process. The method of
thermal activation was reconsidered by Geerlings and Wesker (2007), who
showed that thermal activation of serpentine is achievable using waste heat
released from power generation processes. Another area of interest is the
dissolution step, which is probably the rate-limiting step for serpentine
carbonation. Many previous investigations have reported the potential
passivating quality of silica layers during the dissolution of serpentinite
minerals (Daval et al., 2011, Daval et al., 2013a). Almost all of the literature
is in agreement that the rate of dissolution of silicate minerals declines as
the silica layer on the mineral surface becomes thicker. Hence, some
researchers, such as Béarat et al. (2006) and Julcour et al. (2015), have
suggested that the removal of silica layers is possible through an in situ
mechanical exfoliation process — but there is no information specified for
the dissolution characteristics of the feedstock, rather than enhanced
carbonation yields. While, other studies have examined the role of mineral
acids in the extraction of magnesium from serpentinite minerals under low
temperature and pressure conditions (Park et al., 2003, Park and Fan, 2004,
Teir et al., 2007, Van Essendelft and Schobert, 2009a, Van Essendelft and
Schobert, 2009b, Van Essendelft and Schobert, 2010). However, under such
conditions, carbonate precipitation is observed to be thermodynamically
unfavourable, and subsequent alkalisation is required. This alkalisation step
requires a large amount of non-regenerable reagents, which makes these

processes economically unfeasible. Attempts were also made by Park and
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co-workers to develop a low temperature and pressure carbonation process
by using chelating agents and weak acids. In these works a range of
leaching agents, such as dilute mixtures of oxalic acid and
ethylenediaminetetraacetic acid (EDTA), were used as a replacement for
strong mineral acids. Furthermore, Park and co-workers introduced a two-
stages process (pH swing), where magnesium is first extracted from
serpentine at a low pH, and then, through a second step, the extracted
magnesium is converted to carbonates. However, the expenses associated
with the use of acids (i.e., the recovery and regeneration process) and the
requirements for alkaline agents to raise the pH for the precipitation of
carbonates are regarded as drawbacks of this process. More recently, Steel
et al. (2013) proposed a new pH swing process that uses tertiary amine to
bind with protons at low temperatures and increase the pH to ~8, which is
suitable for carbonate formation, and the amine then regenerates through the
high-temperature process to produce the low pH favourable for magnesium
extraction. They reported optimum dissolution conditions of serpentine
achieved at relatively high-temperature conditions from 373 to 423 K by
using a mixture of amine and organic acid. Nevertheless, difficulties in
controlling the lower pH values (required for the dissolution reaction),
including acid consumption and associated amine regeneration, remain
important constraints for the practicality of this method at the industrial
scale. Likewise, the application of strong alkaline solutions (e.g., NaOH that
can dissolve silica) suggested by Blencoe et al. (2012), is deemed to be not
practical due to difficulties related to the recovery of the NaOH catalyst.
Wang and Maroto-Valer (2011) used ammonium salt NH4sHSO4 to extract
magnesium cations from serpentine in cooperation with NH4sHCOs to
promote the precipitation stage. Conceptually, this route offers complete
integration for the CCS process and allows operation at the relatively low
pressure. However, the price of the additive and associated complex
regeneration process is the main disadvantage of this process. In the Albany
NETL process, it is believed that the presence of salts and bicarbonate in the
optimum solution chemistry may facilitate the dissolution/precipitation

processes. This belief was, however, challenged in other studies showing



that salinity does not improve the dissolution kinetics of serpentine minerals
(olivine) (Olsen, 2007, Prigiobbe et al., 2009).

Accordingly, additive free approaches under the high pressure-
temperature carbonic acid system have the greatest potential for future
development of mineral carbonation processes. A successful mineral
carbonation process requires detailed knowledge of the dissolution and
precipitation kinetics of the involved reactions. In the Albany NETL
process, mineral dissolution and subsequent carbonation occur in a single
unit of operation (batch reactor). If equilibrium is maintained at a solid-fluid
interface among the reaction products and aqueous phases — the rate of the
dissolution reaction will be proportional to the rates of forward and reverse
of the equilibrated species. It is thus apparent that the success of the Albany
NETL process relies heavily on the dissolution characteristics of thermally

activated serpentine.
1.2 Research Objectives

The extraction of magnesium from thermally activated serpentine
constitutes a great importance in the mineral carbonation process, due to its
contribution in a final conversion step. Despite the preliminary work
presented by O’Connor and co-workers the dissolution behaviour of
activated serpentine at temperatures and pressures (up to 473 K and 150 bar,
respectively) relevant to the ex sifu mineral carbonation process remain
poorly understood. Most of the relevant research focusing on the dissolution
of activated serpentine under the carbonic acid system are limited to low-
pressure conditions (Werner et al., 2014a, Werner et al., 2014b, Werner et
al., 2013). The optimisation of magnesium extraction under the carbonic
acid system requires an understanding of the interactions between the
dominant phase equilibria, since a potential interference between the
dissolution and carbonate precipitation reactions could represent an
important constraint on the progress of the dissolution reaction.
Furthermore, knowledge of silica structure, composition, and the dissolution
mechanism is essential for avoiding enclosing the reaction interfaces during

the dissolution.



Better understanding of the parameters influencing the kinetics of
magnesium extraction is required for engineering design and the successful
scale-up of the mineral carbonation technology. Hence, in the present study
the kinetics of magnesium extraction from thermally activated serpentine
under the CO,-H,0 system, with a view to identifying the underlying rate-
limiting mechanisms, is investigated. The effect of important variables on
the dissolution reaction, including particle size, CO, partial pressure,

reaction temperature, and saturation states, are systematically considered.
1.3 Dissertation Structure

The chapters in this study are arranged in the order of development from the
underlying theoretical considerations to the experimental results. In
Chapter 2, the literature relevant to the dissolution of crystalline silicate
minerals (mostly under acidic conditions) is surveyed. Also, a review of the
phase equilibria under the carbonic acid system is provided. The
experimental apparatus and procedure are described in Chapter 3, and the
results of the objective investigations are presented in Chapter 4. In
Chapter 5, the experimental results are discussed and interpreted based on
the underlying thermodynamics, kinetics analysis for the equilibrium
adsorption of protons and bicarbonate ligands, and physical properties of the
post-leached particles. Finally, the conclusion is derived, and suggestions

concerning the direction of future research are proposed.



Chapter 2. Current Understanding of
the Silicates Dissolution

2  Introduction

This chapter provides a brief review of the current findings regarding the
chemical and physical fundamentals of silicates dissolution'. Serpentine
dissolves under the action of acid according to the overall reaction shown

schematically in (R 2.1),

3 MgO.2Si0,.(2-x)H,0 (s) + 6 H' (aq) =
3 Mg** (ag) + 2 SiOs (s) + (5-x) H,0 (aq) ®21)
Under stoichiometric dissolution, magnesium and silica release into
solution with a molar ratio of 3:2. Selective removal of magnesium from the
outer surface can account for greater magnesium release for a period of
time. This trend results in the accumulation of a silica surface layer. The
leached layer may form under at least two circumstances. First, the released
silica precipitates as an amorphous surface layer induced by local
supersaturation. Second, the chemical affinity for dissolution may reach an
adequate level, enabling a new lower-entropy surface phase form through
rearrangement of the remaining elements on the surface (Bales et al., 1985).
Depending on the conditions, the chemical and structural properties of the
leached layer may also involve several complex phenomena, such as ion
exchange, precipitation of the diffusing magnesium species, and
polymerisation of silica (Dran et al., 1986). Berner (1978) observed that
there is a relation between the solubility of a mineral and the rate-

controlling mechanism by which it dissolves. Minerals with solubilities in

' Here it is worth noting that the information provided in this chapter is basis on the
surveyed literature that mostly covers the dissolution of crystalline silicates, since most
kinetics studies have focused on the dissolution of crystalline minerals. However, the
ultimate objective of the present study is to investigate kinetics of magnesium extraction
from thermally activated serpentine (almost amorphous) under the carbonic acid system, for
which the relevant literature is provided in Chapter 3.
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the order of 10~ (ml L™") dissolve at a rate limited by their surface reaction
mechanism, while more soluble minerals are more likely to be restricted by
the transport mechanism (Berner, 1978). As stressed by previous studies,
such as Stumm and Wollast (1990), dissolution of minerals typically
proceeds as a combination of chemical and physical reaction steps. If
precipitation of the diffusing magnesium species occurs through the reaction
interfaces, it likely induces another rate-limiting step. It is thus imperative to
attain an inclusive understanding of the fundamental concepts of the silicate
dissolution process (e.g., chemical affinity, dissolution mechanism, and pH)

under different circumstances.

2.1 General Rate Law: Dissolution Rate &
Chemical Affinity

The driving force of a reaction, AG, controls whether a mineral dissolves or
precipitates under a given set of conditions. It is postulated that the rates of
mineral hydrolysis reactions in nature are primarily controlled by the

chemical affinities of the reactions (Aagaard and Helgeson, 1982).

AG is defined as,
AG = RTIn(Q), 2.1

where (2 is the ratio of the reaction activity quotient, (Q = []; a?i) and the
equilibrium constant, K., for the reaction at the specified temperature and
pressure (2 = Q/K,q). The chemical affinity of the reaction is defined as

being equal to —AG, and has a value of zero at equilibrium. According to
Lasaga (1998), the most general forms of the rate law applicable to mineral

surface growth and dissolution reactions can be described by equation (2.2),

Ratenet = ker—Ea/RT 1_[ a?i f(AG), (22)

l

where k is a rate constant (mol m *s '), A is the reactive surface area of the

mineral, E, is the apparent activation energy of the overall reaction (kcal
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mol ™), T is the temperature (K), R is the gas constant, a; is the activity of
species i, in the rate-determining reaction, and Rate,,; denotes the net rate
of the reaction (rate = forward — reverse rate). Activation energy is an
important parameter as it influences the reaction mechanism (Lasaga, 1981).
The activation energies of a reaction, according to Lasaga et al. (1994),
should be termed as apparent activation energies to signify the contributions
of many terms, rather than a potential energy barrier of an elementary
reaction. Casey and Sposito (1992) reported that dissolution activation
energies vary greatly depending on solution pH. The temperature
dependence of the rate law enters essentially through the Arrhenius equation

for the rate constant, k,

k = kje Ea/RT (2.3)

where k; combines all of the other terms in equation (2.2). The final term in
equation (2.2) introduces the dependence of the overall reaction rate on the
saturation or undersaturation states of the system. This is expressed as a
function of, f, the free-energy change of the growth or dissolution reaction.
At equilibrium (AG = 0), this function is equal to zero, and is where the
kinetics are fully compatible with thermodynamics.

The behaviour of f away from equilibrium conditions is directly
influenced by the kinetic mechanism. Based on common convention, an
overall dissolution reaction is arranged with the reactants on the left and the
products on the right; thus, AG of the spontaneous reaction is negative. The
corresponding precipitation reaction is generally written from right to left;
hence, AG of the reaction is positive. Therefore, it is important to attain an
understanding from the f(AG) function in the interpretation of the kinetics
data. The relation of the dissolution rate and AG, can be described with the
aid of transition-state-theory for a rate-limiting elementary reaction, as
derived by Lasaga (1981 & 1998), and Aagaard and Helgeson (1982) and
shown by equation (2.4),

f(AG) = —(1 — exp(AG/RT)), (2.4)
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where AG is the Gibbs free energy of the overall reaction (kcal/mole), R is
the gas constant, and T is the temperature (K). According to Lasaga (1998),
highly under-saturated systems will have a negative AG, while highly
saturated systems correspond to a large positive AG. According to the
general principles, the dissolution rate moves to a limiting region termed the
dissolution plateau when AG — —oo. In this region, dissolution is constant
with AG, and the reverse rate is negligible. Closer to equilibrium,
dissolution reaction rates increase quite sharply with decreasing AG.
Furthermore, near equilibrium the dissolution becomes slower and the rates
become dependent on AG. Calculation of the precipitation rates presented by
equation (2.4) show that the precipitation rates depend on AG over the entire
saturation state. Through a complex reaction mechanism for composite
reactions, the AG function can be determined by consideration of a rate-
limiting single elementary reaction. Lasaga (1998) verified that, at certain
undersaturation states the rate of the dissolution reaction will be
independent of AG, and the reverse rate will become negligible — this is
termed the far-from-equilibrium conditions (large negative AG). In this case,
the rate of the dissolution reaction is controlled by the activity of the
components (e.g., H') in the solution. Conversely, at near equilibrium the
AG function of the overall reaction becomes linear and the dissolution rates
are more dependent on AG. Therefore, equation (2.4) reduces to equation
(2.5) for conditions close to equilibrium. In this instance, if the mineral
dissolution and precipitation rates are controlled by the same elementary
reaction at all saturation states, a linear function of AG can be derived for

the dissolution and precipitation rates.

f(AG) = — AG/RT (2.5)

In dissolution/growth, the rate law becomes more complex as one deviates
from equilibrium. In the case of precipitation (crystal growth) from aqueous
solution, the growth process shows a strong dependence on the
supersaturation state (Lasaga, 1998). In complex cases, the system may

exhibit several phase transitions as AG changes. This type of behaviour
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could be responsible for deviation from the linear or near-linear rate laws
evaluated with transition state theory. Therefore, the shape of the function,
f(AG), provides useful information about the mechanism of the
dissolution/growth of the minerals.

Rimstidt and co-workers expressed that the dissolution and precipitation
rates of quartz obey the same linear function of AG, in the vicinity of
equilibrium (Rimstidt and Barnes, 1980, Rimstidt, 2013). However, it is
worth to note that the Si0,-H,O system is compositionally simple, and it is
thus feasible to anticipate that a single reversible reaction mechanism might
control both dissolution and crystal growth. However, in more complex
compositional systems, the rate of the overall reaction may be a non-linear
function of AG, at near equilibrium. In this case, different reaction
mechanisms control the two separate dissolution and precipitation
processes. Nagy et al. (1991) showed that the dissolution and precipitation
rates of kaolinite (Al,Si,0s5(OH)4) could not be expressed by the same linear
function of AG in the vicinity of the equilibrium. Also, observation of the
work conducted by (Shiraki and Brantley, 1995) indicated that there is
almost no chance to evaluate the reaction rates of calcite (CaCO3) over the
full range of AG with one rate equation; rather, a series of rate curves is
required to explain the dissolution and precipitation processes.

The most commonly accepted reason for the observed non-linear rate law
is ascribed to the mechanism of controlling the dissolution process with
relation to surface defects (Lasaga, 1983). Lasaga (1983) showed that a
critical degree of undersaturation is required for the formation of crystal
dislocation cores and etched pits on a mineral surface. Blum et al., (1990)
suggested that crystal dislocations most likely have a more substantial effect
on the bulk dissolution rates of quartz at saturation near equilibrium once
microscopic etch pits should not form. The role of surface defects on
mineral-water kinetics was predicted by Lasaga and Blum (1986) as a
function of free energies. They expressed that mechanistic transition theory
can explain a form of rate law (dissolution/crystal growth), that depends on
surface defects (formation etch pits as the result of dislocation of cores) as a
function of a critical saturation state, AG.,;;, where a dislocation core can

open up to form an etch pit.
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This remarkable phenomenon is defined as the ability of mineral surfaces
to undergo dramatic structural rearrangement as a function of AG. This
hypothesis is supported through scanning electron microscopy analyses,
where the post-leached mineral samples show significant morphological
rearrangement (Nagy and Lasaga, 1992, Burch et al., 1993, Hellmann and
Tisserand, 2006). Overall, the surveyed literature suggest that fast
dissolution is associated with the formation of all sorts of etch pits on the
surface, while slower dissolution rates at conditions closer to equilibrium
are characterised by a lack of dislocation etch pitting. In this regard, Lasaga
and co-workers suggested that complex surface transformations should be
considered in the development of the rate equation of dissolution kinetics

(Lasaga and Kirkpatrick, 1981, Lasaga, 1998).
2.2 Dissolution Mechanism for Silicate Mineral

The ultimate goal of this kinetic study is to understand the controlling
mechanisms involved in the rate-limiting steps of the dissolution process.
Some previous studies have revealed that reactions controlling mineral
dissolution occur at the mineral surface. Lasaga (1984) demonstrated that,
under acidic conditions, surface reactions proceed according to the rate of
hydrogen ion exchange with cations, with a subsequent decomposition of
the structure. Lasaga (1984) further argued that the cation-proton exchange
process occurs at a relatively fast rate. However, transport of the dissolved
products away from the mineral/solution interface becomes critical in
controlling the dissolution as conversion could be limited in the vicinity of
the reaction interface. The accomplishment of this transport process is
defined as a diffusion process in the solution. Hence, Lasaga (1984) stated
that if all the kinetic processes of the dissolution are fast relative to the
diffusion rate, the dissolution should be termed as “diffusion-controlled”;
otherwise, it is termed as “surface-controlled”'. Lasaga (1984) stressed that,
in cases of diffusion-controlled dissolution, the surface concentration of a

particular element is supposedly consistent with the solubility of the

' Throughout the literature, the rate expression corresponding to the diffusion-controlled
reaction is known as the parabolic rate law; in contrast, the linear dissolution kinetics are
compatible with the surface-controlled process (Helgeson, 1971).
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mineral; thus, in the case of surface-controlled dissolution, the surface
concentration should be equal to the concentration of the species in the bulk
solution. Berner (1978) suggested that relatively fast dissolution reactions
are related to the diffusion-controlled mechanism. Lasaga (1984) added that
in any dissolution reaction, after some period, the rate of surface detachment
becomes consistent with the rate of transport away from the surface.
Determination of the two rate-limiting steps described above is possible via
measurement of the final value of the solution composition and monitoring
compatibilities of the reaction products with saturation indices (Helgeson,
1971).

According to Brantley (2008), transport-controlled dissolution can refer to
slow transport that occurs either through the fluid boundary layer or across
the altered layer on the mineral surface. Several studies suggest that, during
silicate dissolution, silica is released as a form of dissolved monomers and is
subsequently polymerised on the reaction interfaces (Casey et al., 1989,
Casey et al., 1993b, Casey et al., 1993a, Velbel, 1993). Casey et al. (1993b)
observed that the near-surface reaction interfaces are enriched in silicon and
hydrogen but depleted in other cations. Such layers have been observed to
develop on many dissolving silicates where the rate of Si release is less than
the release rate of other cations. Brantley (2008) schematically expressed
that, in silicates a number of bridging oxygen bonds are responsible for the
degree of connectedness of silicon atoms to the surface layer', and that this
number decreases from 4 (Q.) to 3 (Q3) to 2 (Q2) to 1 (Q,) before the silicon
atoms released into the solution (Brantley, 2008). Pokrovsky and Schott
(2000), reported the presence of a polymerised surface layer on forsterite
(MgySi0y4) after reaction under acidic conditions composed of a silica
complex linked with hydrogen-bonded water molecules connected to the
Mg octahedral deeper in the structure.

The forsterite structure involves individual silicon-oxygen tetrahedra
linked by magnesium atoms, which are arranged in octahedral coordination.
According to Brown (1980), an important structural feature of forsterite is

the existence of serrated magnesium octahedral chains. Oelkers (2001a)

" In this notation of tetrahedral sites, Q; was noted as sites having 4, 3, 2, or 1 bridging
oxygen atoms.
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showed that the dissolution mechanism of forsterite varies in proportion to
the reaction rates of the Mg-O and Si-O bonds of the mineral structure.
During the dissolution process, if the Si-O bonds connected to the mineral
structure break faster than the octahedral Mg-O bonds, resulting in the
liberation of Si (Oelkers, 2001a). This effect leads to a partially separated
Mg octahedral that ultimately detaches. In this case, the Mg separation
mechanism constitutes the rate-limiting precursor complex for the overall
dissolution reaction. In contrast, if the Mg-O bonds in an octahedral chain
break more rapidly than the Si-O bonds connected to atoms in the forsterite
structure, this will lead to separation of Mg and be followed by liberation of
Si tetrahedrals from the mineral structure. Rosso and Rimstidt (2000)
suggested that the dissolution of forsterite involves hydronium ion
adsorption to the forsterite surface. In this process, two of the three
hydrogen atoms are associated with breaking the two Si-O-Mg bridging
oxygen atoms that form the two H-O-Si bonds on the forsterite surface. This
process was termed as a coordinated process where Mg-O bonds are
displaced by the nucleophilic attack of the negative side of the water dipole.
This process leads to leaving Si-O bonds with a negative charge on the
surface, which could repel the negative side of the water dipole and limit the
progress of the reaction. Thus, the bridging hydrogen ions from the solution
handle balance the charge in the broken bonds. Rosso and Rimstidt (2000)
postulated that under the coordinate reaction scenarios due to the high
concentration of water molecules and the high mobility of the hydrogen
ions, a relatively fast process should arise compared with the overall
forsterite dissolution rate. Through molecular dynamic calculations, Rustad
and Casey (2012) showed that the low-energy metastable configurations that
form from the breaking of bonds between metals and coordinated oxygen

atoms, surveyed by facile hydroxide, hydronium or water addition.
2.3 pH Dependence of the Dissolution Mechanism

Previous studies (such as Luce et al., 1972, Schott et al., 1981, Casey et al.,
1993b, Blum and Lasaga, 1988) have demonstrated that the dissolution
reaction under acidic conditions proceeds through the exchange of protons

with metal ions, and thus maintaining the charge balance on the surface.
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Casey and Westrich (1993) reported that the release rate of cations from
olivine minerals correlates with the rate of exchange of water molecules
between the bulk solution and the mineral surface. In this case, the
absorption of protons at the surface is sufficient for the surface protonation
to be faster than the detachment of metal species (Hachiya et al., 1984).

It is perceived from past studies that the influence of pH on the dissolution
rate cab be explained by the contribution of the decomposition of activated
complexes under different pH conditions (Helgeson et al., 1984, Chou and
Wollast, 1985, Lasaga, 1984). On the basis of coordination chemistry
applied to solid surfaces, Stumm et al. (1983) postulated that fractional
orders of protons and ligands are compatible and dependent on the extent of
surface protonation or the concentration of ligand surface complexes. Their
proposal thus leads to the conclusion, that showing non-linear adsorption
exchange isotherms would control the concentration of surface species.
Blum and Lasaga (1988) suggested that the slope of the log rate versus pH
curve should be approximately linear when the rate is proportional to the
concentration of specific surface species (e.g., protons). Lasaga (1984)
showed that the reaction is related to the dissolution of silicates by reaction

(R 2.2),

mineral + nH* - silica + cations + H,0 (R2.2)

The rate of this reaction is expected to be dependent on the concentration
of hydrogen ions or, equivalently, on the value of activity, ay+, under acidic
conditions. Many attempts were made to determine the effect of pH on the
rate constant, kg, of mineral dissolution. According to Lasaga (1984), at far-
from-equilibrium conditions, the pH dependence of the rate constants can

generally be summarised as,

ko« (ayo)™ 0 <ng<1 (2.6)

The values of ny vary depending on the governing kinetic mechanism.

The most common value of the nonintegral, ngy (based on the existence of a
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variety of surface sites with different adsorption and reaction energies) is
reported between 0.5 and 1.0. A number of studies (such as Luce et al.,
1972, Sanemasa et al., 1972, Blum and Lasaga, 1988, Pokrovsky and
Schott, 2000, Rosso and Rimstidt, 2000, Wogelius and Walther, 1992,
Hénchen et al., 2006, Chen and Brantley, 2000) have investigated the pH
dependence of the dissolution rate for forsterite material at acidic
conditions, at temperatures ranging from 298 to 338 K (except Hianchen et
al. (2006), who used 363 to 423 K) and at ambient pressure (except
Hianchen et al. (2006), who used 15 to 180 bar). An approximate reaction
order of 0.5 for hydrogen ion activity in acid solution is consistently
reported through the majority of studies concerning the dissolution rates of
forsterite.

Comparatively, a limited number of experimental studies have
investigated the dissolution kinetics of serpentine minerals (Bales et al.,
1985, Daval et al., 2013a). Bales and Morgan (1985) determined the kinetics
of the dissolution of chrysotile (Mg3(Si,05)(OH)4) at a constant temperature
of 298 K and a pH from 7-10. According to Bales and Morgan (1985), the
release rate of magnesium occurred at a steady rate and was proportional to
hydrogen ion activity with an order of 0.24. Daval et al. (2013a)
investigated the kinetics of lizardite (Mg3;Si,0Os(OH)4) dissolution over a
temperature range of 300 to 363 K and a pH from 3.2 to 6.2. They reported
that the dissolution rate as a function of aqueous silica was proportional to

the order of 0.5 for the hydrogen ion activity.
2.3.1 Proton-promoted Surface Complexation Model

The dissolution process includes a sequence of reversible reactions with a
single chemical step in the overall sequence being rate-limiting. A rate
equation is normally expressed from transition-state-theory where the
reaction rate depends on the concentration of species that form the activated
complex, equilibrium constants for the formation of activated complexes,
and the overall free energy change of the reaction. Oelkers and co-workers
provide a summary of the different dissolution scenarios applicable for a
variety of silicates (Oelkers, 2001b, Oelkers and Schott, 1995, Oelkers,
1996)). In the case of a simple metal oxide (e.g., MgO in the absence of any
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Si0; network related to the mineral structure), it is reasonable to assume
that the dissolution rate at far-from-equilibrium conditions proceeds directly
through the proton and metal cation exchange reaction. The equilibrium
adsorption of protons into the reaction interfaces eventually controls the

dissolution rate by the expression (2.7),

r.=k,[P]=k _Kay. 2.7)
T *\1+k'als

where k, denotes a rate constant consistent with the P precursor complex,
[P] stands for its concentration, k" denotes the equilibrium constant of the
precursor complex (describing the exchange reaction between protons and
metal cations), ay+ denotes the activity of protons, and n stands for a
stoichiometric coefficient (equal to the number of hydrogen atoms required
to be absorbed to form one precursor complex). Under this condition, it is
assumed that the precursor complex is in the equilibrium with the reactants
(e.g., H") and, consequently, the variation in the concentration of reactants
should be proportional to the rate of the reaction forming the active
complex. However, such a simple proton-promoted surface complex model
was deemed inadequate to explain the underlying mechanism for minerals
containing mixed-oxides. In the case of silicate dissolution, the presence of
the SiO; network in the mineral structure, generally leads to the formation
of polymerised SiO, on the mineral surface. As a result, the exchange
reactions appear to be inhibited by restricted access to the metal-oxide
bonds deep in the mineral core. Several research groups expressed models
that incorporate the effects of the released cations along with the effect of
protons. Among those models, Oelkers and Schott’s model was successfully
used to predict the dissolution rate of a wide range of minerals. Based on
this model, the dissolution rate varies with the activity of the liberated
cations in the solution. A general kinetic rate model for the dissolution of
silicates comprising M; cations at far-from-equilibrium conditions, is

illustrated in (2.8),
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(2.8)

where the parameters v; and s are the stoichiometric coefficients for species
appearing in the formation reaction for the precursor in the rate-limiting
step. Accordingly, the dissolution rate of a multi-oxide mineral appears to
depend not only on the activity of protons in solution, but also on the
dissolved concentrations of cations. This model successfully describes the
dissolution of several minerals (i.e., enstatite (Mg,S1,0¢), basaltic glass, and
talc (Mg3Si40;9(OH);) (Oelkers and Schott, 2001, Gislason and Oelkers,
2003, Saldi et al., 2007). However, studies focused on the dissolution of
forsterite revealed that the dissolution rate was not affected by the released
magnesium and silica concentrations in the solution and can be adequately

explained by a proton-promoted mechanism (Oelkers, 2001a).
2.4 Carbonic Acid System

Carbon dioxide storage through the ex situ mineral carbonation process has
great potential to address the drastic environmental consequences of climate
change. This section aims, to provide insight into the phase equilibria and
reaction pathways involved in the CO,-H,O environment. The carbonic acid
system includes the chemical species including carbonate and bicarbonate
(CO32_ and HCOj; ) ions, undissociated carbonic acid (H,COs3), dissolved
carbon dioxide CO; (aq), and in many instances carbon dioxide in a gas
phase (Morse and Mackenzie, 1990). The sequence of the reactions from (R
2.3) to (R 2.6) indicates that the relationships among the various chemical
species in the carbonic acid system. Among these chemical species,
hydrogen ions (H") are recognised as especially important as they influence
the buffer capacity of the carbonic acid system (Morse and Mackenzie,

1990).

CO; (g) = CO, (aq) (R 2.3)
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CO; (ag) + H,0 (1) = H,CO;s (aq) (R 2.4)
H,CO; (ag) = HCO; (aq)+H' (ag) (R 2.5)

HCO; (ag) = COs* (ag) + H' (ag) (R 2.6)

Conventionally, in the description of the carbonic acid system, the
reaction steps (R 2.3 & R 2.4) are defined as a combined reaction. This
action leads to the establishment of equilibrium between CO, (g) and
H,COs (aq), such as the one expressed by Chen et al. (2006). However, this
misleading definition of the equilibrium is associated with a difference of
several orders of magnitude in the rate of the reaction of CO, (aq) to
H,CO; (aq) (Morse and Mackenzie, 1990, Lasaga, 1998). The reaction
notation suggested by Plumber and Busenberg (1982) combines the
reactions (R 2.4 & R 2.5). This evaluates the equilibrium more reasonably,

as shown by reaction (2.7),
CO; (aq) + H,0 (1) 2 HCO; (aq) +H' (aq) (R2.7)

In this study, the stages of the carbonic acid reactions are assumed in
accordance with the modified reaction step (R 2.7), and the equilibrium of

chemical species that are derived accordingly,

CO; (g) = CO; (ag) K =221 (Rjg)

fco, m°

_ a —-a
CO; (ag) + H0 (1) = HCO; (ag) + H' (aq) Ky = =" L (R 29

aco,qH,0 M°

_ _ a,.2—-a+
HCO; (ag) = COs> (aq) + H (ag) K,=—35 T L (R2.10)

apcoy m°

Gon~ay+ 1

H,O () = H (ag) + OH (aq) K, = — (R 2.11)

ay,o0

in reactions (R 2.8) to (R 2.11), the respective dimensionless equilibrium
constants were derived as K., K;, K,, K3, K,,. In the equilibrium equations,

o

f denotes the fugacity, m® is the standard activity (1 mol kg ' (same scale

as that used to express concentration)), and f© is the standard fugacity (at a
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pressure of one atm). The activity of species i in the aqueous solution can be

calculated by using equation (2.9),

a;, =ym; (2.9)

where m; is the concentration, and y; is the activity coefficient of species a;.
By rearranging the equilibria derived from reactions (R 2.8, R 2.9, and R
2.10) activities of the aqueous carbon dioxide, bicarbonate, and carbonate
species in terms of the carbon dioxide fugacity and hydrogen ion activity are

as follows,

fco
Ac0, g = Ke foz m° (2.10)
fco mOZaH 0
AHCOS (qq) = K.Ky (—Zan;rI : (2.11)
fcozm03aH20
aCO%an) = KCKIKZ <T1H+2 (212)

using equation (2.9) makes it possible to express equations (2.10, 2.11, and

2.12) in terms of concentrations through equations (2.13, 2.14, and 2.15),

feco, 1 o
Mco, (qoy = — —— m (2.13)
G ¢ fO )/COZ (aq)

feo,m°% o 1
- =K. K 2 2 2.14
MHCOS (g cfhi ( foa;; VHCO;(aq) ( )

fe m°3a 1
M corc,, = KKiko €0 __ M0 (2.15)

D feay, Yeodi,

Now, for a dilute system, it is possible to approximate the activity of water
as unity. In the carbonic acid system, the acid neutralisation capacity
(alkalinity) of the solution in moles of proton per unit volume can be
expressed as the alkalinity associated with the carbonic acid system 4., and

alkalinity of water A,,. This is demonstrated for a solution, in which the
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carbonic acid and water are the main contributing components, as total

alkalinity is displayed by equation (2.16),

A=A+ A, (2.16)

in such a solution based on the given partial pressure of CO,, and an
aqueous phase in equilibrium with other phases, the total alkalinity based on

the proton concentration can be quantified by equation (2.17),

Mmy+ = mHCO:; + 2 mcog— + moy- (217)

equation (2.17) is written in terms of activities (&), as shown in (2.18),

Ap+ = Aucoy T 2 Acoz- + Aoy~ (2.18)

Observation of equations (2.17 & 2.18) indicates that the relative
distribution of chemical species in the carbonic acid system can be
represented as a function of pH. These equations demonstrate that a change
in partial pressure of carbon dioxide (fugacity of CO,) will lead to a change
in the alkalinity of the carbonate system, but the total alkalinity of the
system remains in balance. Chen et al. (2006) also showed that increase in
the carbon dioxide partial pressure has led to a decrease in pH, as a result of
the increase in hydrogen ion activity. They postulated that this phenomenon
would facilitate the liberation of magnesium through the mineral

carbonation process.
2.4.1 MgO-CO,-H,0 System

The carbonic acid system becomes more complex in the presence of metal
ions (e.g., Mg®" from the dissolution of serpentine). This complexity is
particularly seen through the work of Ellis and Wyllie (1980). The
phenomenon of increased complexity can be explained by the formation of
ion pairs, which result from changes in the ionic strength of the solution,

and also the concentration of unpaired ions (De Visscher et al., 2012).
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De Visscher et al. (2012) suggested a thermodynamic model for the
solubility of a system containing a metal carbonate phase under the CO,-
H,O system. Accordingly the equilibria defined as shown in reaction series

of (R 2.12) to (R 2.14),

Mg*' (ag)+OH (ag)=MgOH (aq)
“ugont (R 2.12)

KMg0H+ = @y g2+Q0H-
Mg (ag)+CO5* (ag)= MgCO:°(aq)

Aol o (R2.13)
Kygco9 = m
Amg2+coz-

Mg*"(ag)+HCO; (ag) = MgHCO; (ag)
(R 2.14)

a +
MgHCO3
—3 _m°

K .=
MgHCO3 Appg2+aHCOZ

De Visscher et al. (2012) derived a polynomial relation showing that the
proton activity in an aqueous solution (at a given condition) is proportional
to the square root of the product of magnesium activity and CO, fugacity for
the MgCO;-CO,-H,0 system where an aqueous phase is in equilibrium with
the gas and solid phases.

In the MgO-CO,-H,O system there exists a variety of solid phases,
including magnesium hydroxide (brucite (Mg(OH),)) and magnesium
carbonates (magnesite (MgCO3), nesquehonite (MgCOs-3H,0), lansfordite
(MgCOs;-5H,0), artinite (MgCO3-Mg(OH),;-3H,0), and hydromagnesite
(4MgCO;-Mg(OH),-4H,0)) (Bénézeth et al.,, 2011). Many studies have
been dedicated to the thermodynamic modelling of the MgO-CO,-H,O
system (e.g., Klein and Garrido, 2011). Magnesite is the most frequent and
stable magnesium carbonate found in different geological environments
(Konigsberger et al., 1999). De Visscher et al. (2012) demonstrated that the
equilibrium solubility of magnesium carbonate is the sum of the
concentrations of the various magnesium ions and ion pairs in the solution,

as shown in equation (2.19).

s = [Mg?*] + [MgOH*] + [MgHCO}] + [MgCO02] (2.19)
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Theoretically, magnesite precipitation requires the development of a
certain degree of saturation in the solution. In the context of mineral
carbonation, many studies have been attempted to explain the precipitation
of magnesite in the MgO-CO,-H,O system (e.g., Hanchen et al., 2008,
Bénézeth et al., 2011). The degree of saturation is typically described by the
magnesite saturation index (Q), which is the ratio of the aqueous ions
activity product to the magnesite solubility product (K,). The magnesite
solubility product is presumed to be a thermodynamic constant of the

reaction (R 2.15),

MgCOs (cr) & Mg”" (ag) + COs* (aq) (R 2.15)

assuming magnesite to be pure and stoichiometric, its solubility product can

be shown in accordance with (2.20),

Kspo—mgs = aMg2+aCO§_ (2.20)

where a; represents the activity of the i*" ion. A large discrepancy regarding
the equilibrium solubility of magnesite can be found in the literature —
mostly reflecting the relative stability of the carbonate phases in the MgO-
CO,-H,0O system. The formation of magnesite is observed to be strongly
kinetically controlled, as the sequence of transformation of the different
compounds is dominated by kinetic constraints (Hanchen et al., 2008).
Christ and Hostetler (1970) stated that the difficulty associated with the
formation of magnesite from solution is related to the strong hydration
characterisation of the aqueous magnesium cations. According to
Héanchen et al. (2008), increasing the activity of the carbonate ions in the
presence of the relatively low activity of magnesium leads the system
towards the precipitation of magnesite. Hénchen et al. (2008) further
discussed that the hydrated forms of magnesium carbonate precipitate much
more easily than the anhydrous form. According to the Ostwald step rule,

metastable phases progressively transform to more stable phases (Morse and
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Casey, 1988) — thus magnesite formation is often the final product of
transformation of hydromagnesite and/or other forms of hydrated
carbonates. From the surveyed literature, one may perceive that an
increasing temperature promotes the transformation of other carbonate
species to magnesite (Wolf et al., 2004, Giammar et al., 2005, Hénchen et
al., 2008). Bénézeth et al. (2011) carried out a series of experimental
investigations to determine the magnesite solubility product at a temperature
range from 323 to 473 K and Pcop up to 30 bar in 0.1 molal NaCl solution.
They derived an equation based on their experimental observations that can
predict the solubility of magnesite as a function of temperature, as shown in
equation (2.21). They further showed that magnesite solubility values
predicted by using this equation are in a good agreement with the reported

data in the literature.

b
log10K spo—mgs = a + T + cT(K) (2.21)

where the values of three coefficients are a = 7.267, b = —1476.604, and
¢ = —0.033918. Under the carbonic acid system, carbonate precipitation is
an important parameter that may influence the kinetics of the dissolution
reaction. Wolf et al. (2004) adopted a fundamental approach to study the
reaction processes that control CO; sequestration via mineral carbonation —
using a micro-reaction system coupled with Synchrotron X-ray diffraction
and Raman spectroscopy. The preliminary findings showed that, during the
carbonation of thermally activated serpentine (activated at 913 K),
magnesite was precipitated directly at a CO, partial pressure of 150 bar and
the reaction temperature of 423 K. Through the work of O’Connor et al.
(2005) it was demonstrated that magnesite is precipitated as separate small
particles (< 10 um) during the carbonation process. McKelvy et al. (2003)
reported that the progress of the olivine dissolution reaction is directly
affected by nucleation and intergrowth of magnesite through the interfacial
reaction zones. According to McKelvy et al. (2003) and Andreani et al.
(2009), the in situ formation of magnesite (nucleation and crystal growth)

through the layers of the reaction zones can potentially apply another rate-
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limiting step to the extraction of magnesium. Overall, one may infer that
knowledge of the thermodynamic properties of the MgO-CO,-H,O system
may be crucially important in identifying the rate-limiting steps involved in
the extraction of magnesium from magnesium bearing silicates under the

carbonic acid system.
2.5 Effect of CO, on Silicate Dissolution

Most of the available silicate dissolution experiments in the literature were
performed in the absence of CO,. However, some experiments were carried
out with a higher amount of dissolved carbonate species either due to an
equilibrated high-pressure CO, or additives of carbonate or bicarbonate salt.
In this section, it is aimed to provide a brief review of the effect of CO, on
the dissolution of silicates.

The direct impact of dissolved carbon dioxide on the dissolution kinetics
of silicate minerals at neutral and acidic pH conditions has been investigated
throughout many studies (Carroll and Knauss, 2005, Golubev et al., 2005,
Pokrovsky and Schott, 2000, Wogelius and Walther, 1991). Wogelius and
Walther (1991) reported that the presence of dissolved CO, at atmospheric
pressure conditions resulted in an approximate ten-fold decrease in the
dissolution rate of forsterite. Pokrovsky and Schott (2000) expressed that, in
a mixed-flow reactor with a reaction temperature of 298 K and basic pH
conditions (pH = 9), the dissolution rate of forsterite decreased with
increasing carbon dioxide concentrations in the solution. They further
explained that the rate reduction occurs as a result of the reaction between
the liberated magnesium cations and carbonate ions — a magnesium surface
complex containing carbon may form. Thus, the conclusion was that
increasing CO; partial pressure inhibits the progress of forsterite dissolution.
Carroll and Knauss (2005) investigated the dissolution kinetics of
labradorite (Nag4CagsAl; ¢S1240g) using a mixed-flow reactor at a
temperature range of 303 to 403 K, a pH of 3.2, and a constant mq, =
0.6 mol kg'. The CO, molality was maintained by a correspondingly
elevated CO, partial pressure — resulting in enhancement of the dissolution
rate. This attribute was correlated with an increase in proton activity. In

addition, Golubev et al. (2005) investigated the dissolution rates of forsterite
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and wollastonite using a mixed-flow reactor at a temperature of 298 K and a
CO; partial pressure of one atm. The dissolution rates were not significantly
affected by the presence of CO, at pH 4. A similar result was obtained by
Héanchen et al. (2006) using a stirred-flow-through reactor. They reported
that, at a low pH range (~2), the dissolution behaviour of forsterite is not
affected by the presence of CO, and only depends on the solution pH —
conversely at pH greater than 5, the presence of CO, resulted in a rapid
decay of the apparent dissolution rate compared with CO,-free cases.
Giammar et al. (2005) showed that, during experiments performed using a
batch reactor, elevated CO, partial pressure in the acidic solution resulted in
an increase in the forsterite dissolution rate. This phenomenon was
explained as an indirect result of the decrease in the solution pH. Daval et
al. (2013a) measured the dissolution rate of lizardite in a continuously
stirred flow-through reactor as a function of pH from 2.5 to 6.7 within a
temperature range of 300 to 363 K in the presence of CO; (40 bar < Pcor <
60 bar) and in the absence of CO,. They reported that the dissolution rate
increased by a factor of 5 at pH 5 in the presence of CO, compared with the
CO, free solution. They concluded that, in addition to the proton-promoted
mechanism, the dissolution reaction may be promoted by the bicarbonate
ligands. In this regard, previous studies stated that ligand-promoted
dissolution occurs in parallel with proton-promoted dissolution (Wogelius
and Walther, 1991, Olsen and Rimstidt, 2008). Olsen and Rimstidt (2008)
investigated the dissolution rate of forsterite in solutions of nitric and oxalic
acid solutions over a pH range of 0—7 and at a temperature of 298 K. They
discussed how proton-promoted and ligand-promoted dissolution
mechanisms are simply two aspects of the same process. In addition,
Wogelius and Walther (1991) suggested that ligand-promoted dissolution
likely occurs in parallel with proton-promoted dissolution — hence the net
rate of the dissolution reaction should be the sum of the two rates. Overall,
most studies with regards to the effect of CO, on the dissolution rate of
silicate minerals are in good agreement that the main controlling parameter
is the solution pH. Under acidic conditions, the presence of CO, may
facilitate proton-promoted mechanism; however, under alkaline conditions

the formation of carbonate species may inhibit the progress of the
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dissolution reaction (Wogelius and Walther, 1992, Pokrovsky and Schott,
2000).

2.6 Evaluation of Passivating Properties of the Silica
Layer

A number of studies focusing on mineral carbonation have shown the
inhibiting effects of the amorphous secondary phase layer on the overall
carbonation rate for forsterite and serpentine materials (Béarat et al., 2006,
Jarvis et al., 2009). In this section, a review of the surface transformation of
silicates during dissolution is provided.

Luce et al. (1972) studied the dissolution of magnesium silicate minerals
(forsterite, enstatite, and lizardite) in aqueous solution over a relatively
broad pH range of ~3 to 10. They reported that dissolution of magnesium
silicates proceeded incongruently with respect to Mg:Si, resulting in the
formation of surface phases. These surface phases act to slow dissolution by
inhibiting the diffusion of reactants through the reaction layers. They
concluded that the rate of dissolution decreased with time as the layer
thickness increased. Grandstaff (1978) investigated the dissolution
mechanism of forsterite in an acidic pH solution. Based on scanning
electron microscope analysis carried out on forsterite grain surfaces (before
and after dissolution), they detected no evidence of a thick or continuous
residual of the precipitated layers on the mineral surface. They did observe
overall surface area increase as a result of the formation of etch features on
the surface. Despite this observed increase in surface area, the dissolution
rate decreased; hence, the controlling dissolution mechanism was correlated
with the rates of surface reaction (Grandstaff, 1978). Bales and
Morgan (1985) examined the dissolution of chrysotile at pH values ranging
from 7 to 10. They concluded that the liberation rate of magnesium is
related to pH, and that the rate-limiting steps depend on the rates of the
chemical reactions (Bales and Morgan, 1985). Schott et al. (1981) studied
the dissolution of enstatite, diopside (CaMg(Si,O¢)), and tremolite
(Ca;Mgs(Sig022)(OH),) in aqueous solution at a low temperature and pH

from 1 to 6. On the basis of high-magnification scanning electron

29



microscopy and surface chemistry analysis, they stated that no continuous
amorphous secondary phase was observed on the leached surface of the
minerals. They assumed that, in case of the existence of an amorphous silica
layer on the mineral surface, the structure would be unstable and it would
rapidly break down and release silica into the solution. Therefore, it was
concluded that surface chemical reactions control the rate of dissolution. In
fact, this finding was supported by the observation of the relatively high
activation energy, non-linear dependence of the dissolution rate on proton
activity and the presence of etch pits (Schott et al., 1981). White and
Brantley (1995) postulated that the dissolution mechanisms of most silicates
are involved in the formation of alteration layers correlated with the surface
condensation and reconstruction reactions. The dissolution mechanism of
forsterite was studied in both acidic and basic solutions by Pokrovsky and
Schott (2000). They reported that the rate-limiting step in the acidic solution
is related to two stages: a) the ion-exchange mechanism of bridging metal-
oxygen bonds, and b) decomposition of the protonated polymerised silica
network linked to magnesium content deeper in the structure. The
dissolution mechanism of forsterite was also characterised as a surface-
controlled dissolution model by Hénchen et al. (2006). They proposed that
the influence of the development of amorphous secondary layers on the
availability of the reactive surface area be negligible. Nevertheless, it is
worth to note that silica layers do form on the surface of post leached-
feldspar mineral — but that the surface appears to be very permeable
(Hellmann et al., 2003, Hellmann et al., 2004).

Daval et al. (2011) investigated the effect of the formation of an
amorphous silica layer on the dissolution rate of forsterite. They observed
that the formation of silica layers on the olivine surface resulted in the
generation of a permeable structure that eventually became passivating as
the reaction progressed. On this basis, they suggested that ignorance of the
formation of amorphous silica layers has important consequences for the
over-evaluation of dissolution rates (Daval et al., 2011). Furthermore,
Cailleteau at al. (2008) suggested that the sharp reduction in the dissolution
rate of silicates is directly related to the densification of the outer layers of

the alteration film. Hellmann et al. (2012) used high-resolution and energy
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filtered transmission electron microscopy to conduct a comprehensive study
of mineral-fluid reaction boundaries. Based on their examination of the
surface chemistry and structure of large groups of laboratory-altered and
field-weathered silicate materials, they demonstrated that nm-thick
amorphous surface altered layers enriched in silica are found in silicate
minerals, with a composition of hydrated amorphous silica. This observation
suggests that a single dissolution mechanism based on interfacial
dissolution-reprecipitation likely controls the dissolution mechanism of
most silicate minerals (Hellmann et al., 2012).

Daval et al. (2013b) examined the interfacial zone between a bulk fluid
and a common silicate mineral surface (diopside) to address the
controversial question regarding the occurrence of the rate-determining step
during the chemical weathering process. They proposed that the exchange of
energy and matter occurring at the mineral surface involves both a) the inner
interface, which is defined as the boundary between the original mineral and
the amorphous silica-rich surface layer (ASSL), and b) the outer interface,
where the bulk fluid contacts the ASSL (Daval et al., 2013b). They pointed
out that, if ASSL does not act as a passivating layer, then the inner interface
controls the dissolution kinetics. However, if the outer surface acts as a
passivating layer (i.e., it is totally non-permeable), the outer interface
inhibits contact of the bulk fluid with the unreacted material surface and
controls the dissolution process. Daval et al. (2013b) concluded that
unconstrained aqueous transport of cations is consistent with the mechanism
suggested by Hellmann et al. (2003 & 2012) whereby interfacial
dissolution-reprecipitation forms the ASSL. Hence, on the basis of the
surveyed literature, silica appears to play a controversial role in the

dissolution mechanism of silicate minerals.
2.7 Relation to Equilibrium in the Carbonic Acid
System

The dissolution of a silicate may involve several elementary steps such as 1)
mass transfer of dissolved reactants from the bulk solution to the mineral

surface, 2) adsorption of solutes, 3) inter-lattice transfer of reacting species,
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4) chemical reactions, 5) detachment of reaction products from the surface
and, 6) mass transport into the bulk of the solution (Stumm and Wollast,
1990). The sequence of the dissolution reaction under hydrothermal
carbonic acid conditions appears to be even more complex. Precipitation of
secondary phases (i.e., amorphous silica and/or carbonates), which can act
as passivating coatings, slows down the overall dissolution rates (Daval et
al., 2009a, Daval et al., 2009b, Daval et al., 2010). According to
Lasaga (1998), at a certain degree of saturation, nucleation spontaneously
occurs on the surface of the pre-existing solid phase. If a precipitation
reaction occurs in the porous substrate, diffusive transport of protons and
mobility of the liberated magnesium are likely to be inhibited. This
phenomenon leads to a decrease in porosity by clogging the pore throats.
These influences can have profound effects on the natural weathering of
silicate minerals.

According to many previous studies, chemical weathering reactions
generally progress at slow rates as a consequence of taking place in the
vicinity of equilibrium, unlike most laboratory studies (Swoboda-Colberg
and Drever, 1993, White and Brantley, 1995, Hellmann and Tisserand,
2006). The weathering rates represent the sum of the dissolution and
precipitation reactions occurring in environments with variable free
energies. This phenomenon particularly holds true where the fluid-mineral
interactions occur in micro-pores rather than in larger channels or
macropores — resulting in mostly different fluid residence times involved in
the reaction interfaces. Accordingly, the free energy of the dissolution
reactions  (AGmicropore > AGmacropores) g€ts closer to  equilibrium
(Swoboda-Colberg and Drever, 1993, Hellmann and Tisserand, 2006).
Occurrence of this particular effect could also impact the progress of the
dissolution reaction. Similarly, for the dissolution of silicates, the effect of
saturation state appears to be more extremely where the reaction kinetics
and fluid flow velocities are interdependent throughout the permeable
substrate of the particles. The difference in saturation states of the bulk fluid
and fluid flowing in the porous substrate may lead to disconnections in the

pore spaces — thereby resulting in retardation of the dissolution rate.
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2.8 Summary

Based on the surveyed literature, one may conclude that, under acidic
conditions, the dissolution of metal silicates appears to advance through the
exchange reaction of solutes (e.g., protons) with metal cations. The surface
reactivity is known to be dependent on the surface species and its structural
identity. The role of silica in the mineral structure seems to be controversial
as it may influence the evolution of the rate-controlling step. The
dissolution-reprecipitation mechanism likely occurs for most of the
dissolving silicates. During the dissolution reaction of silicates, amorphous
silica layers likely precipitate on the surface and result in the generation of a
permeable surface — these may act as increasingly passivating layers as the
reaction progresses.

Under the carbonic acid system, the occurrence of parallel reactions may
lead to the formation of secondary carbonate phases. The occurrence of this
interference step through the porous substrate of particles may further
restrict any interdiffusion processes (between cations and protons). It is thus
important to obtain a better understanding of the interaction effect of the
governing phase equilibria in the carbonic acid system and the progression

of the reaction interfaces on the dissolution rate.
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Chapter 3. Methodology

3 Introduction

Previous studies showed that the slowest step in the mineral carbonation
process is likely related to the digestion of magnesium from the natural
magnesium silicate minerals (e.g., serpentine & olivine) (Schulze et al.,
2004, Park and Fan, 2004, O’Connor et al., 2005). This fact is particularly
true with serpentine due to its sheet silicate structure. Through various past
studies (such as Schulze et al., 2004, O’Connor et al., 2005) the overall
efficiency of carbonation process was observed to be improved by thermal
pre-treatment of serpentine. Nonetheless, the lack of fundamental
knowledge regarding the dissolution kinetics of thermally activated
serpentine under the CO,-H,O system accounts for the main motivation for
this study.

In this chapter, the experimental apparatus that was used for this study is
described. In addition, the main analytical techniques that were employed to
characterise the leachate and feedstock materials are introduced. The
preliminary results for the effect of activation temperature on the
magnesium availability of the research material are also presented. Lastly, a

brief discussion over the reactor hydrodynamics is provided.

3.1 Theory of the Reaction Rate and Experimental
Method

The chemistry involves in the heterogeneous reaction system is complex;
hence, the bulk concentrations of dissolved species have been considered
mainly as a descriptive parameter in many kinetic studies. Most of the
mineral dissolution studies were conducted by using batch reactors where
the concentrations of the dissolved species are measured as a function of
time (Van Essendelft and Schobert, 2009a). These approaches often
introduce difficulties in interpretation of the kinetics data as the

concentration of the reactants and products may be influenced by the
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establishment of equilibrium. A number of other studies used a packed bed
column to examine the dissolution kinetics; however, the extracted results
were influenced by a strong concentration gradient across the column. In
order to overcome these experimental difficulties, several past studies
introduced a fluidised bed reactor or well mixed flow-through reactors to
examine the dissolution kinetics of the minerals in the aqueous phase (Chou
and Wollast, 1984, Dove and Crerar, 1990, Hanchen et al., 2006).

In the present study to measure the dissolution rate of thermally activated
serpentine under the carbonic acid system, a three-phase fluidised bed
reactor (i.e., (CO,-H,O-(MgO-SiO,)) set-up was employed. Figure 3-1
shows a schematic view of the experimental apparatus. This reactor set-up
was designed to operate at the high pressure and temperature, system
pressure up to 170 bar and reaction temperatures up to 473 K. The reactor
was enclosed in a fan forced oven equipped with a PID temperature control
unit to maintain a uniform temperature environment. The reactor was built
from stainless steel 3/8 " Swagelok fitting' into which a weighted amount of
sample was charged prior to the experiment. The deposited mineral sample
was held between two stainless steel Hollander weave meshes with filter
rating of 5 pm.

The system is fed by two separately metered high-pressure streams® of
H,0O and CO,, delivered through a Waters 515 HPLC pump and an SFT-10
supercritical fluid pump (in a high-pressure mode), respectively. This
configuration allowed regulating the superficial velocity of the two-phase
reactive fluid passing through the reactor and also adjusting molality of the
CO; in the system. In the present study, the residence time of the reactive
fluid through the reactor (e.g., at a defined standard operating conditions, is
13 s) was adjusted with respect to the overall volumetric flow rate of the
reactive fluid.

The individual streams of CO, and H,O were mixed thoroughly before

introducing into the reactor through a high pressure mixing tee with an in

" In this study for most of the conducted experiments the reactor consisted of stainless steel
3/8 " Swagelok union within a volume of Vgegeror = 0.45 cm’; except for experiments with
variable mass loadings — the reactor consisted from a stainless steel 3/8 " Swagelok
bulkhead union within a volume of Vgeqeror = 1.14 cm’.

* The CO, was delivered as a liquid of ultra-high purity greater than 99.9 % from the dip
tube CO, cylinder; water was supplied from Millipore ultrapure water tank.
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situ titanium filter element. This step ensured that the reactive fluid reached
complete saturation with respect to the equilibrium solubility of the CO; in
the aqueous phase. The reactive fluid was preheated to the reaction
temperature through along preheater coil (by using two metres of 1 mm ID
capillary 316-SS tubing) prior to introducing into the reactor. A
thermocouple (K-type) was located directly at the reactor inlet to monitor
the temperature of the reactive fluid entering the reactor. The reactor
effluent, (prior to the pressure drop across the back pressure regulator) was
cooled to ambient temperature by passing through a counter-current flow
heat exchanger. The pressure in the system was controlled by an ultra-low-
flow Equilibar back pressure regulator. The back pressure regulator
modulates the system pressure by using a reference gas pressure that acts in
1:1 ratio. A nitrogen line provides the reference pressure. Samples were
collected for one minute at intervals chosen to capture the overall kinetics of
the reaction — the samples were analysed for magnesium and silica content
by using an inductively-coupled plasma optical emission spectrometry (ICP-
OES). This analysis provides a direct insight into the elemental molalities of
the reactor. In the present study, the magnesium and silica compounds of the
aqueous effluent are selected to be monitored as the primary indicator of the
elemental control for dissolution reactions. This strategy was adopted on the
basis of the conducted overall scan by an ICP semi-quantitative method to
determine the major elemental composition of the leachate samples'.

The sampling was started from the first moment that the two-phase flow
appears to be discharged from the sampling port. The entire volume of the
system was measured by a tracer experiment as ~13 cm’. It is estimated that
~70% of the total volume was associated with the volume of components
and the reactor — and ~30% of the rest of total volume was due to the lines

connect the reactor outlet to the sampling port.
3.1.1 Reaction Rate in a Well-mixed System

Steady-state conditions are accomplished for the solution composition as

results of interaction of the inlet reactive-fluid with the deposited mineral in

! Other elements, such as Fe or Al, were not found in the detectable quantities.
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the reactor cell; thus, the reactions rate can be defined in accordance with

the assumption of the well-mixed system through equation (3.1).
Ty = Mygrer X C; (3.1)

where C; is the difference between the molality of the component i between
the outlet and inlet solutions (mol L"), 71,4ty is the water mass flow rate
(kg s "), and 7; is the reaction rate (mol s '). The residence time of the
reactive fluid in the reactor (7 (S) = Vreactor/Vemixtur flow) is calculated
based on the ratio of volume of the reactor and the total volumetric flow
rates. Furthermore, to investigate the saturation state at a constant residence
time conditions a parameter is defined and termed as a mass loading factor
T, (min), which is a ratio of the input solid mass versus the mass flow rate

of water (Mo /1y, 0).

3.1.2 High Pressure and Low-Pressure Experimental

Apparatus

Minor modifications were applied to the experimental apparatus introduced
in the earlier work of (Mann, 2014), and it was utilised in the current study
for measuring the dissolution rates under the high-pressure conditions, as
shown in Figure 3-1. In addition, a low-pressure system was developed and
used to monitor the kinetics of dissolution reaction under the relatively
lower CO, partial pressure (gas phase), in which the CO; is delivered by
using a calibrated mass flow controller. Further details of the experimental
systems, either for the high-pressure set-up or the low-pressure set-up are

provided in Appendix C.
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Figure 3-1. Simplified diagram of the experimental apparatus (in a high-pressure configuration) used to measure the kinetics of dissolution reactions reported

in the present study.
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3.2 Aqueous Sample Analysis

The dissolved elements in the aqueous solution were quantified by using the
inductively coupled plasma with optical emission spectrometry (ICP-OES).
In this technique, species are excited and ionised by high-temperature
plasma, emitting photons that have particular energy characteristics that are
identified by the quantised energy level structure of the atoms. Therefore,
the wavelength of the emitted photons can be used to determine the
elements from which they originated. The schematic diagram of an ICP-

OES is shown in Figure 3-2.
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Figure 3-2. Schematic view of the ICP-OES system used for analysing the aqueous

samples in this study.

In this study, the collected leachates from the experiments were diluted by
using an auto diluter (Hamilton microlabs 600 series). Dilution was carried
out to adjust the concentration in accordance with the range required by the
ICP analysis. Subsequently, the aqueous samples were analysed for the total
dissolved magnesium and silicon by using ICP-OES. The results were
converted to molal concentration (molality (mol kg™')) according to

equation (3.2),

(3.2)
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where b; (or m;) is the molality of the component i, ¢; is the molar
concentration of the component i, p is the solute density, and M; is the
molar mass of the constituent i. Solution densities were presumed to be
equal to the density of pure water (at 298 K and 1 atm) as the aqueous
samples at least were diluted by using Millipore water to a factor of 1:60. In
the present study the method of semi-quantitative analysis was used to
evaluate the elemental concentrations of a few number of studies. This
analysis produced approximate results within the accuracy of +30%;
however, despite the associated systematic errors', the results were in the
right order of magnitude. The majority of the experimental results presented
in this study were acquired from the quantitative ICP analysis, otherwise
indicated analysed through semi-quantitative method. In the quantitative
method the relationship between the elemental concentration in the aqueous
samples and the detected light intensity were converted to a set of
intensity/concentration points for each element. A blank (Millipore water)
was measured to identify the intensity of zero concentration. A set of
standard solutions was measured to provide a set of intensities versus known
concentration points (up to 16 mg L") for magnesium and silicon. Linear
regression functions were fitted to the points. The concentration of the
dissolved elements in the aqueous samples was quantified by using the fitted
functions. The associated errors within the quantitative analysis did not

exceed £7%.
3.3 Study of Material

In the present study, almost always the experimental investigations
focused on the dissolution of thermally activated South West Oregon
Lizardite (SWOL) material. This material was provided by National Energy
Technology Laboratory (NETL). The details regarding the crystallinity of

the serpentine mineral are beyond the scope of the present study; however, a

" In semi-quantitative technique the instrument was calibrated (up to 5 ppm) for a large
number of elements. This calibration stored in the analytical section of the instrument and
generally is being used for a long period of time. The results attained with this method of
analysis are typically associated within systematic errors mainly due to the instrument drift,
and differences reflected various sample matrixes.
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brief review of past studies related to this topic is provided in the next

section.
3.3.1 Literature Review for the Research Material

Knowledge of serpentine structural integrity is fundamental for improving
the dissolution reaction rate and promoting the feasibility of the mineral
carbonation process. According to Faust and Fahey (1962), the general
structural formula for the serpentine group can be shown as X5Y4010(OH)81,
which represents the contents of a unit cell. The serpentine group consists of
many species that share a common crystal structure (Clinkenbeard, 2005).
The ordinary structures of serpentine minerals are phyllosilicates (organised
in sheets or layers of silicates). According to Veblen and Wylie (1993), the
primary structural unit of serpentine minerals is made from one tetrahedral
sheet (SiO4) bonded to one octahedral sheet (MgO,(OH)4). The tetrahedral
and octahedral layers are connected by the sharing of non-bridging oxygen
atoms, which results in the formation of a two-layer structure having the
ideal formula of Mg3Si205(OH)42. Due to the structural orientation, there is
limited room for chemical substitution (e.g., Al, Fe) in the magnesium-
serpentine minerals in which magnesium and silica normally reside. This
substitution typically leads to the replacement of magnesium or silica with a
small amount of another element such as iron or aluminium. According to
Clinkenbeard (2005), the dimensions of an ideal (non-distorted)
magnesium-occupied octahedral and silicon-occupied tetrahedral sheet are
different, due to a misfit between the tetrahedral and octahedral sheets that
leads to the formation of some stable trend in the serpentine tetrahedral-
octahedral (t-o) layer. In general, there are three ways that serpentine
structural accommodation occurs within subsequent structures represented
by the three serpentine minerals; lizardite, chrysotile, and antigorite
(Clinkenbeard, 2005). In lizardite, the misfit is accommodated by slight in-
plane rotation of the tetrahedral within the planar structure of the layer. For

Chrysotile, this occurs by the curling of the t-o layer into scrolls or hollow

" This general formula allows the substitution of atomic impurities (e.g., Al, Fe, Ni, or Cl)
in the solid solution to occur in positions X or Y, as well as in the position allocated for
(OH).

? Theoretically, it contains 43% MgO.
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cylinders. In antigorite, in order to accommodate the misfit, alternating
segments of curved layers are periodically inverted to create a wave-like or

corrugated structure.
3.3.2 Serpentine Activation

In the context of mineral carbonation as noted by Goff and Lackner (1998a)
due to the relative abundance and high magnesium content, serpentine
material is a candidate for the mineral carbonation process. Among the
serpentine groups, lizardite is the most abundant mineral (Wicks and
O'Hanley, 1988). However, a number of studies have shown that serpentine
dissolution rates are fairly slow (Daval et al., 2013a). This is mainly due to
the existence of crystalline OH groups coordinated to Mg sites; thus, this
material suffers from slow dissolution kinetics. Heat activation of lizardite
contributes to the formation of meta-lizardite phase structures prior to
complete dihydroxylation.

Despite the relatively high energy cost associated with the heat activation
process, the thermal activation process has been the focus of several
research groups for various applications (Brindley and Hayami, 1964,
Brindley and Hayami, 1965, Martin, 1977, McKelvy et al.,, 2004,
Brandenburg, 1940, Barnes et al., 1950, Hey and Bannister, 1948, Cajllére,
1936, Aruja, 1945). Thermal decomposition of serpentine is considered a
dehydroxylation process in which structurally bound hydroxyls are removed
in a form of liberated water vapour. During serpentine activation the crystal
structure becomes disrupted, but recrystallisation of magnesium silicates
may occur (Barnes et al., 1950, Hargreaves and Taylor, 1946, Hey and
Bannister, 1948). Prolonging the dehydroxylation process at elevated
temperatures leads to complete destruction of the crystal structure of the
parent serpentine and subsequent formation of a final anhydrous product
with a combination of forsterite and enstatite crystal orientation.

Extraction of magnesium from thermally activated serpentine was initially
observed in the work of (Brandenburg, 1940). Brandenburg (1940)
concluded that the extraction of magnesium from serpentine material is a
function of the activation temperature. In addition, the high activation

temperature was correlated with the primary reason for deactivation of the
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material. Later on, Barnes et al. (1950) conducted a study of the activation
of Coal Creek serpentines. Barnes and co-workers showed that the
activation of serpentine was a function of both time and temperature. They
defined a graphical representation for the active area within a temperature
range of ~873 to 1023 K. The low-temperature side of the defined area was
represented for an under-activated material, while the activated area started
to disappear for temperature above 1023 K. Therefore, the high-temperature
region was termed the “dead burned” region (Barnes et al., 1950).
Furthermore, they monitored changes in the crystal structure of the activated
and non-activated material using X-ray diffraction patterns. The results
indicated a gradual disappearance and dispersion of X-ray patterns' relative
to the activation temperature. It was observed that, at an activation
temperature of 873 K, the activated serpentine showed a nearly non-
crystalline structure compared with untreated serpentine. Later on, this
product of the activation process was termed ‘“meta-serpentine” as
recommended by McKelvy et al. (2004). Barnes and co-workers reported
that changes in the crystalline character of serpentine were apparent again at
temperatures above 873 K. This trend continued until a final product
containing mostly olivine and enstatite was obtained at an activation
temperature of 1273 K. In the context of mineral carbonation, during the
development of the Albany NETL process, O’Connor and co-workers
(2005) reported that the optimum reactivity of heat-treated serpentine occurs
at a temperature range of 873 to 923 K. From the Albany NETL process, it
is perceived that thermal activation of serpentine enhanced carbonation
reactivity by an approximate factor of four. Henceforth, more studies have
contributed to this field of research (e.g., McKelvy et al., 2004, Geerlings
and Wesker, 2007, Boerrigter, 2010, Fedorockova et al., 2012, Dlugogorski
and Balucan, 2014, Mann, 2014). All of these studies suggest that meta-
serpentine material is formed as a product of an intermediate activation
temperature, which is associated with the highest possible magnesium

reactivity and has an amorphous-like structure.

' The Bragg peaks associated with the crystalline phase decreased in intensity along with
the appearance of a broad diffuse peak denoted by the amorphous phase.
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The kinetics of the dehydroxylation of South West Oregon Serpentine was
investigated by Mann (2014) in great details. In this work, the rate of
forsterite recrystallisation was probed through semi-quantitative and
quantitative ex situ powdered X-ray diffraction (PXRD) using both
conventional (CuK,) and synchrotron (beamline 11-BM, APS, Argonne
National Laboratory) radiation sources as a function of activation
temperature. A constant residence time of two hours was employed across
the analysis to obtain a temperature resolved series for the recrystallisation
reaction of SWOL.

Semi-quantitative analysis was conducted on conventional powder XRD
by monitoring the relative peak intensity (integrated peak area) of the
forsterite 020, 021, and 120 diffraction indices as a function of activation
temperature and plotting them against the scattering vector Q (4m sin(6)/
A), which enabled direct comparison between the employed radiation
sources (i.e., CuK, and synchrotron). Across the entire temperature range,
gradual forsterite formation was observed following the initial appearance at
an activation temperature of 887 K through the trace presence related to the
021 diffraction index. At temperatures above 1063 K, rapid forsterite
formation was observed, approaching its maximum concentration at 1221 K.
It was also reported that rapid enstatite formation appears at temperatures
above 1066 K through the trace diffraction lines of ~1.96 and 2.17 A™',
which gradually progress towards the maximum concentration at a
temperature of 1221 K. A similar trend for the formation of forsterite and
enstatite was observed under the investigations using a high resolution
synchrotron radiation source, with the total phase content of forsterite
approaching ~65 (wt. %) at 1221 K. The presence of enstatite was also
accounted; therefore, the total phase content of the final activation product
was equated to a conversion extent of ~0.98 with respect to initial the MgO
content of the mineral. In this study, the associated error within the relative
conversion extents was precisely determined for three indices, 020, 021, and
120, respectively. The error related to measurement was also identified as a
maximum of 10%; this error is attributed to the use of the adsorption-

diffraction method, which introduces error via primary issues with the
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preferred orientation and neglect of changes within the mass attenuation
coefficient.

Comparison of this work with previous studies further point to the
significance of forsterite formation is being initiated from amorphous
serpentine. The PXRD patterns show that, during the initial stages of the
activation process, dihydroxylation must occur before the formation of the
amorphous medium. The optimum amorphous medium was observed at an
activation temperature of 907 K, based on the relative extent of conversion
of ~7% with respect to forsterite formation. The phase distribution of this
material was quantified as ~5% forsterite, ~3% enstatite, and ~91%
amorphous phase. The highly amorphous intermediate was called meta-
serpentine, in which the MgO units are relatively loosely bound.

This property of the material is known to have a large influence on the
overall performance of the mineral carbonation process. Thereby, in
accordance with the objective of the present study, monitoring the
magnesium extraction rate was viewed as an indication of magnesium
availability in the activated SWOL as a function of temperature, and, thus, a

series of preliminary study was carried out.

3.3.3 Effect of Activation Temperature on Magnesium

Availability of Thermally Activated Serpentine

Preliminary studies were conducted to monitor trends in magnesium
extraction rate with a view to identify maximum magnesium reactivity
versus activation temperature. The research material (SWOL) was
conventionally activated using a fluidised bed calciner reactor at a
temperature range of 800 to 1250 K for two hours under an argon-fluidising
medium.

Dissolution experiments were conducted at experimental conditions (7 =
423 K and Pcor= 100 bar) relevant to NETL conditions under the saturated
CO,-H,0O system using a constant mass loading of 250 mg of the treated
material (the corresponding mass loading factor was set to 0.25 min). The
continuous flow set-up outlined in the previous section was used, and the
concentration of magnesium in the reactor effluent was determined through

the semi-quantitative ICP analysis. Figure 3-3 shows the relative degree of
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.1 . . .
completion’ of magnesium extraction, Xp4, as calculated in accordance

with correlations (3.3) and (3.4),

AXug MWy

dt MYyl M9 3-3)
tdXy
Xy = f 9 de (3.4)
9 ), dt
where,
Yilo mass fraction of element 7 in the feedstock

M, feed mass (kg)
MW; the atomic weight of element i (kg mol ™)

TMg molar dissolution rate (mol s ')

' The relative degree of conversion of magnesium was calculated based on the
stoichiometric amount of total magnesium content in pure serpentine (~43 wt.%) with a
chemical formula of Mg;Si,Os(OH),. It is worth noting that, in fact, the material is not
phase-pure and not all of the MgO content is available.
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Figure 3-3. The fractional extent of magnesium conversion as a function of the
activation temperature. The dissolution experiments were carried out at a reaction
temperature of 423 K, Pco, = 100 bar, and PSD = 63-75 um over the reaction
period of 60 minutes under the saturated CO,-H,O system.

The fractional extent of magnesium conversion displayed a sharp
maximum for material activated at 900 K, which is approximately five times
greater than achieved with untreated SWOL. This trend is consistently
reported in several previous studies, such as Fouda et al., 1996, Li et al.,
2009, Dlugogorski and Balucan, 2014, Werner et al., 2014b, and is in
consensus with the finding reported by Mann (2014) concerning the
formation of a nearly non-crystalline phase at an activation temperature of
900 K. Since then, based on these experimental results, an activation
temperature of 900 K is selected for activation of the research material

throughout this study.
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3.3.4 Chemical Characterisation

In the present study, the chemical composition of the material is quantified
through X-ray fluorescence (XRF) analysis performed at the University of
NSW (see Appendix A). Table 3-1 shows the chemical composition of
SWOL, and thermally activated SWOL (activated using a fluidised bed
calciner reactor at conditions of 900 K for a period of 120 minutes under an
argon-fluidising medium). The differences in the total elemental
concentrations of thermally activated and non-activated material is
originated from the amount of chemically bound water as percentages of

LOI' (loss on ignition) are 3.97% and 16.96%, respectively.

Table 3-1. Chemical composition of the research materials — determined through

the XRF analysis based on the average of seven times measurements.

Major components (wt.%)
Material :
MgO SlOz F6203 A1203 CaO CI‘203 Ml’l304
SWOL 3570 3726 730 1.61 055 0.33 0.14
HT-SWOL" 41.39 43.06 8.63 1.83 049 042 0.15

“Activated at 900 K for 120 minutes

Further determination of the magnesium content of the research material
was carried out by digestion of the research materials in aqua regia solution,
and subsequent ICP-OES analyses. This approach was adopted where the
mass balance analysis required verification of the measured magnesium

extraction rate.
3.3.5 Physical Characterisation of the Mineral Samples

The size distribution of the research materials was obtained using a
combination of Retsch planetary ball mill (PM 400) and Retsch AS 200
digit vibratory sieving instruments. Prior to the wet milling process, the
material was washed and sieved to <3 mm. The material was consistently
distributed (125 g) in each grinding jars and milled for 1.5 minutes with 200

rpm of wheel spin. Size segregation was performed by using the Retsch AS

' The LOI values were determined through XRF analyses.
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200 digit vibratory sieve shaker. This step was carried out according to the
recommended procedure for standard wet sieving provided by the
instrument manufacturer (Retsch). The ground material was size-
fractionated by sieving at 20, 45, 63, 75, 90, 125, 150, 180, and 212 um. The
material was dried at 348 K in a drying oven overnight. Particle size
analysis of the size-fractionated materials was performed by using a laser
diffraction technique (Malvern Mastersizer 3000 within a range of 0.01-
3500 um) via the wet dispersion method. The particles were dispersed in
water and agitated at 1000 rpm with ultrasonication before the analysis.
Particle size analysis was carried out at a constant agitation speed of 1000
rpm until the particle size data were collected. Each specimen measurement
consisted of an average of nine measurements. An initial record of the
dispersant background before the addition of solid samples was acquired
prior to each measurement. The solid samples were added until the
maximum light obscuration' of 10% was achieved. Information obtained
from the volume-weighted distribution analysis consisted of based particle
size parameters including d4,3, d3,2, d10, d50, and d90. These parameters
were defined as the volume mean diameter, Sauter mean diameter (defined
as the diameter of a sphere with the same volume/surface area ratio), and
particle diameters at 10, 50, and 90 percent of the cumulative distribution,
respectively. The measured parameters are outlined in Table 3-2 for the
South West Oregon Lizardite (SWOL) material.

The morphology and chemical composition of the individual sieved
fractions are deemed to be uniform as the sensitivity study conducted by
Mann (2014) showed no evidence of change in chemical composition for
particle sizes < 20 um up to 300 wm milling conditions covering 200 rpm
for 20 min to 200 rpm for 1.5 min. Analysis of the powder XRD patterns of
SWOL material as a function of three particle size distributions (< 20, 45-
63, and 212-300 um) confirms no broadening of the associated Bragg peaks
with the crystalline phase.

'"The interaction of light beams with particles passing through the photo-zone (sensing
zone), results in light is being absorbed or refracted due to the physical properties of
particles or being scattered at some oblique angle. The magnitude of this impulse depends
on two parameters: the cross-sectional area of the particle and the physical principle of
detection — either light scattering or light blocking (obscuration). The light obscuration
method permits high resolution particle sizing.
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Table 3-2. Summary of measured particle size parameters for the SWOL materials.

Material SWOL

dp(pm) | <20 20-45 45-63  75-90 90-125 125-150 150-180

dsp 6.49 39.60 6580 102.00 127.00 164.00 208.00
da3 21.60 4570 73.00 111.00 138.00 180.00  225.00
dio 273 2550 4500 73770 91.20 116.00  149.00
dso 13.10 42.60 69.70 107.00 133.00 172.00 216.00
dog 35.80 70.70 107.00 154.00 192.00 256.00 313.00

3.4 Standard Dissolution Conditions

In the present study, on the basis of the Albany NETL process, selected
experimental conditions are defined as the standard conditions. This strategy
facilitates comparison of kinetics data throughout the study. The standard
conditions employed were a reaction temperature of 423 K and Pco, = 100
bar under the saturated CO,-H,O system (mco, ~3.7 mol kgfl). These
conditions contained 250 mg mass loading of thermally activated SWOL
(activated at 900 K for 120 minutes) with a particle size distribution of 45-
63 um (d32 = 62.9 um). The overall volumetric flow rate of the reactive
fluid set as 2.12 cm’ min '. This volumetric flow rate corresponds to a

reactor residence time of ~13 s and mass loading factor of 0.25 min.
3.5 Reactor Hydrodynamics

The calculation of the flow pattern in the reactor at the so-called standard
conditions predicts that the state of the flow in the bed is similar to a
moderately fluidised bed pattern, as described in Appendix C. The main
advantage associated with this flow pattern is that it allows determination of
the accurate kinetics of the dissolution reaction — due to the occurrence of
homogeneous suspension where the solids and fluids are mixed well.
However, the observatory experiment performed within a single flow of
water passing through a transparent reactor set-up containing mineral
particles in accordance with the standard loading factor at ambient pressure
and temperature conditions showed contradictory results, indicating a
stationary flow pattern. The implication of this observation is that the fluid

merely percolates through the void spaces between the stationary particles —
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accordingly, the reactor operates with the fixed bed conditions. To further
investigate the effect of the reactor hydrodynamics on the measured rates,
three sets of standard experiments were conducted with deliberately packed
bed conditions (by using a homogeneous mixture of inert Al,O3; material
and research material) versus the normal fluidised bed conditions.
Figure 3-4 shows the results obtained under the identical flow and reactor
conditions for magnesium concentration in the aqueous effluent. Despite the
expectation of the concentration stratification being linked with the packed
bed conditions, there is no apparent significant difference perceived for the

packed bed versus the normal fluidised bed conditions.
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Figure 3-4. Magnesium concentration profiles for fluidised bed and packed bed
conditions using different mass loadings of thermally activated SWOL (PSD = 45-
63 um) under the saturated CO,-H,O system, at Pco, = 100 bar, 7 =423 K, and 30

minutes reaction time.
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To summarise, comparison of these observations suggests that the state of
single-phase water flow in the bed does not seem to be fluidising — but in
the presence of gas, it is expected that the flow pattern in the reactor
complies with the fluidisation regime. On the other hand, the experimental
results showed indistinguishable concentration profiles for packed versus
fluidised bed conditions. On this basis, in the present study, it is presumed
that the concentration of the measured components in the outlet stream is

the same as the solution composition in the reactor cell.
3.6 Thermodynamics Prediction

Thermodynamics is a useful tool for elucidating reactions where equilibria
are attained. However, many processes are controlled by reaction rates, and
so can be explained merely by reaction kinetics. In the present study, to
obtain insights into the evolution of the heterogeneous phase equilibria and
reaction pathways during the dissolution reaction, thermodynamic
modelling was conducted using OLI Analyser Studio 9.1 (OLI System Inc).
The MSE (Mixed Solvent Electrolyte) thermodynamic framework, which is
based on the Helgeson equation of state, was employed. In this model,
aqueous activities (o) are determined through an extended Debye-Hiickel
limiting law. The activities of the aqueous species are calculated on the
basis of the hypothetical standard state of one-molal (mol kg ). Performing
calculations on a molal base makes the concentration definition independent
of density and, therefore, temperature. The calculated equilibrium solubility
of CO; under the CO,-H,O system was validated based on the well-
established thermodynamic model for the solubility of CO, in water derived

by Duan and Sun (2003), as presented in Appendix B.
3.6.1 Reaction Path Trajectories in MgO-CO,-H,O

In this study, thermodynamic modelling was used to calculate the
equilibrium pH and magnesite saturation indices of the solution under
experimental conditions. The pH of the system was calculated on the basis
of the pressure, temperature, and total dissolved concentration of
magnesium. /n sifu measurement of pH was not possible during the

experiments as all of the reactions were performed under micro-scale
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hydrothermal conditions. The reaction path trajectories were calculated for
the MgO-CO,-H,O system (using OLI-MSE under conditions similar to
those used for the NETL process, as shown in Figure 3-5. As magnesium
oxide dissolves, magnesium cations are released into the solution and,
subsequently, protons are consumed (pH increases) —further progress in the
dissolution of magnesium becomes inhibited since protons are the active
species. The aqueous magnesium concentration increases until it is limited
by the saturation limit of the secondary phase (solid MgCOs3). Under the
utilised conditions (7reaction = 423 K and Pco, = 100 bar), the equilibrium
solubility of magnesite was reached a molality of Mg ~0.0197 mol kg .
After the equilibrium point, the aqueous magnesium species must be
transformed to solid magnesite' within the thermodynamic perspective. This
phase transformation is also reflected in the evolution of the equilibrium pH.
As the aqueous magnesium concentration increases, the corresponding
proton concentration decreases (pH increases); this trend continues until the
aqueous magnesium concentration reaches its phase transition threshold.
Some possible magnesium ion pairs in solution were identified as MgCO;°
and MgOH". Table 3-3 shows the concentration of magnesium ion pairs

along with the concentration of carbonate ions under saturation conditions.

' A distinction must be made between the kinetic rate constant and thermodynamic
equilibrium constant. At given conditions, the transformation rate of aqueous magnesium
compounds to solid magnesite might be affected by different operating parameters. Hence,
throughout this study the equilibrium solubility of magnesite was used as an indication of
the relevant concentration domain (saturated or under-saturated).
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Figure 3-5. Distribution of magnesium speciation under the MgO-CO,-H,O
system at Pco, = 100 bar, T = 423 K, calculated using OLI-MSE at the saturated
conditions (mcoz = 3.7 molal). In OLI-MSE, H,CO; and CO,,g are recognised as
an equal and remained constant as simulations were performed at saturated

conditions.

Table 3-3. Concentrations of carbonate ion and magnesium ion pairs at saturated

conditions with respect to the solid MgCO; formation.

Species Concentration (mol kg ™)
CO;™~ 133 x10°
MgOH" 1.45%x107°
MgCO;° 3.87x 107

From this observation, it appears that the magnesium cation is a prevailing
cation and the bicarbonate is the main anion in this system — in a ratio of
[HCO; ] =2 [Mg2+]. As shown in Chapter 2, the concentration of protons
and bicarbonate ions are directly related to CO, fugacity in accordance with

reaction (R 3.1),
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CO; (ag) + H,0 () 2 HCO;3 (ag) + H' (ag)
K1Kc02fcoz ap,o (m°)? (R3.1)

= ay+
H
o
feanco;

it is thus reasonable to express that the [H'] o< [HCO; | o« [Mg*T" — the
activity of protons can be shown proportional to the reciprocal of the

activity of magnesium cations, in accordance with equation (3.5),

1

aMgz+

aH+ o8 (3.5)

Overall, the simulation of the reaction pathways has suggested that the
extraction of magnesium in the carbonic acid system can be equilibrium
limited under saturation conditions, as the parallel precipitation
(combination of nucleation and growth steps) of magnesite influences the
progress of the dissolution process. According to previous studies,
formation of magnesite is thermodynamically dominated versus the other
forms of magnesium carbonate species throughout most of the conditions.
(Konigsberger et al., 1999, Hanchen et al., 2008, Bénézeth et al., 2011). In
this study, the equilibrium solubilities of magnesite were calculated using
OLI-MSE under the corresponding experimental conditions. Magnesite
solubility data obtained from the OLI-MSE database was also compared
with the Bénézeth et al. (2011) model, as describe in Appendix B. This
comparison suggested that the OLI-MSE calculations report the solubility
product of magnesite to be an order of magnitude lower than the
experimental value. One possible explanation for the observed discrepancy
in the solubility data could be related to the crystallinity status of the
magnesite (crystalline or amorphous). Here it is worth noting that the
formation of other magnesium carbonate polymorphs which are explained in
section (2.4.1) is possible under the reaction conditions; nevertheless,
magnesite has the lowest solubility of the possible carbonate phases. The
magnesium concentration profiles measured from the experiments are

compared with the solubility product of magnesite to shed some light on the
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degree of saturation of the system. Determination of exact phases and
crystallinity of all possible magnesium carbonate polymorphs formed during

the dissolution reactions are not pursued in the current study.
3.6.2 Solubility of Silica in Aqueous Solution

Through the literature reviewed in section 2.6, silica is described as playing
an important role in the dissolution process of silicates. The chemistry of the
solution containing silica is known to be complex and difficult to predict.
This phenomenon is particularly become important in the dissolution of
magnesium silicates, as the exact form of the liberated silica will vary
depending on several variables (e.g., crystal silicate structure' (see
Appendix B)). Investigation of the detailed sequence associated with silica
reactions in the aqueous phase is beyond the scope of this study; instead, the
thermodynamics information relevant to this study is presented in this
section.

The formation of free silica in aqueous solution depends on several factors
including the silica solubility limit, solution pH, temperature, solution
chemistry, and operating conditions (e.g., system pressure). Unlike for metal
carbonate, an increase in temperature results in an increase in the solubility
of silica (Chen and Marshall, 1982, Fournier and Rowe, 1977). Based on the
experimental observations, several research groups have expressed that the
solubility of amorphous silica increases with increasing temperature (Morey
et al., 1964, Chen and Marshall, 1982). However, they also reported that the
opposite trend occurs when salts are present in the solution (e.g.,
magnesium sulphate, magnesium chloride), as higher salt concentrations
increase supersaturation (Makrides et al., 1980). Furthermore, other
researchers, such as Fournier and Rowe (1977), demonstrated that the effect
of pressure at elevated temperature on the solubility of amorphous silica is
less significant than the temperature effect. Measuring silica concentration
in an aqueous solution thus requires an understanding of silica equilibrium
chemistry and its heterogeneous chemistry. Amorphous silica can be found

in an aqueous solution in different forms, a) dissolved (or reactive), b)

" In this study the calculated solubility of amorphous silica was used for comparison of the
measured silica concentration profiles, as the examined material nearly has non-crystalline
structure.
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polymerised (reacts slowly), ¢) colloidal (or unreactive), and d) suspended
(or particulate) (Iler, 1979). According to Iler (1979), when the solid phase
of silica makes contact with water, a small amount of silica dissolves and
enters the aqueous phase. Two chemical reactions govern the dissolution of
silica in water, hydration and dehydration catalysed by OH™ ions (at pH

above 3), which are shown by reaction (3.2),

k, k,
(Si0,)x(s)2H,0(1) = H,Si04(aq) = (SiO2)x1(s)+Si(OH)s(ag),  (R3.2)

where k, denotes for equilibrium with hydration step and indicates k_
equilibrium of dehydration step. Carman (1940) postulated that in reaction
(R 3.2) a single layer of water molecules adsorbs at a silica surface; this
effect is regarded as surface hydration and, as a result, surface hydroxyl
groups (e.g., the monomer ‘“soluble silica” or Si(OH)s;) are formed.
Furthermore, Iler (1979) stated that the formed hydroxyl groups had a weak
inclination to dissociate and release hydrogen ions. In contrast, these
hydrated silica groups are highly instable, and have a tendency to undergo
an irreversible condensation. Therefore, depending on the saturation status
and pH of the solution, the formed Si(OH) groups could rapidly change and
grow particles, and subsequently transferred to colloidal silica. In general,
under heavy supersaturation conditions, condensation (nucleation and
growth) between primary colloidal particles leads to the formation of silica
gels (Carman, 1940, Weres et al., 1981, Alexander et al., 1954). The

associated reaction may be expressed by reaction (3.3),

-Si-OH + HO-Si- = H,0 + -Si-O-Si- (R3.3)

Under supersaturation conditions with respect to anhydrous nonporous
amorphous SiO,, the equilibrium concentration of Si(OH)s at 298 K
corresponds to 70 ppm as SiO,; however, the common types of amorphous
silica, such as those containing small porous, exhibit a marginally higher

solubility 100-130 ppm (Iler, 1979). Here it is worth noting that the pH of
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the solution significantly influences the solubility of amorphous silica; as
such, Iler (1979) reported that at pH above 10 and 298 K, the solubility of
amorphous silica reaches ~800 ppm. Nevertheless, under acidic conditions
the variation in the solubility of silica is minor. The OLI-MSE calculations
under the standard conditions (e.g., 7' = 423 K and Pco, = 100 bar) show
that in going from pH 3.4 to 5.4, the solubility of amorphous silica changes
insignificantly (~9%). In the present study, the pH of the solution is always
tied to acidic conditions.

The reactions (dissolution and condensation) of the silica content of
silicate minerals, when exposed to an aqueous phase, are complex and could
influence the extraction mechanisms of metal cations. This phenomenon
becomes more complex at the local reaction conditions. For instance, in the
case of dissolution of magnesium silicate (e.g., serpentine) under
moderately acidic conditions (pH above 3) at a particular reaction site, as
the magnesium content of the mineral is extracted, the local pH changes
towards more basic conditions. The change in pH, depending on local
saturation levels, typically gives rise to condensation of the released silica
groups at the local site. In this regards, Makrides et al. (1980) reported that,
from pH 4-6 the rate of disappearance of monomers (condensation of silica
nuclei) increases by a factor of approximately 10 for each pH unit from a
solution saturated with silicic acid.

In the present study, the solubility of amorphous silica was simulated
using OLI-MSE for the SiO,-H,0-CO, systeml, as shown in Figure 3-6, in
which SiO; (aqueous) is referred to the monomeric units in the solution. The
dissolution of silica hardly affects the solution pH under acidic conditions.
According to OLI-MSE thermodynamic modelling, other possible silicic
acid ion associations (e.g., H3SiO4 ) may be found in negligible
concentrations, as shown in Table 3-4. Under the employed experimental
conditions (7Treaction = 423 K and Pcoy = 100 bar), the equilibrium solubility
of amorphous SiO, was reached a molality of ~0.011 mol kg™'. This value is

in close agreement with previous studies investigate the solubility of

" In aqueous solutions that are adequately saturated with dissolved silica, the excess silica
might be converted to colloidal amorphous silica — thus the term “silica” here refers to
amorphous silica rather than crystalline silica.
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amorphous silica in the aqueous phase (Chen and Marshall, 1982).
Theoretically, the concentration of aqueous silica compounds increases until

it is limited by saturation limit of the amorphous SiO,.
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Figure 3-6. Distribution of silica speciation under the SiO,-CO,-H,O system at
Pcor =100 bar, 7= 423 K, calculated using OLI-MSE at the saturated conditions

(mcoy = 3.7 molal).

Table 3-4. Concentrations of silicic acid, hydrogen metasilicate ion and
dihydrogen orthosilicate ion at saturated conditions with respect to amorphous

silica saturation.

Species Concentration (mol kg™")
H,SiO4 1.57x 10 "°
HSiO5 ! 422x107°
H,Si0, > 531x107'°

In the present study, the measured silica dissolution rates are reported and

compared with the equilibrium solubility of the amorphous silica.
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Chapter 4. Experimental Results

4 Introduction

Prior studies of mineral carbonation (e.g., O’Connor et al., 2005) have not
addressed the kinetics of fundamental steps (i.e., dissolution and
precipitation) involved in mineral carbonation in any detail. In this study,
this gap was addressed with the objective of elucidating the kinetics of
magnesium extraction from thermally activated serpentine by carbonic acid
under conditions relevant to ex situ mineral carbonation. The experimental
results shown in this chapter examine variables that influence the overall
form of the rate law related to the mineral-water dissolution and surface
growth reactions. Measured rates and thermodynamics are qualitatively
compared through calculation of the governing phase equilibria. This
approach is essential in the interpretation of the reaction kinetics in the
vicinity of the equilibrium solubility of MgCO;. The results presented in

this chapter are discussed in detail in Chapter 5.

4.1 Dissolution of Thermally Activated SWOL
under the CO,-H,0 System

Experiments were carried out to assess the kinetics (reaction rates) of
magnesium and silica extraction from thermally activated SWOL using the
experimental approaches described in Chapter 3. Throughout this process,
water operates as a reactant and as a transporting agent of dissolved
components. The nominal volumetric flow setting of the pumps were
evaluated by measuring the discharge flow rate of the system, at a constant
pressure of 100 bar and pump flow rates (HO: 1 mL min ' and COj:
0.2 mL min '), as shown in Figure 4-1. These results indicate that the
amount of aqueous phase discharges from the sampling port essentially

remains identical to the liquid phase pumped into the system.
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Figure 4-1. Measured discharge flow rate of the aqueous phase for the indicated
flow conditions (all the measurements were conducted at a system pressure of 100

bar). The error bars denoted the standard deviation with three replicate

experiments.

Typical results are shown in Figure 4-2 (expressed in molar concentration
scale to facilitate comparison with the equilibrium solubilities of magnesite
and silica). In this study, the molar dissolution rate (r;) and the fractional
extent of conversion (X;) of the dissolved elements were calculated by using

equation (4.1) to equation (4.3), respectively.

= —% = Maqueous X Ci 4.1
conversion rates,
dX; 1
o = X N (4.2)

the fractional extent of extraction Xy,
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- [ (43)
N T '

where,

Maqueous  Water mass flow rate (kg s

C; molality of the dissolved elements (e.g., Mg) (mol kg™")
T molar dissolution rate (mol s™')
Ni|o initial total number of moles of element i, in the reactor (mol)'

The molar dissolution rates (r;) are directly determined through the
individual magnesium and silica molalities by using equation (4.1). The
degrees of conversion are determined according to equation (4.2), where X;
is expressed as the amount of element i leached relative to the initial amount
of i in of the mineral.

Observation of the concentration profiles of the aqueous magnesium and
silicon moieties (abbreviated as Mg and Si in Figure 4-2) shows that
magnesium was released relatively faster compared with silica. The
concentration of magnesium reached a maximum® of ~0.03 mol kg
approximately after 4 minutes from the starting time. Beyond the peak, the
magnesium concentration decreased steadily until the termination of the
reaction. Initially, the magnesium concentration exceeded its calculated
saturation value corresponding to the conditions in the reactor but after ~27
minutes the dissolution continued in undersaturated conditions. Under the
saturated conditions, it is possible that some MgCO; precipitated in the
reactor and was trapped there. However, TPD’ (Temperature Programmed
Desorption) analysis of the residual solids removed from the reactor showed
that there was no significant carbonate present. The aqueous concentrations
are therefore taken to represent the actual rate of magnesium extraction from

the mineral phase.

! Determined using the XRF data presented in Table 3-4.

? This delay could be related to the lag time associated with flow from the reactor outlet to
the point of sample collection.

> No evidence for peaks corresponding to MgCO; was detected and the amount of
deposited carbonate was less than 1%. This observation implies that the form of the
deposited MgCO3 within the particles may be non-crystalline, as no other phases of
carbonate (those with higher solubilities) were also found.
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Aqueous silica' (abbreviated as Si) was released more slowly than
magnesium. The concentration was relatively constant throughout,

approaching ~0.007 mol kg .
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Figure 4-2. Magnesium and silica concentration profiles acquired from the
dissolution of thermally activated SWOL (PSD = 45-63 um) under the saturated
CO,-H,0 system, at Pco, = 100 bar, T=423 K, and 120 minutes reaction time. The
equilibrium solubilities of the MgCO; & SiO, were calculated by using OLI-MSE.
Results were analysed using quantitative ICP-OES.

The corresponding silica conversion rates and the evolution of the degrees
of conversion for magnesium and silica are presented in Figure 4-3 and

Figure 4-4, respectively.

" In this study a term of “aqueous silica” was used and referred to overall silica phases in
the aqueous solution. It must be noted that the release rate of cations reflect the global
dissolution process, and are not always equal to true intrinsic rate of detachment from the
original mineral structure.
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Figure 4-3. Magnesium and silica conversion rates, acquired from the dissolution
of thermally activated SWOL (PSD = 45-63 um) under the saturated CO,-H,O

system, at Pcop = 100 bar, T=423 K, and 120 minutes reaction time.

During the initial stage, the conversion rate of magnesium was
approximately three-fold greater than the corresponding rate for silica but
the rates become comparable after longer reaction times when the relative
extraction rate for magnesium slows relative to the approximately steady
rate for silica. The extent of cumulative conversion of magnesium and silica
reached 66% and 43%, respectively, over the reaction period of 120

minutes, as shown in Figure 4-4.
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Figure 4-4. Degree of completion of magnesium and silica extraction, acquired
from the dissolution of thermally activated SWOL (PSD = 45-63 um) under the
saturated CO,-H,0 system, at Pco, = 100 bar, 7= 423 K, and 120 minutes reaction

time.

In the literature, mineral dissolution is described as congruent if elements
are released at the stoichiometric ratios of the parent mineral. The ratio of
magnesium versus silica release rate, illustrated in Figure 4-5, shows the
instantaneous ratios of the molar dissolution rates for magnesium versus
silica for the experiment reported in Figure 4-2. For comparison, the
theoretical stoichiometric ratio was quantified as ~1.43, with respect to
elemental quantities determined through XRF analysis. As described above,
the initial extraction rate of magnesium is relatively faster than that of silica.
On this basis, it is expected that the residual mineral is correspondingly
depleted in magnesium and enriched in silica. It appears however that, at

~80 minutes reaction time, the Mg:Si extraction ratio approached that for
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congruent dissolution but this is probably of no particular significance

because the ratio continues to decrease smoothly beyond this point.
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Figure 4-5. Magnesium-silica molar ratio obtained from the dissolution profiles

presented in Figure 4-2 (showing an initial preferential release of magnesium), the
dashed line represents the stoichiometric dissolution.

In order to investigate further the behaviour of the dissolution profiles, the

experiment was repeated for a longer period (4 hours), as summarised in
Figure 4-6 and Figure 4-8. As the reaction proceeded, similar to what was

observed in Figure 4-2, the extraction rate of magnesium decreased.
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Figure 4-6. Magnesium and silica concentration profiles acquired from the
dissolution of thermally activated SWOL (PSD = 45-63 pum) under the saturated
CO,-H,0 system, at Pco, = 100 bar, 7= 423 K, and 240 minutes reaction time.

While it is not the objective of this thesis to investigate the ultimate

extents of extraction achievable, it is interesting to note that the fractional

conversion of Mg after 4 hours is 78%, as shown in Figure 4-7, with every

sign that the process will continue to completion, although at diminishing

rate. The extent of extraction of silica reaches 65% after 4 hours — clearly

much of the original mineral has been solubilised.
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Figure 4-7. Degree of completion of magnesium and silica extraction, acquired
from the dissolution of thermally activated SWOL (PSD = 45-63 um) under the
saturated CO,-H,0 system, at Pco, = 100 bar, 7= 423 K, and 240 minutes reaction

time.

Now from Figure 4-8, it is apparent that the relative extraction Mg:Si falls
below that for congruency; at the same time, this ratio does appear to
approach an asymptotic limit, in this case corresponding to approximately

equimolar rates of dissolution.
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Figure 4-8. Magnesium-silica molar ratio obtained from the dissolution profiles
presented in Figure 4-6 (showing an initial preferential release of magnesium), the

dashed line represents the stoichiometric dissolution.

4.1.1 Reproducibility and Mass Balance Closure

A mass balance analysis was carried out on the system based on the data
attained from seven standard dissolution experiments'. The leachates
analysis along with the compositional analysis of the residual solids in the
reactor indicated that the extent of uncertainties associated with the
extraction rate was roughly +5%. Figure 4-9 shows the results obtained
from identical flow and reactor conditions for the magnesium and silica
concentrations in the aqueous effluent and Figure 4-10 illustrates the
corresponding evolution of the degree of conversions for the magnesium

and silica, X(-).

! Results were analysed using quantitavive ICP-OES.
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Figure 4-9. Concentration profiles of magnesium and silica acquired from the
dissolution of thermally activated SWOL (PSD = 45-63 um) under the saturated
CO,-H,0 system, at Pco, = 100 bar, 7= 423 K, and 120 minutes reaction time for

seven replicate experiments.
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Figure 4-10. Degree of completion of magnesium and silica extraction of
magnesium and silica acquired from the dissolution of thermally activated SWOL
(PSD = 45-63 um) under the saturated CO,-H,O system, at Pco, = 100 bar, 7= 423
K, and 120 minutes reaction time. The error bars are denoted the standard deviation

obtained with seven replicate experiments.

Table 4-1 provides a summary of the mass distribution after the
dissolution experiments. This fractional loss of mass from the initial solid
was approximately 37%. The chemical composition of the consolidated
residual from seven experiments was determined by XRF analysis, as shown

in Table 4-2.

71



Table 4-1. Percentage of reduction in the loaded mineral mass after 120 minutes
dissolution under the saturated CO,-H,O system, activated SWOL (900 K,
120 minutes), Pco, = 100 bar, 7 = 423 K. Variability in the average quantities

corresponds to the tstandard deviation.

Experiment Mass-in (mg)  Solid residue (mg)  Mass reduction (%)
1 252.04 +£0.25 146.20 £0.02 41.99
2 251.53 +0.01 150.69 +0.15 40.08
3 251.30 +0.03 159.04 £0.02 36.71
4 251.92 +£0.03 167.00 +£0.06 33.71
5 251.45 +0.04 166.61 +0.14 33.74
6 250.75 +0.05 167.41 +£0.02 33.23
7 252.27 +0.10 152.19 £0.12 39.67
Average 251.61 +£0.51 158.50 +8.85 37.02 £3.59

Table 4-2. The chemical composition of the consolidated residue from seven
experiments at standard operation conditions (Pco, = 100 bar, T = 423 K, and

120 minutes reaction time) determined through XRF analysis.

Major components (wt.%)

Material

MgO SlOz F6203 A1203 CaO CI'203 Ml’l304

Solid residue 25.07 3981 13.09 288 0.61 0.62 0.16

The elemental mass balance results for the consolidated data are shown in
Table 4-3. The overall mass balances for the magnesium and silica contents
of the material were closed within approximately 5% and 2%, respectively.
In addition to confirming the good mass balances for the major components,
Table 4-3 verifies the earlier observation that negligible iron is extracted
under the experimental conditions. Approximately 30% of the calcium in
the parent sample is apparently extracted — the failure to detect any calcium
in the aqueous product stream clearly relates to the low average
concentration that this loss represents over the lifetime of the experiment (<
107* mol kg™"); the same holds for the apparent loss of ~30% of the

manganese content of the initial solid.
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Table 4-3. Summary of mass balance for 120 minutes dissolution experiments
under the saturated CO,-H,O system, 45-63 pm activated SWOL (900 K, 120
minutes), Pco, = 100 bar, 7= 423 K.

Major Input Solid Residue Extracted Unaccounted
components (mg) (mg) (mg) (mg)
MgO 100.94 39.72 66.97 -5.8
Si0, 105.33 63.08 4391 -1.7
CaO 1.56 0.97 - 0.6
Cr03 0.93 0.98 - <0.1
Al,O3 4.56 4.56 - <0.1
Fe,03 20.65 20.74 - -0.1
Mn304 0.38 0.25 - 0.1

4.2 Effect of Particle Size on the Extraction of

Magnesium and Silica

The identification of factors contributing to the slow rate of the mineral
carbonation process was a principal motivation for this study. Several pre-
treatment methods have been investigated to enhance the reaction rate and
conversion including heat activation (e.g., McKelvy et al., 2004), grinding
(e.g., Summers et al., 2005), the use of additives in reactive fluid, and
implementation of the elevated pressure and temperature schemes (e.g.,
O’Connor et al., 2005). The effect of grinding is mainly to change the
character of material by reducing the particle size and increasing the overall
surface area. Hence, a series of experimental studies conducted to evaluate
the effect of particle size distribution on the extraction rate of magnesium
and silica from thermally activated SWOL. The SWOL material was
comminuted using the stainless steel ball mill under a wet milling
procedure, as explained in Chapter 3. The milled material was size-
segregated through the wet sieving scheme to achieve discrete sieve size
fractions. A laser-based particle sizer (Malvern Mastersizer 3000) was used
to determine the mean particle size and particle size distribution, as
presented in Chapter 3. The size-fractionated SWOL samples were
thermally activated in a fluidised bed calciner reactor at a temperature of
900 K for 120 minutes under an argon fluidising medium. Dissolution
experiments were carried out under the defined standard experimental

conditions (input mass = 250 mg, mass loading factor of 0.25 min, 7 =
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423 K and Pcoy = 100 bar) under the saturated (mcoz ~3.7 mol kgfl) CO,-
H,O system. Dissolution experiments were performed through the
continuous flow set-up as described in Chapter 3. Figure 4-11 shows the
concentration profile of magnesium in the aqueous effluent, obtained at
identical flow and reactor conditions. The results here had to be analysed

using a semi-quantitative ICP-OES and have been rescaled using calibrated

1
reference data.
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Figure 4-11. Magnesium concentration profiles for the range of particle size
distributions (as indicated in the figure), acquired from the dissolution of thermally
activated SWOL (PSD = 45-63 um) under the saturated CO,-H,0 system, at Pco, =
100 bar, T=423 K, and 120 minutes reaction time.

' The results of the standard dissolution experiment was rescaled with the data attained
through quantitative analysis (Figure 4-2), this has used as a basis for other data series
presented in Figure 4-11. Thus, the noise in data is likely attributed to the intrastic error
associated with the semi-quantitative method, as it is explain in Chapter3.

74



It is apparent from Figure 4-11 that magnesium extraction rates were only
weakly dependent on particle size over the range examined. In particular,
there is no evidence of mechanical activation or production of fines in the
wet milling procedure. Overall, it is concluded that the external surface area
of the particles has little effect on the rate of extraction of magnesium. This
attribute can also be seen through the cumulative extent of magnesium
conversion profiles, as shown in Figure 4-12. As also found in Section 4.1,

there is no evidence of homogeneous formation of carbonate phases.
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Figure 4-12. Degree of completion of magnesium extraction for the range of
particle size distributions (as indicated in the figure), acquired from the dissolution
of thermally activated SWOL (PSD = 45-63 pm) under the saturated CO,-H,O

system, at Pco, = 100 bar, 7=423 K, and 120 minutes reaction time.

Figure 4-13 illustrates the concentration profile of silica in the aqueous
effluent, obtained at identical flow and reactor conditions and Figure 4-14

shows the corresponding cumulative extent of silica conversion, Xj;.
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Figure 4-13. Silica concentration profiles for the range of particle size distributions
(as indicated in the figure), acquired from the dissolution of thermally activated
SWOL (PSD = 45-63 um) under the saturated CO,-H,O system, at Pco, = 100 bar,
T =423 K, and 120 minutes reaction time. The presented results are rescaled with

reference to the calibrated data.

From Figure 4-13 the silica extraction rates similar to magnesium
extraction rates not significantly influenced by the examined range of
particle size. This behaviour is also observable through the cumulative
extent of silica conversion profiles. It is noteworthy that silica
concentrations initially proceeded in the vicinity of the equilibrium
solubility of the amorphous silica and decreased gradually over the lifetime

of the experiments.
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Figure 4-14. Degree of completion of silica extraction for the range of particle size
distributions (as indicated in the figure), acquired from the dissolution of thermally
activated SWOL (PSD = 45-63 um) under the saturated CO,-H,0 system, at Pco, =
100 bar, T=423 K, and 120 minutes reaction time.

Figure 4-15 shows the magnesium-silica molar ratio, as also evident from
the dissolution profiles presented in Figure 4-11 and Figure 4-13 the
incongruent extraction of magnesium appears for a period of ~80 minutes.
After ~80 minutes the Mg:Si ratios continue under the theoretical

stoichiometric ratio, indicating the preferential release rate of silica.
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Figure 4-15. Magnesium-silica molar ratio for the range of particle size
distributions (as indicated in the figure), obtained from the dissolution profiles
presented in Figure 4-11 & Figure 4-13, the dashed line represents the

stoichiometric dissolution.

4.3 Effect of Pressure on the Extraction of

Magnesium and Silica

The carbonic acid system, including carbonate mineral solubility and the
distribution of the carbonic acid chemical species, is significantly affected
by pressure (Guthrie et al., 2001). In the development of the Albany NETL
process, it was demonstrated that the effect of raising the pressure was
associated with the increase in the activity of CO, and greater overall
efficiency of the carbonation process. Previous studies (e.g., Sabirzyanov et
al., 2003) showed that the solubility of CO; in water increased substantially
at higher pressure. In order to evaluate the effect of pressure on the

dissolution rate of thermally activated SWOL under the carbonic acid

78



system, experiments were performed at a constant reaction temperature of
423 K under conditions where a separate CO,-rich gas phase is present. The
experiments were carried out using the continuous flow system described in
Chapter 3 and results were analysed using quantitative ICP-OES. The basic
conditions in all runs were the same as those in Section 4.1: mass loading of
250 mg of the activated SWOL (PSD = 45-63 um); temperature 423 K. The
experiments also all employed the same relative mass flows as previously
(mcoz2 ~3.7 mol kg™") but the total flow rate was adjusted to achieve the
same volumetric flow rate (i.e., same velocity and same residence time) of
the reactive fluid through the reactor at each pressure condition (see
Appendix C). Table 4-4 shows the total mass flow rates employed in the
experiments from 10 to 160 bar; it also shows the saturation (with respect to
precipitation of solid MgCO; and amorphous silica, calculated via OLI-
MSE) concentrations of aqueous magnesium and silica species for each

condition.
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Table 4-4. Summary of total mass flow rates, mass loading factors and equilibrium saturation concentrations of the aqueous magnesium and silica for the

conditions where pressure was varied within a range of 10 to 160 bar, and at a reaction temperature of 423 K.

P (bar) 160 150 140 130 120 110 100 90 80 70 20 10
Mass Loading Factor (min) 020 020 021 022 022 024 025 027 029 032 025 025
() 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00
Total Mass Flow Rate (g min™") 149 145 141 135 130 123 117 1.09 101 092 1.03 1.01

Equilibrium Solubility of MgCOs (mol kg )" | 0.023  0.022 0.022 0.021 0.021 0.020 0.020 0.019 0.018 0.018 0.010 0.007
Equilibrium Solubility of SiO, (mol kg ™")" 0.012 0.012 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.010 0.009

"Calculated by OLI-MSE
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Figure 4-16 shows the results for magnesium leachate concentrations
obtained over the range of pressures accessible with the liquid-delivery
apparatus, from 70 to 160 bar. The concentration profiles are very similar in
all cases, especially for the first 30 minutes of reaction — during this period;
the concentrations are again at or above their saturation values for MgCOs
precipitation. The profiles for individual runs fall below their respective
saturation lines and become more distinct after extended periods, with
somewhat higher concentrations arising from the lower pressures. As
previously, there was no evidence, in any of these the experiments, for the

homogeneous formation of carbonate phases.
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Figure 4-16. Magnesium concentration profiles for experiments with different CO,

partial pressures (as indicated in the figure), acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 pum) under the saturated CO,-H,O
system, 7= 423 K, and 120 minutes reaction time. All runs had the same residence
time in the reactor (13 s) and the same CO, molality (~3.7 mol kg '). Further

clarifications of the presented data are provided in Appendix D.
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When the concentration profiles are converted to conversion profiles
(Figure 4-17) using Eq. 4.2 and 4.3, the different water flow rates employed
in the individual experiments now come into play. It is apparent that, for the
highest pressures (100 to 160 bar), the conversion profiles are very similar
throughout the experiment. At lower pressures, however, the conversion at
any time falls as the pressure decreases. Thus, the tendency to produce more
concentrated leachates after long reaction times at lower pressures is more

than offset by the lower water flow rates under these conditions.
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Figure 4-17. Degree of completion of magnesium extraction for experiments with
different CO, partial pressures (as indicated in the figure), acquired from the
dissolution of thermally activated SWOL (PSD = 45-63 pum) under the saturated
CO,-H,0 system, 7 = 423 K, 120 minutes reaction time. All runs had the same

residence time in the reactor (13 s) and the same CO, molality (~3.7 mol kg ).
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The concentration profiles of silica in aqueous effluent are shown in
Figure 4-18. The concentration profiles are quite similar in all cases'. It
appears that the silica concentrations in the reactor are close to their

saturation values for amorphous silica precipitation.
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Figure 4-18. Silica concentration profiles for experiments with different CO,
partial pressures (as indicated in the figure), acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 pm) under the saturated CO,-H,O
system, 7= 423 K, and 120 minutes reaction time. All runs had the same residence

time in the reactor (13 s) and the same CO, molality (~3.7 mol kg™).

The corresponding cumulative extent of the silica conversions is shown in
Figure 4-19. The effect of different water flow rates used in this series of the

study also appears on the silica conversion profiles.

! Further clarifications of the presented data are provided in Appendix D.
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Figure 4-19. Degree of completion of silica extraction for experiments with
different CO, partial pressures (as indicated in the figure), acquired from the
dissolution of thermally activated SWOL (PSD = 45-63 um) under the saturated
CO,-H,0 system, T = 423 K, 120 minutes reaction time. All runs had the same

residence time in the reactor (13 s) and the same CO, molality (~3.7 mol kg ).

Figure 4-20 illustrates the magnesium-silica molar ratio for the dissolution
profiles presented in Figure 4-16 and Figure 4-18, indicating to the initial
incongruent extraction of magnesium. As the dissolution experiments
advanced Mg:Si ratios change towards the theoretical stoichiometric ratio

and, therefore, preferential silica release rate'.

! Further clarifications for the presented data are provided in Appendix D.
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Figure 4-20. Magnesium-silica molar ratio for experiments with different CO,
partial pressure (as indicated in the figure), obtained from the dissolution profiles
presented in Figure 4-16 & Figure 4-18, the dashed line represents the

stoichiometric dissolution.

In order to extend these investigations to lower pressure, the CO, delivery
system was modified to meter gaseous CO, up to a maximum pressure
~20 bar. Figure 4-21 shows the leachate concentration profiles' obtained at
10 and 20 bar, together with the results from the liquid-feed system at
100 bar. The observed trends and scattering of the data in the early stages of
the experiment at 10 bar are believed to be the result of the slow system
response and the difficulty of controlling the flow after the CO, was first
initiated under these conditions (see the employed flow rates illustrated in

Table C-11 of Appendix C).

! Results were analysed using quantitative ICP-OES.
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Figure 4-21. Magnesium concentration profiles acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 pum) under the saturated CO,-H,O
system, Pco, = 10, 20, and 100 bar, 7= 423 K, and 120 minutes reaction time. All
runs had the same residence time in the reactor (13 s) as those in Figure 4-16. The

dashed lines represent equilibrium solubilities of MgCOs, calculated by OLI-MSE.

It is apparent that the concentration of magnesium is significantly lower at
10 and 20 bar than at the reference condition (P co; = 100 bar). However, in
terms of relationship to saturation, all curves show more-or-less similar
behaviour, proceeding from an initial saturated to under-saturated
concentrations after a period of reaction. The differences between the
leachate concentrations after prolonged reaction are much less than they
were initially but, as shown in Figure 4-22, the extents of reaction at this

point are also very different.
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Figure 4-22. Degree of completion of magnesium extraction acquired from the
dissolution of thermally activated SWOL (PSD = 45-63 um) under the saturated
CO,-H,0 system, Pco, = 10, 20, and 100 bar, 7= 423 K, and 120 minutes reaction
time. All runs had the same residence time in the reactor (13 s) as those in Figure

4-16.

Overall, comparison of Figure 4-17 and Figure 4-22 reveals that the effect
of pressure on the rate of extraction of magnesium in the saturated CO,-
water system is quite limited: in going from 160 bar to 10 bar, the ultimate
extent of extraction decreases only ~50% in the system'. Under the
conditions studied, the high initial rate of extraction appears to be tied to the
saturation condition for precipitation of MgCOj3, thus apparently accounting
for the greater part of the effect of pressure.

In contrast with the near-equilibrium concentrations of aqueous silica

species observed at higher pressures (Figure 4-18), extractions at 10 and 20

' Here it is worth noting that the pressure was varied within the factor of 16; however, the
change in pressure was associated with ~50% drop in conversion rate which is significant,
but not relative to the ratio of change in pressure.
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bar gave rise to significantly lower, under-saturated concentrations

throughout the reaction period, as shown in Figure 4-23.
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Figure 4-23. Silica concentration profiles acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 pm) under the saturated CO,-H,O
system, Pcop = 10, 20, and 100 bar, 7= 423 K, and 120 minutes reaction time. All

runs had the same residence time in the reactor (13 s) as those in Figure 4-16.

The corresponding cumulative silica conversion profiles are illustrated in
Figure 4-24. The fractional extent of silica extractions can be seen to be
marginally influenced by reducing the pressure from 100 to 20 bar.
However in the case of 10 bar, the conversion rate of silica appears to be
suppressed by ~50%. Considering the similar mass loading factor employed
for all the presented instances in Figure 4-24 and predominate under-
saturated conditions for 10 bar run; the apparent extraction rate of silica is

clearly reduced. Overall, the effect of pressure seems to be not profound
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compared with the effect of equilibrium on silica dissolution rates from

going 100 to 20 bar.
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Figure 4-24. Degree of completion of silica extraction acquired from the

dissolution of thermally activated SWOL (PSD = 45-63 um) under the saturated
CO,-H,0 system, Pcop = 10, 20, and 100 bar, 7= 423 K, and 120 minutes reaction

time. All runs had the same residence time in the reactor (13 s) as those in Figure

4-16

The relatively low release rate of silica (as presented in Figure 4-23) from

the lower pressure runs compared with the corresponding concentration

profiles of magnesium (in the vicinity of the thermodynamic saturation

limit) point to an incongruent dissolution, as shown in Figure 4-25.
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Figure 4-25. Magnesium-silica molar ratio obtained from the dissolution of
thermally activated SWOL (PSD = 45-63 pm) under the saturated CO,-H,O
system, at Pcop = 10, 20, and 100 bar, 7= 423 K, and 120 minutes reaction time,

the dashed line represents the stoichiometric dissolution.

4.3.1 Effect of CO, Molality

The provision of CO; beyond its requirement for saturation of the system
should have no impact on the aqueous chemistry arising if the carbonic acid
system is thermodynamically equilibrated’. This expectation was tested
experimentally by modifying the conditions employed to explore the effect
of pressure on the system. Now, the water flow rate is kept constant at the
standard condition and only the CO; flow rate is adjusted as the pressure is
varied so as to give the same total volumetric flow rate (and residence time)

as obtained at the standard condition (and in the foregoing discussion). As

' Here it is worth to note that addition of extra CO, at higher pressures leads to solubility of
higher amount of CO, into the aqueous phase, meaning lower pH as it is presented in
Table C-9 of Appendix C. Nevertheless, once the system reaches equilibrium regardless of
how much extra CO, is provided, pH of the CO,-H,O system will no longer change.
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shown in Table 4-5, this constraint gave rise to a range of CO, molality
from 2.50 to 6.22 mol kg ' as the pressure was varied in the range 70 to 160
bar — under all conditions, the supply of CO, was vastly in excess of the
requirements for equilibration of the carbonic acid equilibria. As previously,
the experiments employed a constant mass loading of 250 mg of the
activated SWOL (PSD = 45-63 pum) and results were analysed using
quantitative ICP-OES.
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Table 4-5. Summary of total mass flow rates, mass loading factors and equilibrium saturation concentrations of the aqueous magnesium and silica for the

experiments with variable molalities performed within pressure a range of 70 to 160 bar, and at a reaction temperature of 423 K.

P (bar) 160 150 140 130 120 110 100 90 80 70
mcoz (mol kg ™) 6.22 5.85 5.40 5.00 4.55 4.10 3.70 3.30 2.90 2.50
Mass Loading Factor (min) 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
T(8s) 13 13 13 13 13 13 13 13 13 13
Total Mass Flow Rate (g min ') 1.28 1.25 1.24 1.22 1.20 1.19 1.17 1.15 1.13 1.11
Equilibrium Solubility of MgCO; (mol kg )" | 0.023  0.022  0.022  0.021 0.021 0.020  0.020 0.019 0.018 0.018
Equilibrium Solubility of SiO, (mol kg™")’ 0.012  0.012  0.011  0.011 0.011 0.011 0.011 0.011 0.011  0.011
"Calculated by OLI-MSE
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Figure 4-26 illustrates the concentration of aqueous magnesium in effluent
obtained for the identical flow and reactor conditions'. These results
confirm the equilibrium expectation and thus suggest that the carbonic acid
system is indeed close to equilibrium in these experiments. The
corresponding magnesium cumulative conversion profiles are illustrated in
Figure 4-27. The also point again to the importance of the saturation of the
leachate with magnesium in the early, high-rate period — a higher water flow

removes more magnesium from the solid during this period than a lower

water flow.
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Figure 4-26. Magnesium concentration profiles for experiments with different CO,
partial pressures (70 to 160 bar), acquired from the dissolution of thermally
activated SWOL (PSD = 45-63 pm) under the saturated CO,-H,O system (variable
molalities), 7 = 423 K, and 120 minutes reaction time. All runs had the same

residence time in the reactor as (13 s) and variable molaities as shown in Table 4-5.

! Further clarifications for the presented data are provided in Appendix D.

93



1.00
o070 bar

A 80 bar
=90 bar
0.80 1 5100 bar
©110 bar

0120 bar
0.60 {1 2130 bar

O-BEX-T-Or

CHeX O

a
_ %140 bar 8 % i
5 s °
><s 0150 bar g
+ 160 bar Dgg
0.40 { o § '
D§AA
B4
3 A
0.20
0.00

2400 3600 4800 6000 7200
t(s)

0 1200

Figure 4-27. Degree of completion of magnesium extraction for experiments with
different CO, partial pressures (70 to 160 bar), acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 um) under the saturated CO,-H,O system
(variable molalities), 7= 423 K, and 120 minutes reaction time. All runs had the

same residence time in the reactor as (13 s) and variable molaities as shown in

Table 4-5.

Figure 4-28 illustrates the concentration profiles of silica in the aqueous
effluent, obtained at identical flow and reactor conditions. The concentration
profiles are almost similar in all cases — initially continue close to the
saturation limit of amorphous SiO, precipitation and decrease slightly until
the termination point. The corresponding cumulative conversion profiles are

illustrated in Figure 4-29.
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Figure 4-28. Silica concentration profiles for experiments with different CO,
partial pressures (70 to 160 bar), acquired from the dissolution of thermally
activated SWOL (PSD = 45-63 pum) under the saturated CO,-H,O system (variable
molalities), 7 = 423 K, and 120 minutes reaction time. All runs had the same

residence time in the reactor as (13 s) and variable molaities as shown in Table 4-5.

95



0.60

070 bar
A 80 bar
=90 bar
©100 bar
0110 bar
0.40 1 ©120 bar
2130 bar

X:

oo
X Do O O
X>e 00

x 140 bar

X O

Xsi ()

0150 bar

00> 0O O

+ 160 bar

o
«&>00>0 O

0.20 +

2400 3600 4800 6000 7200
t(s)

0 1200

Figure 4-29. Degree of completion of silica extraction for experiments with
different CO, partial pressures (as indicated in the figure), acquired from the
dissolution of thermally activated SWOL (PSD = 45-63 um) under the saturated
CO,-H,0 system, T = 423 K, 120 minutes reaction time. All runs had the same

residence time in the reactor (13 s) and variable molaities as shown in Table 4-5.

Overall, considering the reported effect of pressure in section 4.3 and the
offset influence of constant water flow rates employed in this series of the
experiment as expected the silica conversion profiles are very similar,
especially in the first 30 minutes of the reaction period. The corresponding
magnesium-silica molar ratios are shown in Figure 4-30; confirm the initial
preferential magnesium release rate over a period of reaction, with an
approaching trend towards a congruent dissolution. The overall trend

transformed to silica preferential release rate after ~80 minutes.
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Figure 4-30. .Magnesium-silica molar ratio for experiments with different CO,
partial pressure (as indicated in the figure), obtained from the dissolution profiles
presented in Figure 4-28 & Figure 4-26 the dashed line represents the

stoichiometric dissolution.

It is believed that only small amount of hydrated aqueous CO, exists in
the form of carbonic acid (Lasaga, 1984). Thus, the effect of hydration rate
of CO, on proton delivery seems to be essential for extraction of
magnesium, which was further investigated by performing an experiment
under the saturated (mcpz ~3.7 mol kg_l) CO,-H,0 system — leading to the
measurement of the relative extraction rate of magnesium along the reactor
depth. All conditions corresponded to standard conditions (input mass = 250
mg, T =423 K, Pcoz = 100 bar, and mass loading factor of 0.25 min). The
mineral particles were distributed evenly through the reactor within the
three distinct sections in a packed bed configuration. The relative extent of
extraction of magnesium over the reactor depth was evaluated after 30

minutes reaction, as shown in Figure 4-31. It appears that as magnesium
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was accumulated in the aqueous phase (here it is worth noting that the
system was supersaturated with CO;), the concentration of protons was

diminished along the depth of reactor.
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Figure 4-31. Relative extent of magnesium extraction along the reactor depth is
denoting to the kinetic of decay of the protons. The error bars denote to the extent

of uncertainties associated with the presented analysis.

From this observation, it is apparent that due to the mineral dissolution,
the demand for protons is relatively greater than the reproduction rate of

protons by the hydration of CO, into the aqueous phase.

4.4 Effect of Reaction Temperature on the

Extraction of Magnesium and Silica

The reaction temperature is expected to be an important factor in
optimisation of the mineral carbonation process since this parameter

influences the dynamics and the extent of dissolution reaction. Gerdemann
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et al. (2002) reported that increasing in the reaction temperature from
ambient temperature up to 458 K was associated with the significant
enhancement of the overall carbonation rate of olivine in the carbonic acid
system. In addition, they observed that raising the temperature was
accompanied by a decrease in the activities of the carbon dioxide species in
the solution. Werner at al. (2014 b) observed that, at CO, partial pressure of
~2 bar, the dissolution rate of thermally activated serpentine under the
carbonic acid system was enhanced by increasing the reaction temperature
from 303 up to 393 K. Considering the reported literature, evaluating the
temperature-dependence of the extraction rate clearly involves both kinetics
and thermodynamics considerations.

In this section, the effect of reaction temperature on the magnesium and
silica extraction rates is studied. Experiments were performed using the
standard liquid-delivery, high-pressure continuous flow system described
previously and results were analysed using quantitative ICP-OES. All
conditions except temperature corresponded to the standard settings — Pcoa
= 100 bar, a constant mass loading of 250 mg of thermally activated SWOL
(PSD = 45-63 um) under the saturated CO,-H,O system where
mcoz ~3.7 mol kg (see Appendix C). Table 4-6 provides the reaction
temperatures, total mass flows and calculated equilibrium solubility of
magnesium carbonate (magnesite) for the individual runs that covered the

temperature range from 303 to 468 K.
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Table 4-6. Summary of total mass flow rates, mass loading factors and equilibrium saturation concentrations of the aqueous magnesium and silica for the

experiments with variable reaction temperatures within the range of 303 to 468 K and Pco, = 100 bar.

T (K) 303 333 363 393 423 438 453 468
Mass Loading Factor (min) 0.14 0.18 0.20 0.23 0.25 0.26 0.28 0.29
T (s) 13 13 13 13 13 13 13 13
Total Mass Flow Rate (g min ') 2.06 1.65 1.42 1.28 1.17 1.11 1.06 1.00
Equilibrium Solubility of MgCO3 (mol kg™")’ 0.725 0.286 0.116 0.047 0.020 0.013 0.008 0.005
Equilibrium Solubility of SiO, (mol kg )" 0.003 0.004 0.006 0.008 0.011 0.013 0.014 0.016

"Calculated by OLI-MSE

100



Figure 4-32 displays the results obtained for the concentration of aqueous
magnesium in the leachate. The saturation concentrations of magnesium are
also shown with respect to the formation of MgCO;, from Table 4-6.
Overall, it is apparent that the highest initial rates occur at lower
temperatures, and that extraction of magnesium is severely inhibited at the
highest temperatures studied. The corresponding conversion profiles
presented in Figure 4-33 show more clearly that the overall extents of
extraction are similar for temperatures from 303 to 393 K and then the
conversion profiles decrease at temperatures above ~400 K, this effect being

more pronounced with each increase in temperature.
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Figure 4-32. Magnesium concentration profiles acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 um) under the saturated CO,-H,O system
as a function of the indicated reaction temperatures, Pco, = 100 bar, and 120

minutes reaction time. All runs had the same residence time in the reactor (13 s).
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Figure 4-33. Degree of completion of magnesium extraction for dissolution of
thermally activated SWOL (PSD = 45-63 um) under the saturated CO,-H,O system
as a function of the indicated reaction temperatures, Pco, = 100 bar, and 120

minutes reaction time. All runs had the same residence time in the reactor (13 s).

Qualitatively, it is apparent that the general trend of the overall rate for
reaction follows that for the saturation magnesium concentration shown in
Table 4-6. The solubility of MgCOs increases significantly at lower
temperature with the result that the leachate concentrations of magnesium
remain distinctly below the solubility limit at all times in the runs at 303,
333 and 363 K; at 393 K, the equilibrium solubility is exceeded slightly at
the very earliest times but the concentrations thereafter are well below
equilibrium. At higher temperatures, the initial concentrations are
increasingly suppressed, and the profiles become flatter, more-or-less
following the equilibrium trends. At the highest temperature of 468 K, there
is no initial peak and the extraction rate remains approximately constant

throughout the experiment.
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Figure 4-34 shows the silica concentration profiles in the aqueous effluent
for the identical flow and reactor conditions. It seems that the higher silica
initial release rates occur at the relatively lower reaction temperatures — after
the peak the corresponding dissolution profiles continue close to the

saturation limit of SiO; precipitation.
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Figure 4-34. Silica concentration profiles acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 um) under the saturated CO,-H,O system
as a function of the indicated reaction temperatures, Pco, = 100 bar, and 120

minutes reaction time. All runs had the same residence time in the reactor (13 s).

The solubility of SiO; increases with increasing temperature, as shown in
Table 4-6. The corresponding concentration of silica in leachate increases
proportional to rise in temperature up to 423 K. However, at temperatures
above ~423 K the apparent silica concentration in the aqueous effluent
decreased sharply — thus progressing at the undersaturated conditions. This

behaviour is also perceptible from the coincident fractional extent of silica
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extraction profiles, as shown in Figure 4-35. The relatively high silica
extraction rate at a temperature of 303 K is likely influenced by the artefact
of water content employed for that experiment. However, the general trend
of the overall rates follow the corresponding to saturation limit of
amorphous silica — expect at reaction temperatures above 423 K, where the

conversion rates dropped while the solubility of amorphous silica increased.
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Figure 4-35. Degree of completion of silica extraction for dissolution of thermally
activated SWOL (PSD = 45-63 pum) under the saturated CO,-H,O system as a
function of the indicated reaction temperatures, Pco, = 100 bar, and 120 minutes

reaction time. All runs had the same residence time in the reactor (13 s).

Figure 4-36 provides the magnesium-silica molar ratio. Dissolution
becomes more stoichiometric at the elevated temperature. It is also
appreciable to note that by increasing the temperature from 303 to 363 K, an
overall trend of initial magnesium extraction rates increase — then it

decreases at temperatures above 363 K, progressively.
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Figure 4-36. Magnesium-silica molar ratio for experiments with different CO,
partial pressure (as indicated in the figure), obtained from the dissolution profiles

presented in Figure 4-34 & Figure 4-32 the dashed line represents the

stoichiometric dissolution.

The relationship between MgCO; and SiO; solubility and leachate
concentrations was explored in more detail in a series of experiments that
employed half the standard flow rate in order to induce the system towards
saturation. The pressure was held at 100 bar, and the mass loading was

250 mg, summary of the used experimental conditions are provided in
Table 4-7.
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Table 4-7. Summary of the mass loading factors, total mass flow rates, reactor
residence times, and the equilibrium saturation concentration for the aqueous silica
for the experiments with variable reaction temperatures in the range of 373 to

473 K and Pcoz =100 bar.

T (K) 373 398 423 448 473
Mass Loading Factor (min) 0.50 0.50 0.50 0.50 0.50
Total Mass Flow Rate(gmin ') | 0.66 0.66 0.66 0.66  0.66
7(8) 20 18 16 15 13
Frg‘gilllg_l}l)r? Solubility of $i02 | 507 0009 0011 0014 0016
"Calculated by OLI-MSE

Figure 4-37 illustrates the results obtained for the concentration of
aqueous magnesium in the effluent for different reaction temperatures. The
highest extraction rate of magnesium was associated with a reaction
temperature of 373 K where the dissolution proceeded in the under-
saturated region with respect to the equilibrium solubility of magnesite.
From 398 K, the initial high rate period is suppressed in accordance with the
equilibrium expectation; beyond the initial period, the profiles are
increasingly flattened and follow a trend corresponding to approximately

two times the saturation concentration.
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Figure 4-37. Magnesium concentration profiles for different reaction temperatures
(as indicated in the figure) attained from the dissolution of thermally activated
SWOL (PSD = 45-63 pum) under the saturated CO,-H,O system, at Pco, = 100 bar,
and 30 minutes reaction period. The equilibrium solubility of MgCO; was
calculated by using OLI-MSE under identical experimental conditions and shown

by the dashed lines for each reaction temperature.

Although the leachate concentrations do appear to be governed by MgCOs3
solubility, TPD analysis verified that for the elevated reaction temperatures,
the solids collected from the reactor contain only insignificant
(corresponded to ~2% of the magnesium) amounts of magnesium carbonate.
In addition, the difference in the measured extracted magnesium and the
analysed amount of magnesium left in the solid residual together accounted
for the initial magnesium content of the solids fed to the reactor, is not

exceeded £5%, as provided in Table 4-8.
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Table 4-8. Summary of mass balance closure for 30 minutes dissolution
experiments conducted under the saturated CO,-H,0 system, Pco, = 100 bar, and

mass loading factor = 0.5 min.

Exp MgO Input  Solid Residue  Extracted Differences (£%)
(mg) (mg) (mg)

373 105.06 70.02 33.61 1.36

423 108.28 93.19 18.85 3.47

473 103.88 98.69 5.19 0.00

Regardless of its basis, the overall effect of this link between the
extraction rate and the saturation concentration of magnesium is profound.
Operation at 373 K extracted approximately six times the amount of
magnesium extracted at 473 K, as in shown in Figure 4-38. At the same
time, under equilibrium-limited conditions, the quantity of magnesium
extracted is fixed, independent of the mass loading of the reactor —
comparing the degrees of extraction after 30 min at 423 K, the higher mass
loading factor in Figure 4-38 gave rise to 17% extraction versus 31% in

Figure 4-33.
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Figure 4-38. Degree of completion of magnesium extraction as a function of the
reaction temperature (as indicated in the figure) obtained from the dissolution of
thermally activated SWOL (PSD = 45-63 pm) under the saturated CO,-H,O

system, at Pco, = 100 bar, and 30 minutes reaction time.

Figure 4-39 shows aqueous silica concentrations in the effluent for
identical flow and reactor conditions. Similar to what was observed in
Figure 4-34, silica concentration profiles below/or at a reaction temperature
of 423 K were advanced in the vicinity of the amorphous SiO, equilibrium
solubilities that shown Table 4-7. Overall, the silica extraction rates appear
to follow the equilibrium-limited conditions. Nonetheless, as it is evidenced
by the identical dissolution profiles for reaction temperatures of 448 and
473 K, the concentration of silica in leachates declines progressively by
increasing in temperature. This attribute can be seen in the corresponding

cumulative silica conversion profiles as displayed in Figure 4-40.
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Figure 4-39. Silica concentration profiles for different reaction temperatures (as
indicated in the figure) attained from the dissolution of thermally activated SWOL
(PSD = 45-63 um) under the saturated CO,-H,O system, at Pco, = 100 bar, and 30

minutes reaction period.

From the results presented in Figure 4-34 and Figure 4-39, one may
perceive that the extraction rates of silica at temperatures lower than 423 K
depend only weakly on the mass loading factor and follow more-or-less the
equilibrium solubility of amorphous SiO,. On the other hand, above the
reaction temperature of 423 K, despite the increase in the solubility of
amorphous silica, it appears that the apparent silica concentration decreases
with increasing the temperature. This observation implies that at elevated
temperatures likely other mechanisms interplay/influence on the apparent
silica dissolution process rather than only the equilibrium-limited attribute.
On the basis of this observation, one may conclude that the silica extraction

is very sensitive to the reaction temperature.
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Figure 4-40. Degree of completion of silica extraction as a function of the reaction
temperature (as indicated in the figure) obtained from the dissolution of thermally
activated SWOL (PSD = 45-63 um) under the saturated CO,-H,0O system, at Pco, =

100 bar, and 30 minutes reaction time.

In Figure 4-41 the molar ratio of magnesium-silica is plotted. Similar to
what was observed in Figure 4-36, the dissolution reactions do appear to
commence with the preferential release of magnesium — and then this trend

is transferred towards more stoichiometric at higher temperatures.
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Figure 4-41. Magnesium-silica molar ratio for experiments with different CO,
reaction temperatures (as indicated in the figure), obtained from the dissolution
profiles presented in Figure 4-37 & Figure 4-39, the dashed line represents the

stoichiometric dissolution.

4.4.1 Comments on the Experimental Results

It is worth noting that silica concentration profiles almost always proceed in
the vicinity of the equilibrium solubility of the amorphous silica;
nonetheless, no appreciable evidence for solid silica particles has been
found within the reactor or leachates. It is believed that the solubility of
silica is higher at elevated reaction temperatures than at ambient conditions;
thus, the silica compounds in the reactor effluent were expected to
precipitate at ambient conditions. However immediately after the reactions,
no evidence of silica condensation was observed within the reactor effluent.
The silica particles did grow within a few days (e.g., four days) and were

visible under TEM examination (see Appendix E); depending on ambient
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conditions, such as temperature this period may be different. Since the silica
dissolution profiles are typically tied within the equilibrium of amorphous
silica — the dissolution of silica appears to be equilibrium-limited. Certainly
no concrete comments regarding the governing kinetics can be extracted
from this behaviour of the curves.

In the present study, it appears that the extraction of magnesium generally
advances in accordance with the pseudo first order rate characteristic, such
as that shows in Figure 4-2. Nevertheless, the behaviour of the curves seems
to change to apparent zero-order reaction rates as the concentration profiles
proceed in the supersaturated region. This apparent change in the form of
the curves (under supersaturated conditions) is attributed to the equilibrium-
limited behaviour'. Although relatively less soluble magnesium carbonate
polymorphs might be present under the reaction conditions, no evidence for

solid magnesium carbonate was observed within the leachates or the reactor.

4.5 Effect of Fluid Residence Time on the

Extraction of Magnesium and Silica

Reactions at mineral-water interface are greatly influenced by transport
properties of the system. The alternation process at reaction interface varies
on the basis of the rate at which transport of solute away from the reaction
zones. Under different volumetric flow rate circumstances, the solution
might approach its thermodynamic saturation limit. Previous studies (e.g.,
Weyl, 1958) revealed that in the solid-liquid system at given conditions the
rate at which saturation (with respect to a particular phase) is reached
depends on the flow velocity of the aqueous phase and the size of the pore
spaces. Holland (1978) expressed a variety of plots which denoted that, the
concentration of dissolved elements in river waters changed inversely with
the overflow conditions. Holland (1978) justified that these changes are
indicating to insufficient chemical reaction rates, which would offset the
shorter contact times with rocks. Lasaga (1984) proposed that the rate law

must be corrected for the effect of chemical interaction rates as a function of

' The equilibrium dependence of the rate is likely correlated with the equilibrium constant
as, Keq = Krorwara/Kreverse, therefore the rates tend to become constant and called as a
equilibrium-limited.
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flow rate for a given time and space in the locality. According to Nagy and
Lasaga (1992) and Nagy et al. (1991), the effect of flow rate is important as
the rates of dissolution and precipitation reactions are interfering each other
and varied as a function of saturation states.

In this section, experiments are described in which the reactor mass
loading factor has been varied by changes in the volumetric flow of water
and CO,. Apart from the flow rates, all other parameters were kept
according to the standard conditions: Pcoy = 100 bar, temperature of 423 K;
mass loadings 250 mg of the activated SWOL (PSD = 45-63 pum); mco, =
3.7 mol kg '. Results were analysed using quantitative ICP-OES. The total
volumetric flow rate and mass loading factors, as well as the corresponding
residence times of the reactive fluid in the reactor, were varied as presented

in Table 4-9.

Table 4-9. Summary of the mass loading factors, the total volumetric flow rates

and the residence times of the reactive fluid in the reactor.

Volumetric flow rate (cm3 min_]) T(8) Mass Loading Factor (min)
8.50 3.30 0.06
4.20 6.50 0.13
2.10 13.00 0.25
1.20 22.50 0.50
1.00 30.00 1.00

Figure 4-42 illustrates the results obtained for the concentration of

aqueous magnesium in the reactor effluent.
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Figure 4-42. Magnesium concentration profiles acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 pum) under the saturated CO,-H,O
system, at Pcop = 100 bar, T = 423 K, and 30 minutes reaction time, for the
indicated fluid residence times. The equilibrium solubility of magnesite was

calculated by using OLI-MSE under identical experimental conditions.

Figure 4-43 shows the corresponding cumulative extent of magnesium
conversion profiles, Xy, for different residence times. Ideally for
irreversible kinetics, the different curves in Figure 4-42 and Figure 4-43
should scale as the load factor or residence time. However, it is clear that
this is not achieved in these experiments with the concentrations
(Figure 4-42) tend to grouped around that corresponding to the equilibrium
solubility of MgCOs. Only at the lowest load factor are the concentrations
below the saturation value for all but the first few points. Doubling the load
factor sees higher concentrations emerging but not in proportion to the
change in load factor — accordingly, the extent of magnesium extraction

after 30 minutes decreases, by about 40%. As the load factor is further
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increased, the leachate concentrations change even less and the extent of
extraction falls relatively faster. The magnesium extraction rate from the
experiment conducted at the shortest residence time (3.3 s) is approximately
six times greater than for the experiment performed with the longest
residence time (30 s). At the lowest examined volumetric flow rate
(1 cm® min™") there is a relatively long transient before the concentration of
magnesium approaches a plateau value. This transient apparently arises
because the residence time of the fluid in this case (30 seconds) plus the
delay time in the delivery system becomes signficant relative to the
observation time. However, once the plateau is reached, the effluent
concentration remains remarkably steady at 0.035, 1.8 times the calculated

sauration value.
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Figure 4-43. Degree of conversion of magnesium acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 pum) under the saturated CO,-H,O
system, at Pcop = 100 bar, 7 = 423 K, and 30 minutes reaction time, for the

indicated fluid residence times.

116



Figure 4-44 illustrates the results obtained for identical flow and reactor
conditions for the silica concentration in the aqueous effluent and
Figure 4-45 shows the corresponding evolution for the degrees of
conversion, Xg;. In all cases the apparent concentration of silica in the
solution did not exceed the saturation limit (~0.01 molal the equilibrium
solubility of amorphous silica). At the highest volumetric flow rate the
concentration of silica shows a slight decay trend relative to the reaction
progress. However, at the lowest volumetric flow rate the concentration of
silica gradually increased and reached apparent steady state conditions in

the vicinity of the thermodynamic saturation limit for amorphous silica.
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Figure 4-44. Silica concentration profiles acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 pm) under the saturated CO,-H,O
system, at Pco, = 100 bar, 7 = 423 K, and 30 minutes reaction time, for the

indicated fluid residence times.
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As expected the coincident fractional extent of silica conversions display
subsequent slower extraction rates for cases with the relatively lower
volumetric flow rates. However, with the higher volumetric flow rates, the
higher degrees of completion of silica extraction are achieved. The
extraction rate of silica is ~15 times greater for the experiment performed
with the highest volumetric flow rate compared with the one carried out at

the lowest volumetric flow rate.
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Figure 4-45. Degree of conversion of silica acquired from the dissolution of
thermally activated SWOL (PSD = 45-63 pum) under the saturated CO,-H,O
system, at Pcop = 100 bar, T = 423 K, and 30 minutes reaction time, for the

indicated fluid residence times.
In Figure 4-46 the molar ratio of magnesium-silica is illustrated. All the

curves indicate the initial preferential release of magnesium, with a

tendency towards dissolution stoichiometric, as the reactions progress. The

118



dissolution stoichiometric appears to be stabilised relatively faster within a

discernible rate for cases with the relatively higher flow rates.
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Figure 4-46. Magnesium-silica molar ratio for experiments with different fluid
residence times (as indicated in the figure), obtained from the dissolution profiles
presented in Figure 4-42 & Figure 4-44, the dashed line represents the

stoichiometric dissolution.

4.6 Effect of Varying the Mass Loading on the

Extraction of Magnesium and Silica

Another way to change the load factor is to change the mass loading of the
particles in the reactor. This approach has the advantage of not changing the
gross hydrodynamics in the reactor while at the same time allowing a wider
range of variation than can be achieved by changing the flow rate. In this
section, results are reported for a series of experiments in which the particle

loading has been varied from 25 to 1000 mg. The reaction conditions were
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otherwise standard: 7 = 423 K, Pco; = 100 bar, mcor, =3.7 mol kgfl,
volumetric flow = 2.12 cm® min”". Results were analysed using quantitative
ICP-OES. Table 4-10 illustrates the mass loading and corresponding mass

loading factor for each of the experiments.

Table 4-10. Summary of different mass loading factors for corresponding mass

loadings.
Mass Loading (mg) Mass Loading Factor (min)

25 0.03

50 0.05

100 0.10

150 0.15

250 0.25

500 0.50
1000 1.00

The experiments were carried out through the continuous flow system as it
was outlined in Chapter 3 under the saturated CO,-H,O system (mcoa
~3.7mol kg ). In this series of the experiments, the reactor was operated
according to a packed-bed configuration', consisted of stainless steel 3/8 "
Swagelok bulkhead union. However, as described in Chapter 3, this strategy
would not have any apparent significant effect on the kinetics implications
of the obtained data. It is worth to note that since the volume of the reactor
in this series of the experiment is larger than the standard reactor,
employment of the standard volumetric flow rate — resulting in the artefact
on the increase of fluid residence time to ~32 s.

Figure 4-47 shows results obtained under the identical flow and reactor
conditions for the magnesium concentration in the aqueous effluent.
Increasing the solids loading in the reactor has led to a higher concentration
of magnesium in the aqueous effluent and induced the system towards
saturation (with respect to the equilibrium solubility of magnesite).
However, this increase in leachate concentration is not consistent with the

order of increasing the mass loadings.

" It was experimentally observed that there was no apparent difference between the packed-
bed and fluidised-bed conditions used in this study.
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Figure 4-47. Magnesium concentration profiles for different mass loadings
acquired from the dissolution of thermally activated SWOL (PSD = 45-63 pum)
under the saturated CO,-H,0O system, at Pco, = 100 bar, 7= 423 K, and 30 minutes
reaction time. The solubility of the MgCO; was calculated by using OLI-MSE

under identical experimental conditions.

Figure 4-48 displays the corresponding evolution of the degrees of
magnesium conversion, shown as Xy, ;. The degrees of completion become
lower correlated with higher mass loadings. This effect can be clearly seen
through the comparison of the experiment with 1000 mg mass loading and
the experiment with standard mass loading (250 mg). The degree of
completion of magnesium is dropped by order of ~2 as a result of four times
higher mass loading. In addition, it appears that dissolution reaction
identical to 25 mg mass loading almost tends to stop after 30 minutes
reaction period. Overall, one may suggest that the overall conversion of

dissolution reactions is correlated with the available reactant (proton)
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concentration proportion to the abundant of the reactive surface area, where

it declines through higher mass loading conditions.
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Figure 4-48. Degree of completion of magnesium extraction for different mass
loadings obtained from the dissolution of thermally activated SWOL (PSD = 45-63
um) under the saturated CO,-H,O system, at Pco, = 100 bar, T = 423 K, and 30

minutes reaction time.

Figure 4-49 shows results obtained under the identical flow and reactor
conditions for silica concentration in the aqueous effluent. Figure 4-50
displays the corresponding degrees of silica completion as Xg;. Increasing
the solids mass loading in the reactor has led to a higher concentration of
silica in the aqueous effluent until the apparent concentration of silica
approached saturation limit of the amorphous silica. This attribute can be
seen clearly through the silica concentration profiles associated with the
higher mass loadings (i.e., 250 mg, 500 mg, and 1000 mg). The observed

level of saturation is in a good agreement with the solubility limit of
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amorphous silica. The corresponding degrees of completion of silica are

lower for higher mass loadings as expected.
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Figure 4-49. Silica concentration profiles for different mass loadings acquired
from the dissolution of thermally activated SWOL (PSD = 45-63 um) under the
saturated CO,-H,0 system, at Pco, = 100 bar, 7= 423 K, and 30 minutes reaction

time.
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Figure 4-50. Degree of completion of silica extraction for different mass loadings
obtained from the dissolution of thermally activated SWOL (PSD = 45-63 pum)
under the saturated CO,-H,0O system, at Pco, = 100 bar, 7= 423 K, and 30 minutes

reaction time.

Figure 4-51 shows the corresponding molar ratio of magnesium-silica. It

is apparent that all the reactions start with the initial preferential release of

magnesium — as reactions progress, ratios incline towards the dissolution

stoichiometric. Although the extraction of magnesium from the reaction

with 25 mg mass loading seems to be halted after 30

minutes, the

corresponding Mg/Si ratio indicates the extraction of silica continues.
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stoichiometric dissolution.

125



4.7 Summary of Results

The solubility of magnesium species in the aqueous phase reduces
proportional to increasing temperature; while, silica is relatively more
soluble at the elevated temperatures, and vice versa at the lower
temperatures. The silica dissolution is almost always tied to the equilibrium
solubility of amorphous SiO,. Nevertheless, no evidence of solid silica was
found within the reactor or effluent of the reactor, suggesting
dissolution/reprecipitation may proceed on the particle surface.

In the early stages, magnesium concentrations are limited by equilibrium —
there is some overshoot, but the actual concentration achieved are still tied
to the equilibrium behaviour. The magnesium concentrations achieved in
the leachate may fall below the equilibrium values, where the mass loading
factor is low and/or at extended reaction times. Although the magnesium
levels seem to be set by equilibrium, there is no evidence confirms the
formation of homogenous MgCOs throughout the system. Now the mystery
is reflected the equilibration mechanism — perhaps carbonates species
formed in/on the particles. The kinetic implications of the magnesium
extraction and subsequent potential surface phenomena are discussed in
Chapter 5. The counterparts between magnesium and silica extraction with

regards to the development of reactive interfaces are also debated.
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Chapter 5. Discussion of Results

5 Introduction

As outlined in the Chapter 1 several studies have been dedicated to
characterisation of the dissolution behaviour of both natural and activated
serpentine by using various chemicals and additives (Park et al., 2003, Park
and Fan, 2004, Teir et al.,, 2007, Teir et al.,, 2009, Van Essendelft and
Schobert, 2009a, Van Essendelft and Schobert, 2009b, Van Essendelft and
Schobert, 2010, FedoroCkova et al., 2012, Daval et al., 2013a). In the
present study, the extraction rates of magnesium and silica from thermally
activated SWOL under the CO,-H,O system have been measured under
different experimental circumstances, with a view to identifying the
underlying rate-limiting mechanisms, as reported in Chapter 4. The
equilibrium chemistry of the carbonic acid speciation plays a critical role in
controlling the reaction rates. It is believed that magnesium (as MgO in the
activated rock) is liberated by the protons associated with the carbonic acid

equilibria according to reactions (R 5.1 & R 5.2),

H,0(ag) + CO,(g) = HyCOs(aq) = HCOs (ag) + H' (aq) (R5.1)

MgO(s) + 2H (ag) = Mg**(ag) + H,O(I) (R 5.2)

while precipitation of MgCOs; is governed ultimately by the equilibrium of
the reaction (R 5.3),

Mg*"(ag) + COs* (ag) = MgCOs(s) (R 5.3)

this is known to be a complex process under hydrothermal conditions. If
such a precipitation occurs through the porous substrate within the particles,
diffusive transport of reactant and product (e.g., protons & magnesium) will

be further inhibited.
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In Chapter 4 the dependence of the dissolution kinetics on participating
elementary reactions is reported based on the concentrations of reactants
(i.e., Mg2+) in the effluent'. From these results, it is apparent that the
extraction rate of magnesium is greatly influenced by the equilibrium of
magnesium carbonate as the concentrations approach the corresponding
saturation limits. One implication that can be extracted is related to the
occurrence of in situ precipitation of carbonate phases through the porous
substrate of particles — this may reduce the permeability of the reacted
zones. On the other hand, it is worth noting that dissolution is a multi-step
process involving redistribution of components in a reaction zone by
diffusion and chemical reactions at the solid-liquid interfaces. These
changes facilitate the flux of active components across the reaction
interfaces. Oelkers and co-workers showed that in the aqueous solution the
surface chemistry of multi-oxide silicates is very different from that of
simple oxides (Oelkers et al., 2009). They further discussed that at acid
conditions due to the preferential metal exchange reactions the surface
contacting the fluid becomes enriched with silica. Several other authors
expressed the view that this surface transformation leads to the generation of
altered porous layers on the mineral surface (Hellmann et al., 2003,
Hellmann et al., 2004, Hellmann et al., 2015). Commonly the porous silica
layers eventually become thicker as dissolution proceeds (Morgan et al.,
1973).

Hence, it appears that the precise interpretation of the measured rates
requires studying both the effect of pH on the dissolution rate along with the
complex evolution of the reactive surface area. In this chapter, the
dependence of the measured kinetics on pH is examined with a view to
elucidating the underlying mechanism of the extraction of magnesium from
thermally activated SWOL under the carbonic acid system. In an attempt to
quantify the complexities of the reaction occurring at fluid-mineral
interfaces, the surface properties of the post leached particles are
investigated. As a result, some light is shed on the connection between the

measured kinetics and the evolution of the reaction interfaces.

' The implicit assumption is the measurable aqueous species are in equilibrium with
reactive surfaces and reflect the actual reactant that participating in rate-controlling steps.
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5.1 Kinetic Analysis

The kinetic implications of the extraction of magnesium in previous studies
focusing on the dissolution of forsterite and serpentine (e.g., Blum. and
Lasaga., 1988, Hanchen et al., 2006, Daval et al., 2013a) were explained
through the normalising of the experimental dissolution rates versus the
measured pH. The majority of the available data in the literature have been
in agreement with the reaction order of 0.5 for hydrogen ions — it is
presumed that the surface concentration of protons stems from their
adsorption on a surface and the likely role of silica layers in the rate-
controlling mechanism are not considered. However, several changes in the
reaction mechanisms may occur as the pH varies; including the changes in
the chemistry, structure, and transport properties of the leached silicate
surfaces.

One can only infer the nature of magnesium silicates dissolution under the
acid conditions is the preferential removal of the magnesium cations from
the reactive surface area coupled with proton consumption (as discussed in
Chapter 2 and shown through the thermodynamic simulations in Chapter 3).
In addition, reviewing the surveyed literature suggests that a rate law that
could explain underlying reaction mechanisms should consider both
physical and chemical properties of both fluid and solid (Nagy et al., 1991).

The dissolution rates of minerals can be interpreted within the framework
of the general rate law (as outlined in Chapter 2) that incorporates the
effects of temperature (Arrhenius behaviour, for the most kinetic reactions),
catalysing or inhibiting species, a variation of surface area, and reaction
affinity (Lasaga, 1998). Nonetheless, it should be noted that the general
form of rate law is applicable for a system with no limits for the interfacial
area between the reacting solid and the aqueous solution. Under the far-
from-equilibrium conditions (AG is large and negative) the rate of the
dissolution reaction is presumed to be independent of magnitude of the
chemical affinity. Hence, the dissolution rate would be a function of the
distinct reactive surface species (e.g., protons) and available interfacial area

between the phases.
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In the present study by consideration of dissolution under the proton
attack conditions along with the potential variation in the reaction interfaces,
the general form of rate law can be expressed according to equation (5.1) —
under the far-from-equilibrium conditions. In this equation, the change in
the reaction interface is presumed to progress as a function of the fractional

extent of conversion and shown as f(X).

Mg = ke Ea/RTCL  ceane f(X) (5.1

where k is an intrinsic rate constant, incorporates the controlling step in the
dissolution process, f(X) is a function of the amount of reactive surface
area, Cyreqctant 1S the bulk aqueous concentration of reactant, and n is the
apparent overall reaction order which incorporates both the equilibrium
isotherm for surface adsorption of the reactive intermediate and the surface
reaction order.

At this point, to appreciate the associated pH dependence and the
evolution of reaction interfaces — it is worth reviewing how the rate data are
extracted from the experiments, in the present study. The total rate of
extraction of magnesium is obtained directly from the measurement of the

reactor effluent concentration according to equation (5.2),

dNy,

TmMg = — dtg = Myqter X CMg (5.2)

dXug _ —1 dNug _ TuarerMWingCug 53

dt Nyl dt MoTrglo 2
dx m MW,

fag - water M g (5.4)

dt My  Yuglo M

in equations (5.3) and (5.4) the ratio 1,,4¢0r/M, is the inverse mass
loading factor, 7;;,! which is specific to a particular experiment. As

previously described, the initial mass fraction of magnesium in the sample is

130



Yuglo =24.8% in all cases. The dimensionless rate is related to the reaction

behaviour of the sample via the assumed form shown with equation (5.5),

dXpg

dt = Kreactant Cﬁeactantf(x) (5.5)

where k,oqctant 18 an intrinsic rate constant for the controlling step in the
dissolution process (containing also the particle size). We seek to identify
the functional form f(X) by equating the rate equation with the measured

rate in accordance to equation (5.6),

1 dXyg 1 MWy, Cug

kreactant- f(X) = (5.6)

Cleactant At Tm Yuglo Cleactant

According to the objective of this study, to evaluate the extraction rate of
magnesium, it is assumed that at the molecular level the kinetics of the
dissolution reaction are directly correlated with the exchange rate of the
protons absorbed into the Mg-O bonds in the activated mineral. This process
results in the transformation of solid species and the release of magnesium
cations into the solution. The concentration of this activated complex should
be proportional to the extent of proton adsorption at the surface of MgO

sites in a mineral matrix. For reaction controlled by proton attack, the

functional form f(X) is shown in accordance with equation (5.7),

1 dXy, 1 MWy, Cyg

5.7
AL T Yuglo | Cls (5.7)

Now, as discussed previously in Chapter 3, for given conditions of (T and
p), we know that it is approximately the case that Cp+ C,;,;, so the

kinetic plot behaves as,

L dXug
g dt

~ Kexpt- Cl\l/l-gn (5.8)
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where Ky, ! is a constant (incorporating equilibrium and experimental
properties) specific for the conditions of a given experiment. Therefore for

proton attack, to the extent that €y, varies, the experiments return useful

kinetic information regarding n and f(X). The bulk concentration of Cp+ is
determined as a function of pH (10™")% In the present study, experimental
measurement of the pH at the reaction conditions was not possible; hence,
the pH is calculated by using OLI-MSE Analyser Studio 9.2 (for the MgO-
CO,-H,0 system for the reaction sets of 2.8 to 2.11 as well as 5.2 & 5.3
including a large number of other magnesium species). Whilst the proposed
kinetic analysis is only valid for data related to the far-from-equilibrium
conditions’, it was employed to investigate the kinetic implications of all the
measured extraction rates of magnesium, presented in Chapter 4.

Figure 5-1 shows the experimental conversion rates of magnesium
computed by using equation (5.3) — Figure 5-2 and Figure 5-3 illustrate the
shape of the rate function f(X) on the basis of the normalised experimental
conversion rates of magnesium by half and first order proton dependence,
respectively. In these figures points obtained under conditions which the
magnesium concentration is below its expected equilibrium value are
represented by open symbols; whereas, supersaturation conditions are

represented by filled symbols.

1 1 MWMg

g — L
expt Ch+Chg ™m  Ymglo

* This strategy provides the active concentrations of proton with reference to solution
composition corresponded to specific experimental conditions.

? Far-from-equilibrium & near-equilibrium conditions identical to the undersaturated
conditions.
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Figure 5-1. Experimental conversion rates of magnesium plotted against the
fractional extent of magnesium extraction, for all the experiments, covering
different reaction temperatures from 303 to 473 K, pressures from 10 to 160 bar,
mass loadings from 25 to 1000 mg, particle sizes from 20 to 180 um, and residence
times from 3.3 to 30 s. The filled symbols (M) indicate conditions saturated with
respect to the solid MgCO; formation; unfilled symbols () indicate under

saturated conditions.
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Figure 5-2. Experimental conversion rates of magnesium normalised by the local
equilibrium proton concentration (n = 0.5) plotted against the fractional extent of
magnesium extraction, for all the experiments, covering different reaction
temperatures from 303 to 473 K, pressures from 10 to 160 bar, mass loadings from
25 to 1000 mg, particle sizes from 20 to 180 um, and residence times from 3.3 to
30 s. The filled symbols (™) indicate conditions saturated with respect to the solid

MgCOs; formation; unfilled symbols () indicate under saturated conditions.
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Figure 5-3. Experimental conversion rates of magnesium normalised by the local
equilibrium proton concentration (n = 1) plotted against the fractional extent of
magnesium extraction, for all the experiments, covering different reaction
temperatures from 303 to 473 K, pressures from 10 to 160 bar, mass loadings from
25 to 1000 mg, particle sizes from 20 to 180 pum, and residence times from 3.3 to
30 s. The filled symbols (M) indicate conditions saturated with respect to the solid

MgCOs; formation; unfilled symbols () indicate under saturated conditions.
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Comparing Figure 5-1 with Figure 5-2 and Figure 5-3 confirm that
correlations of the undersaturated data have improved by incorporating the
proton concentration dependence— it can also be seen that the undersaturated
data are more tightly clustered with n = 1. In order to investigate the
reaction order with respect to protons as a reactant — the relative standard
deviations of the unsaturated normalised experimental rates at Xj, ~0.25
versus the values of n are plotted, as shown in Figure 5-4. The scatter in the
data is minimised in the vicinity of n equal to 1 to 1.25 — thus, in the current
study it is presumed that n = 1 which appears to give the best overall

representation of kinetics.
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Figure 5-4. Relative standard deviations of the normalised curves at Xy 4 ~0.25 for
experiments proceed at undersaturated conditions plotted versus the order of the

protons.

Here it is worth to remind that dissolution rates typically depend on

surface speciation. The dissolution reaction under acid conditions needs
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protons, which come to be bonded to the surface oxides ions and weaken the
critical bonds; therefore, detachment of the metal species into the solution
results — the consumed protons replaces the metal ions, leaving the solid
surface and thus maintaining the charge balance (Furrer and Stumm, 1986,
Stumm and Wollast, 1990). Under steady state conditions, one may
generalise that the original surface sites are regenerated completely after the
detachment step (under the assumption that surface protonation equilibria
are maintained and kept constant by the solution pH). The adsorption
isotherms of the protons indeed have been found to be sufficiently faster
than the detachment of the metal species (Hachiya et al., 1984); hence, it
can be presumed that the concentration of protons at the surface is in
equilibrium with the solution. As explained in Chapter 2, throughout several
past studies that investigated dissolution of crystalline mixed oxides (like
forsterite) the value of n (apparent overall order of reaction that could be
related to the equilibrium isotherm and/or to the reaction kinetics) has been
interpreted typically between 0 and 0.5. However, current observation
suggests n should be equal to one — this discrepancy may reflect the fact that
thermally activated serpentine contains amorphous-like structure rather than
crystalline.

Observation of Figure 5-3 indicates that while there is a significant scatter,
the data for undersaturated conditions are clearly clustered and show a
common trend — here it must be remembered that the experimental
conditions cover a vast range of conditions as described in Chapter 4. In this
context, the correlation of the rate data is quite remarkable and suggests the
existence of a relatively simple, unifying rate behaviour. In contrast to these
data, the data for supersaturated conditions are clearly distinct,
corresponding to the fact that the rate in these cases is strongly influenced
by the equilibrium transport capacity of the aqueous phase. Under some
circumstances (e.g., Figure 4-2), the early (low X) extraction conditions are
supersaturated but the rate soon falls below the saturation limit — it is these
cases that produce the filled symbols in Figure 5-3 that follow the general
trend of the undersaturated data. This suggests that the demarcation between
saturated and undersaturated conditions is not precise, perhaps because of

kinetic effects; or because the degree of supersaturation needed to induce

137



kinetic effects (such as precipitation of carbonate in the pores) is not
precisely defined; or because the equilibrium saturation conditions predicted
by OLI-MSE are not exact.

In order to investigate the rate-controlling step for conditions not
influenced by equilibrium (unsaturated), the average trend of the rates for
undersaturated conditions are compared to standard rate equation models for
the reaction of solids of constant external size in Figure 5-5. The models
considered are volumetric reaction control, shrinking core with chemical
reaction control, and shrinking core with product layer diffusion control.
Table 5-1 shows the form of the rate function (f(X) in equation (5.7)). For
the purposes of this comparison, the experimental conversion range is

rescaled so that complete conversion (Xpparens = 1) is taken to occur at the

measured conversion value of X = (0.7 — this is consistent with the ultimate
level of extraction achievable in the experiments and the fact that the rate of
extraction goes to zero at this measured conversion level. Furthermore, in
order to facilitate the comparison with the data, the model curves are scaled

to coincide with the mean experimental rate at Xgpp,qrent = 0.2.

Table 5-1. Forms of the rate function based on the rate equation models, i.e.,
volumetric reaction control, shrinking core with chemical reaction control, and
shrinking core with product layer diffusion control, adopted from (Levenspiel,

1999). The C,pnstant for the presented models are provided in Appendix G.

Model Equation
. . dXMg
Volumetric reaction control It = (1 —X) X Ceonstant
Chemical reaction control TM‘Q = (1=X)?"3 X C,onstant
dXMg _ Ceonstant

Product layer diffusion control it ((A-x)5-1

Comparison of the mean kinetic curve with the predicted profiles using
the employed models indicates that the product layer diffusion model
captures the overall experimental trend while the other models are clearly
inappropriate. Considering the product layer diffusion shrinking core model

control, the measured rate under some undersaturated conditions (e.g.,
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Figure 4-47), at relatively low X, is lower than expected — this might
indicate a poor model match. However, it could also be due to time
constants of the measurements and of the mixing conditions in the reactor; it
could also result of a limited supply of protons, either because (a) the
carbonic acid equilibria are not being maintained at high rates occurring
here or (b) external mass transfer limitations.

The value of C.opstane 1n Table 5-1 for product layer diffusion control

varies with particle size as 1 / 2 and results obtained with different particle

sizes would not be expected to fall on a common curve in plots such as
Figure 5-3. In fact, the results presented in Figure 4-11 and Figure 4-12
indicate that the reaction rates appear to not depend on the external surface
area of the particles, even as the particle size was varied within a factor of
nine. This is an unexpected result and quite inconsistent with a shrinking
core model. One complicating factor in the data presented in Figure 4-11 is
that the initial reaction gave rise to saturated effluent and that deposition of
MgCOs in the pores of particles may have determined the subsequent
kinetics results. It is noted, however, that as the extractions continue to
undersaturated conditions, the rates follow in a consensus of the clustered
undersaturated data.

It is clear that product layer diffusion can not control the kinetics of the
overall reaction in its simplest form as expressed in Table 5-1 because of the
observed lack of sensitivity to particle size. Of the models in Table 5-1, only
volumetric reaction (i.e., fast diffusion throughout the particle) would be
expected to proceed independently of particle size. However, the kinetic
form for this model matches the data very poorly, as shown in Figure 5-5.
An alternative model is a diffusion-plus-reaction mechanism suggested by
Pigford and Sliger (1973) for the reaction between a gas and solid. In this
model, a particle of solid is presumed to be made up of many spherical
particles of solid active reaction sites similar to the grain model introduced
by Szekely and Evans (1970). According to the diffusion-plus-reaction
mechanism theory, the reactant must diffuse through the pores separating
the sub-particles and react with their surfaces. The rate of reaction is likely

dictated by the thickness of a solid reaction product that forms on the
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surface of the sub-particles. The product layer thickness is, in turn,
determined by the whole time history of the local concentration of the
product. Hence, one may postulate that under various particle sizes the
composite particles reacted with the same extent of reaction where
principally the reaction rate has been controlled either by the diffusion of
reactant (e.g., protons) through the pores between the grain and/or by
diffusion through the developing layers of the reaction product. The
dependence of the rate on particle size in this model depends on the balance
between diffusion and reaction, but mixed control does significantly reduce

the sensitivity to particle size.
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Figure 5-5. Average trend of the rates for under saturated conditions plotted versus

the apparent conversion — compared with the rate equation models presented in

Table 5-1 as indicated in the figure.
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In this regard, it is worth to note that the correct form of kinetics
correlation almost certainly does not exist since the particle size and
morphology are changing significantly as the dissolution reaction is
progressed. In the context of mineral dissolution, it is important to
understand which part of the reaction interfacial zone (inner vs. outer
interface) plays the major role in the rate-limiting process. Scanning
Electron Microscopy (SEM) is used to visualise the unreacted particles
along with the post-leached particles attained from the standard dissolution
conditions, as shown in Figure 5-6. Despite the average mass loss of ~37%
during the 120 minutes dissolution reaction (as shown in Table 4-1), the
external shape of the particles appears not to change dramatically
corresponding to the measured mass loss. The ~37% mass loss that occurred
during the dissolution experiments would correspond to ~15% change in the
particles diameter at constant density. In fact, this observation suggests a
significant restructuring should occur within the particles as they react.

Observation of Figure 5-6 (c¢) indicates that a cluster of secondary phase
partially covers the surface of the reacted particles. Furthermore, the crystal
structures of residual solids attained from the standard dissolution reactions
were examined by X-ray diffraction analysis (see Appendix E); results show
no appreciable changes occurred regarding crystal structure of the residual
solids. Indeed, this observation suggests the generated surface layers are
either very thin or may comprise an amorphous phase. The BET
measurement for the overall surface area of the post-leached particles'
indicated that the overall surface area increased by ten-fold compared with
the unreacted material (see Appendix H), indicating the surface of the post-
leached particles become relatively permeable. This quality of the surface of
particles has been attributed through a number of prior studies with the
dissolution-reprecipitation mechanism, in which silica species first dissolve
and then reprecipitated on the mineral surface — this is also indicated
through the measurement of the chemical composition of the reacted
particles by using SEM-EDS technique for different reaction times, as

presented in Appendix E. These results show that as the reaction progresses

' Acquired from the standard reaction conditions for a period of 30 minutes reaction.
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the corresponding solid residues become depleted in magnesium, but still
relatively rich in silica.

In this respect, Hellmann et al. (2012) on the basis of TEM examination of
reaction interfaces for a range of hydrolysed silicate minerals suggested that
the surface layers must be permeable to inward and outward fluxes of
solution and product species, respectively. On the other hand, Daval et
al. (2011) discussed that during the carbonation reaction of olivine, surface
reaction layers generated by dissolution-reprecipitation mechanism are first
permeable and eventually become passivating with further progress of the
reaction. In this regard, Cailleteau at al. (2008) suggested that the sharp
reduction in the dissolution rate of silicates with time, arises from the
densification of the outer layers of the alteration film, perhaps leading to
pore closure in the reaction interfaces.

Considering the surveyed literature, under the undersaturated conditions
(not affected by equilibrium solubility of magnesite) dissolution mechanism
may be eventually influenced by the evolution of the surface reaction layers.
However, it must be noted that the activated material used in the present
study is not crystalline — may not follow the same dissolution pathways as
the crystalline silicates. In the context of a grain dissolution model, as the
dissolution of the activated sites (e.g., MgO) on the particle surface is
progressed, this process may generate internal branches that contribute to
the development of surface area — nonetheless at the same time the saturated
dissolving silica species is still able to reprecipitate on the reaction surfaces
and result in clogging the generated pathways. Therefore, the controlling
reaction interfacial zone could be related to the internal interfacial area

or/and the external particles surface area.
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Figure 5-6. Scanning electron micrographs of, (a & b) unreacted heat-treated
SWOL (2 hours, 900 K), (c & d) post-leached particles obtained from dissolution
reaction conducted under the saturated CO,-H,O system, at Pco, = 100 bar, 7= 423

K, and 120 minutes reaction time. At higher magnification precipitation of
secondary clusters on the mineral surface is apparent. Images obtained using Zeiss

EVO/Qemscan instruments at an acceleration voltage of 15 kV.
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5.1.1 Evidence for Role of Bicarbonate Ion

In the previous studies, it has been suggested that the dissolution reaction
may be promoted by the presence of the bicarbonate ligands (Olsen and
Rimstidt, 2008, Daval et al., 2013a). If the ligand-promoted and proton-
promoted dissolution reactions occur in parallel; henceforth, the overall
expression rate can be expressed in accordance with the sum of the organic-
free rate and organic-promoted rate (Wogelius and Walther, 1992). Thus, in
order to obtain the kinetics implications under conditions that the
controlling reactant are bicarbonate ions — the possible role of bicarbonate
ions as reactants is examined by applying equation (5.6). As noted in

Chapter 3, Cycoz- = 2 Cyy, and thus the kinetic plot behaves as,

1 dXyy .
’ ~ Kexpt' Cu ! (5.9)
CgCO3_ dt 7

if the apparent order is g = 1, then the kinetic analysis returns a constant
value for k. f(X) for any run — indeed this equation contains no kinetic
information whatsoever. The implication that can be extracted from a
constant value for k.f(X) is the method of analysis, is invalid when
Creactant X Cyg — since the functional form of f(X) is actually determined
by the nature of the reaction, and it cannot be a constant. This attribute can
be seen through the shape of the rate function normalised by the first order
bicarbonate, as shown in Figure 5-7; where the data obtained under
conditions that the magnesium concentration is below its expected
equilibrium value are represented by open symbols; while, supersaturation
conditions are represented by filled symbols.

Despite a few scatter data for specific experiments (e.g., mass loading
factor < 0.06 min), the normalised curves return to almost constant —

essentially it is a pre-ordained result that contains no kinetic information.
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Figure 5-7. Experimental extraction rates of magnesium normalised by the local
equilibrium bicarbonate concentration plotted against the fractional extent of
magnesium extraction, for all the experiments, covering different reaction
temperatures from 303 to 473 K, pressures from 10 to160 bar, mass loadings from
25 to 1000 mg, particle sizes from 20 to 180 um, and residence times from 3.3 to
30 s. The filled symbols (A) indicate conditions saturated with respect to the solid

MgCO; formation; unfilled symbols (A) indicate under saturated conditions.
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5.1.2 Summary and Significance

The remarkable consensus of the rates for undersaturated data under the
proton attacked conditions signified that the extraction rate of magnesium is
more-or-less proportional to the bulk equilibrium proton concentration in
the solution. In addition, the convergence of the undersaturated curves
implied that the activation energy linked to the rate law is almost negligible
(indicated through the clustered curves for experiments with different
reaction temperatures). Also, the calculation of apparent activation energy
points to the similar conclusion (see Appendix F). The mean trend of the
rates is also seen to be relatively in good agreement with the shrinking core
product layer diffusion control model. However, further comparison of the
rates acquired from variable particle size indicates a need for a more
complex model, such as the grain models that can explain nonlinear reaction
rate while also having little dependence on the particle size. This holds true
for most of the cases that the build-up of the reaction products insides the
reaction interfaces reduces the driving force, or the accumulation of a
reaction product increases the interdiffusion resistance. In the upcoming
sections, the implications of silica dissolution rate along with the effect of
partially saturated and fully saturated conditions on the extraction of

magnesium are discussed.

5.1.3 Associations of the Silica Dissolution Rates and

Alteration of the Reaction Surface Layers

In the context of magnesium silicate dissolution, through the vast majority
of experimental studies, silicate dissolution rates have been determined
under conditions of far-from-equilibrium. Under such circumstances,
dissolved silica concentrations have no effect on dissolution rates.
Moreover, equilibrium calculations through thermodynamic packages
usually do not allow for the influence of a silica-rich layer on the overall
silicate dissolution rates, with silica being treated as individual, separate
phases. The assumption of dissolution at far-from-equilibrium is implied
that at given experimental conditions, saturation of the dissolved elements in

the fluid is not influenced by the silicate mineral dissolution reaction rate (as
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the Gibbs free energy of the system not approaching the equilibrium). As a
result of these factors, the existence of silica-rich layer has been dismissed,
or it has been concluded that any such layers must be highly porous.
Correspondingly, conclusions regarding the rate-limiting steps did not
include processes at the silicate/water interface. However, according to the
recent experimental studies conducted by Hellmann et al. (2012) and Daval
et al. (2013b), these assumptions are not always correct; and the effect of
silica reactions on the dissolution rates should be considered more
accurately. Hellmann et al. (2012) suggested that silica surface layers
formed on the mineral surfaces could be correlated with the elevated degree
of hydration of the dissolving surface. They further explained that the
properties of the fluid including pH, bulk fluid saturation level, chemical
composition, and the reaction temperature are vitally influenced the final
thickness of the polymerised silica on the mineral surface. According to
Iler (1979), the solubility of the silica is influenced by several orders of
magnitude by incorporation of foreign ions, particularly Al, and Mg.

During the hydrolysing reaction of magnesium silicates, as a result of
proton exchange and breaking of the Mg-O bonds depending on the mineral
structure, a SiO-H bond can be released as an aqueous silica species, as
described in the surveyed literature in Chapters 3. It is possible that the
separated Si(OH) groups rapidly link to the parent mineral and generate a
silica network, or form colloidal silica particles and then liberated along
with the magnesium compound into the aqueous phase.

According to solubility predictions provided by OLI-MSE at relatively
lower temperature, the decrease in the solubility of silica causes increasing
supersaturation that leads to an increase in the precipitation rate — this
phenomenon is consistently observed in the current study through the
particles growth from the leachate (see Appendix E). At elevated
temperatures, the solubility of the amorphous silica increases, meaning the
higher amount of aqueous silica compounds can be released in the solution.
On the other hand, the increase in the local pH associated with extraction of
magnesium also may give rise to the condensation of silica compounds. The

final effects of all these parameters on silica reaction rates can be
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transformed to the extraction rate of metal cation, as a result of dynamic
change in thickness of the silica layers on reactive surfaces.

In the present study, the extraction rate of silica is observed to be
relatively fast compared with what is estimated for the dissolution rates of
vitreous silica. Almost all the measured rates for silica proceed in the
vicinity of the equilibrium solubility of amorphous silica, except those
related to elevated reaction temperatures, i.e., higher than 423 K (e.g.,
Figure 4-34, and Figure 4-39), and low mass loading (e.g., 25 & 50 mg) as
shown in Figure 4-49. The saturation of silica in the aqueous leachate
implies to the possibility of precipitation of the released silica compounds
on the reaction interfaces during the reactions.

According to Putnis (2002), the transformation of the porous substrate and
subsequent densification of the generated surface layers is variably
depending on the relative amount of the phases dissolving and precipitating.
Thus, the overall thickness of the silica layer at any point during the
experiment should essentially be a function of the amount of silica released
into the solution. Hellmann et al. (2012) further suggested that nanoscale
surface evolution can potentially have a retarding effect on the progress of
the chemical weathering process. Based on their diffusion model, they
stated that the interdiffusion mechanism is inconsistent with the moderate to
thick surface layers. This inconsistency introduced a step-like jump in cation
concentration through the depth of the altered zone. In this study, the exact
details of the physical processes concerning the generation of the surface
layers were not investigated. However, the thickness of the silica-rich layers
appears to increase with the progress of the reactions. The declining trend of
the normalised rates for undersaturated experiments in Figure 5-3 reflects
how the dissolution reaction slows as magnesium is extracted — one possible
explanation could be correlated with an increase in the thickness of silica-
rich layers either on the internal reaction pathways or on the outer surface of
the reacting particles. Hellmann et al. (2015) also discussed that in the
mineral-fluid reaction the hydration rate of the pristine mineral reduces
proportionally to the progress of the dissolution reaction.

At relatively elevated temperatures, despite the competing effect of silica

solubility, higher reprecipitation of silica species on the reaction interfaces
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may contribute to the observed reduction in the silica extraction rate (e.g.,
Figure 4-34, and Figure 4-39). If such rapid reprecipitations occur, it may
restrict the fluid pathways — however there is no concrete evidence available
in the present study. Observation of Mg:Si ratios show that in almost all the
cases reported in Chapter 4, dissolution reactions are initially incongruent,
and then eventually continue towards the vicinity of the dissolution
stoichiometric. At the elevated reaction temperatures; however, it seems the
congruent dissolution is established (e.g., Figure 4-36 and Figure 4-41)
relatively faster, which suggesting extraction of magnesium and silica
proceeded with a more-or-less similar rate. The associated changes to the
reaction interfaces of silicate minerals relative to temperature have been
attributed in past studies (e.g., Petit et al., 1987). Petit et al. (1987) observed
that hydrogen ion penetration depth on the surface of diopside reacting in an
acidic solution is reduced for samples hydrolysed at elevated temperatures.
Overall, it appears that the interfacial changes are strongly related to the
parallel extraction of silica with magnesium and the subsequent

reprecipitation of silica through the reaction interfaces.

5.1.4 Influence of Partially Saturated Conditions on
Extraction Rate of Magnesium and its Association with

Reaction Interfaces

As reported in Chapter 4, and also as the discussion above in relation to
kinetic analysis presented in Figure 5-3, some data were obtained under
partially saturated conditions (e.g., Figure 4-2, Figure 4-11, and
Figure 4-16) in which an initially (super)saturated product stream gives way
to undersaturation. It is possible that the kinetics observed under these
circumstances should not be compared with those where bulk saturation is
not seen at any stage — however as the extraction continues under
undersaturated conditions, the kinetics do clearly follow the clustered trend
for completely undersaturated extractions. In order to further investigate this
phenomenon, the dissolution profile at the so-called standard conditions
which started above the saturation limit of magnesite and continued within
the undersaturated conditions is considered. The initial nonstoichiometric

quality of the dissolution profile is apparent through the observation of the
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measured rates, as presented in Figure 4-5. Brantley (2008) discussed that
during the hydrolysing of silicates, the stoichiometric ratio potentially
provides critical information about the alteration process of the silica layers
on the reactive surface area. The more rapid release rate of the cations (e.g.,
magnesium) compared with silica commonly leads to the production of a
leached layer on the mineral surface. This phenomenon is reported by many
authors, such as Weissbart and Rimstidt (2000), who investigated
wollastonite dissolution rate in acid solutions (pH in a range of 2 to 6) using
a mixed flow reactor.

The Scanning Electron Microscopy coupled with the Energy Dispersive
analysis (SEM-EDS) technique has been employed to examine the
development of reaction layers and the composition of the post-leached
grains obtained from standard dissolution conditions. The leached particles
were embedded in an epoxy mould, cut and polished to allow for a cross-
sectional view of the leached surface of the grains. Finally, all samples were
carbon-coated with a thickness of 20-25 nm and analysed using scanning
electron microscopy (SEM) in backscatter mode' to assess the
compositional phases, along with energy dispersive spectroscopy (EDS) to
measure the chemical composition. Figure 5-8 and Figure 5-9 demonstrate
SEM images and the qualitative EDS analysis for the unreacted and post-
leached particles, respectively. According to this analysis, the unreacted
material has a uniform composition corresponding to unreacted thermally
activated serpentine. However, zones closer to solid-fluid interfaces for the
post-leached particles are relatively depleted in magnesium cation, and
correspondingly enriched in silica. At the centre of the particle, the
composition is seemingly unchanged from that found for the unreacted
particles. It is noteworthy here that magnesium concentrations remained
appreciable throughout the particles, which clearly suggests that the
classical shrinking-core model with the rate controlled by product diffusion

is indeed not the correct model for the rate of magnesium extraction.

" BSE (Secondary electrons are low energy electrons (< 50 eV) emitted due to the inelastic
collisions between the beam electrons and the specimen electrons) was used to detect
compositional differences, if the differences arise from a change in the atomic number.
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In addition, spectrum (c) in Figure 5-9 provides additional evidence for
the deposition of carbonate species close to the solid-fluid interfaces.
Nevertheless, no apparent changes in the XRD profiles of the reacted
particles were found (expect some apparent growth in the shoulder at 20
~60°, which certainly are not related to MgCQO;, as presented in
Appendix E) suggesting that carbonate species could be deposited within an
amorphous phase. Such a deposition may likely further impact the progress
of the dissolution reaction by blocking the porosity and reducing the
permeability features of the reaction/diffusion zones. On this basis, it is
therefore plausible to postulate that the deposited carbonate phases in
between the silica network may generate an apparent physical disjunction
through the reaction interfaces — which could be responsible for the
observed inconsistency in the normalised rates in the vicinity of the

equilibrium, as shown in Figure 5-3.
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Figure 5-8. SEM micrograph (backscattered electron) and the corresponding EDS
spectrums (a, b, and ¢) indicating to the elemental compositions of a polished
section of an unreacted grain of activated SWOL (900 K, 120 minutes), attained by
using Zeiss EVO/Qemscan instrument integrated with Oxford Instruments AZtec.

There was no compositional gradient detected as indicated by EDS spectrums.
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Figure 5-9. SEM micrograph (backscattered electron) and the corresponding EDS
spectrums (a, b, and c) pointing to the elemental compositions of polished section
of a post-leached grain (activated SWOL reacted under saturated CO,-H,0 system
at Pco, = 100 bar, 423 K, 120 minutes), attained by using Zeiss EVO/Qemscan
instrument. The darker outer-interface was relatively rich in silica as indicated by

EDS spectrum (c).
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5.1.5 Influence of Highly Saturated Conditions on Extraction

Rate of Magnesium

Figure 5-3 demonstrates the influence of saturation on the rate of
magnesium extraction' — as the degree of saturation increases, the extraction
rate is highly suppressed (as indicated in Figure 5-3 by filled symbols). The
effect of equilibrium appears across a broad range of the experimental
conditions in Chapter 4 (e.g., relatively high mass loading in Figure 4-47).
The relation between equilibrium and the fractional degree of magnesium
extraction can be most directly seen through the experiments with variable
mass loadings, as shown in Figure 5-10. In fact, it should be noted that the
presented values for the degree of saturation in Figure 5-10, likely point to
the typical heterogeneous saturation index rather than the homogeneous
saturation of MgCOs — since the saturation index of pure magnesite in the
solution is expected to hold a higher value. One may explain this
phenomenon could be related to the uncertainties in the OLI-MSE
prediction of the equilibrium solubility of magnesite, or it could be related
to the local saturation index in the porosity of the particles rather than the
saturation index in the bulk solution. Overall, the increase in the level of
saturation is directly correlated with the decrease in the fractional extraction
rate — this trend continues up to a point where the rise in saturation ratio
nearly plateaus, and then this effect transfers to the rate, also appearing to

follow with a more-or-less constant trend.

' At a selective degree of conversion of Xpg = 0.05.
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Figure 5-10. Variation of Cyg4/Cequitibrium at Xmg = 0.05, and Rate/Rate,
(Rate is related to the experiment with 25 mg mass loading) plotted against the

variation of reactor mass loadings in the reactor — corresponding to mass loading
factor from 0.03 to 1 min, as shown in section 4.6.

The slowest dissolution rate is, in fact, related to the highest mass loading
(1000 mg) for which the fractional conversion is almost ten times slower
than in the fastest case (25 mg). The inhibition effect of operating near
saturation is also apparent through the experiments with variable reaction
temperatures, as shown in Figure 5-11 and Figure 5-12. At reaction

temperatures higher than 373 K, the concentration of magnesium in the
aqueous leachate proceeds in the vicinity of the equilibrium saturation limit

of MgCO; — this corresponds to the progressive decline in the fractional

extent of magnesium extraction, as illustrated in Figure 5-12.
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Figure 5-11. Variation of Cyg/Cequitiprium at Xug = 0.05 plotted against the

different reaction temperatures for two sets of experiments with a constant mass
loading factor of 0.5 min, and variable mass loading factors from 0.14 to 0.29 min,

as shown in section 4.4.

At highly saturated conditions, the fractional extent of magnesium
extraction is ~9 times lower compared with the experiments carried out at
undersaturated conditions. As the dissolution reactions proceed at/or close
to supersaturated conditions, the reduction in the fractional extent of
conversion likely results from the decrease in the incentive driving forces
for further leaching of magnesium cations as the solution has already
become supersaturated with aqueous magnesium species — therefore
increasing the chance of formation of some stable magnesium carbonates.
However, no evidence for such homogeneous formation of carbonate

species has been found.
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Figure 5-12. Variation of Xy, (t = 1800 s) plotted against the different reaction

section 4.4.

temperatures for two sets of experiments with a constant mass loading factor of 0.5
min, and variable mass loading factors from 0.14 to 0.29 min, as shown in

Previous studies of forsterite carbonation (e.g., Giammar et al., 2005) have
also attributed the decrease

in the apparent aqueous magnesium
concentration is related to the phase transformation of the aqueous
magnesium compounds to stable solid magnesite. Similary, Mann (2014)
postulated that, under the carbonic acid system, the reduction in the
extraction rate of magnesium at relatively high-temperature conditions is
correlated with the phase transformation of aqueous magnesium to stable
solid carbonates. However in the present study, TPD analyses of the residual
solids after extraction at supersaturated conditions verified that the mass of
such carbonate is very small. On the other hand, the SEM-EDS spectra in

Figure 5-9 show a clear evidence of carbon (presumably as carbonate) near

the surface of the extracted mineral. In order to further evaluate this effect, a
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series of static dissolution experiments for residual solids acquired from the
experiments under supersaturated conditions was carried out using high
purity water under nitrogen at room temperature — since samples which had
not been leached gave up no magnesium under these conditions, it is
presumed that any magnesium entering the solution from leached particles
is in a more-or-less soluble form i.e., as magnesium carbonate species into
the porous substrate of particles. After the equilibrium period of 10 days,
analysis of the obtained leachate indicated that ~1% of the unextracted
magnesium content of the reacted particles under supersaturated conditions
was deposited in the form of magnesium carbonate species through the
porous substrate within the particles.

In order to extract a feasible conclusion from these observations, it is
worth reviewing the available literature in this context. Giammar et al.
(2005) conducted a series of batch experiments of acid digestion that
simultaneously exposed a reacting forsterite mineral with water, and a
supercritical CO, phase at pressures up to 100 bar and temperature up to
368 K. They observed that despite the highly saturated conditions, after a
period of 14 days magnesite precipitation was not achieved in the solution,
rather than discrete crystals associated with the forestrite surface. The
reluctance of magnesium carbonate to form in the solution can be attributed
to the strong hydration properties of small magnesium ions (Sayles and
Fyfe, 1973). Giammar et al. (2005) reported that the rate-limiting step in the
formation of magnesite in the solution is related to the initiation of the
nucleation process. The precipitation of the solid phase consists of the two
separate processes of nucleation and growth. Nucleation may occur
homogeneously in the solution or heterogeneously at the mineral-water
interface. This process is highly influenced by the degree of saturation of the
solution with respect to a particular phase (e.g., MgCOs); accordingly, many
authors (e.g., Nancollas and Purdie, 1964, Steefel and Van Cappellen, 1990)
stated that at supersaturation conditions, it would be theoretically possible
for precipitation to initiate and overcome of all the nucleation and growth
barriers.

In this regard, Nielson (1964) argued that the presence of a foreign surface

could be employed for greater control over nucleation, since the interfacial
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energy between a crystal nucleus and a solid substrate is usually lower
compared with crystal formation from the solution (Nielsen, 1964). Thus,
the formation of stronger bonds with those in the substrate compared with
the bonds of solvation is anticipated. Also, De Yoreo and Vekilov (2003)
explained that nucleation initiates through the formation of small nuclei of
the new phase, inside of the relatively larger volume of the old phase. At the
same time, the strength of bonding at the interface is highly dependent on
the structure and chemistry of the substrate surface (De Yoreo and Vekilov,
2003).

In the context of mineral-fluid dissolution, the development of porosity is
assumed to follow the dissolution-reprecipitation mechanism. This
mechanism may allow saturated fluids, with respect to certain phases, to be
transported through rock without crystallising until the branched porosities
are connected. According to Putnis and co-workers, the threshold saturation
state (Kp,) required for nucleation and growth in the bulk fluid is usually
higher than the fine porosities (Putnis et al., 1995, Putnis and Mauthe, 2001,
Mukai et al., 2014). Hence, increasing the saturation level induces
crystallisation/precipitation in fine porous media. In this respect, Daval et al.
(2009b) reported that during the carbonation process of wollastonite under
the carbonic acid system, due to the occurrence of in situ carbonation
products in the wollastonite-silica interfacial region along with generation of
carbonation coating on particles the reaction layers become passivating.
Kwak et al. (2011) investigated the reaction layers of the reacting forsterite
under a supercritical CO,-H,O system using TEM and NMR techniques.
Likewise, they reported that at the saturation conditions, a layer comprising
magnesite and amorphous silica is formed on forsterite reaction layers. The
rate-limiting feature of in situ precipitation of stable carbonate species
during the carbonation of forsterite has also been reported in other studies
(e.g., McKelvy et al.,, 2003, Andreani et al., 2009) where carbonation
products created a physical disjunction through the reaction interfaces.

Comparing the surveyed literature and the present experimental
observations suggests that, in spite of the relatively insignificant amount of
in situ carbonates precipitation on the residual solids in the reactor

(confirmed by TPD analysis), the nucleation of magnesite most likely
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occurs through the porous substrate under the supersaturated conditions. If
such reactions occur, it would be associated with a number of implications.
First, the plateau behaviour of the measured rates (identical to the
supersaturation conditions, such as those presented in Figure 4-37) is likely
attributed to the equilibrium of carbonation products deposited (as results of
both nucleation and crystal growth of carbonate phases) into the porous
substrate within the particles. In addition, at the saturation conditions the
deviation of the shape of the rate function f(X) from the proposed pH
dependence mechanism (as indicated by the filled symbols in Figure 5-3)
would be correlated with a physical interference — since in situ formation of
carbonates may likely render physical barriers through the reaction
interfaces. These effects would influence the properties of the reaction

interfaces and their corresponding volumes.

Structural Properties of Post-leached Particles

Studying changes in the properties (chemical and physical) of the mineral
surface is important for understanding the dissolution process. This
approach can potentially provide information about the alteration process
occurring throughout the reaction interfaces. The SEM-EDS technique was
used to visualise the solid particles and examine the chemical composition
of the particles surfaces. The post-leached products from the undersaturated
and supersaturated experiments were collected and air-dried. The solid
samples were mounted on an aluminium stud using double-sided sticky tape
and then carbon coated to a thickness of 20-25 nm. Backscattered electron
(BSE) images for the unreacted particles (thermally activated SWOL),
residual solid obtained from the experiment carried out at 373 K
corresponding to undersaturated conditions, and residual solids from the
experiment performed at 473 K corresponding to supersaturated conditions

are shown in Figure 5-13, Figure 5-14, and Figure 5-15, respectively.
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Figure 5-13. SEM micrograph (backscattered electron) and the corresponding EDS
spectrums indicating to the chemical compositions of the surface of a thermally
activated SWOL grain, attained by using Zeiss Ultra Plus instruments at an

accelerating voltage of 15 kV.
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Figure 5-14. SEM micrograph (backscattered electron) and the corresponding EDS
spectrums indicating to the chemical compositions of the surface of a post-leached
grain (activated SWOL reacted under Pco, = 100 bar, 7 = 373 K, 30 minutes)
corresponding to undersaturated conditions, attained by using Zeiss Ultra Plus

instruments at an accelerating voltage of 15 kV.

163



0
16000 3500 | Si
14000
3000 |
Mg
12000 Mg o
2500
10000 >
- ' 7000
& aoo0 8
1500 |
5000 c
[ 1000 |
4000
o ]
[ 1 2 3 1 5 [ 1 2 3 1 5
keV keV

Figure 5-15. SEM micrograph (backscattered electron) and the corresponding EDS
spectrums indicating to the chemical compositions of the surface of a post-leached
grain (activated SWOL reacted under Pco, = 100 bar, 7 = 473 K, 30 minutes)
corresponding to supersaturated conditions, attained by using Zeiss Ultra Plus
instruments at an accelerating voltage of 15 kV. The strong Mg and O signals
are associated with the product crystals (magnesite), whereas a strong Si and O are

related to the composition of the surface layer.
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Comparison of surfaces of the particles indicates that after the dissolution
reaction the surfaces were transformed into sponge-like structures,
containing various pores in a nanometre scale. This analysis once more
showed that the surface of the post-leached particles is relatively rich in
silica and depleted of magnesium. The surfaces of the particles under both
saturated and undersaturated conditions show cracks and opened etch pits.
The wundersaturated conditions produced relatively small etch pit
development, consisting of etch pits up to ~5 pm in diameter; no evidence
for surface precipitation of magnesite is noted. In contrast, the exclusive
surface feature of the particles reacted under the supersaturation conditions
indicates the occurrence of a new phase throughout its structure. Separate
crystals with a different chemical composition corresponding to magnesite
(high Mg and O signals) appear to have formed which seemingly become
entrapped through the silica layers. In addition, it appears that the shape of
newly growth crystals is very similar to the morphology of magnesite.
Under the supersaturated conditions deposition of carbonate phases through
the silica surface layers is also evidenced by the relatively higher carbon
spectrum in Figure 5-15.

Observations of these morphological alterations imply that the status of
saturation should significantly influence the overall volume associated with
the reaction interfaces of the particles. Hence, a series of porosimetry
analyses were carried out to evaluate the effect of saturation state on
reaction interfaces associated with the porosity of the substrates, as shown
in Table 5-2. These analyses were performed by using the multipoint BET
method'. In this method, N, adsorption and desorption isotherms were
measured at the temperature of liquid N, (77 K) by employing a surface area
analyser (Quantachrome Autosorb-1). The samples were degassed at a
temperature of 423 K for 12 hours under vacuum (~107> Torr) prior to each

analysis.

' The presented measurements were accurate up to +10%.
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Table 5-2. Summary of BET, porosimetry measurements of the surface area, total
pore volume and average pore size, and fractional degree of magnesium and silica
extraction for the unreacted mineral (thermally activated SWOL), and residual

solids obtained under the indicated experimental conditions.

Average
Material Surfegce_eltrea Total \3701111me Pore Size Xug Xsi
(m“g ) (em™g ) A
(A)
Unreacted” 11.96 0.02 69.45 - -
Partially 128.35 0.11 3430 028 0.12
Saturated
Saturated 90.78 0.07 32.15  0.17 0.05
Supersaturated 44.25 0.03 3139 0.06 0.03

“Activated SWOL (900 K, 2 hours)

“Post-leached Particles acquired from 30 minutes dissolution reactions at
Pco> =100 bar, and T = 423 K; mass loading factor of 0.25 and 0.5 min, for
partially saturated (Cyg = Coquiibrium) and saturated experiments (Cyg >

Cequlibrium): respectively.

stk

Post-leached Particles acquired from 30 minutes dissolution reactions at

Pcoz = 100 bar, and T = 473 K, mass loading factor of 0.5 min (Cygq >

Cequlibrium)-

This analysis shows that pore volume seems to be directly related to the
extent of extraction of magnesium and silica — this attribute can be seen
through the almost linear relation of pore development to the fractional
degrees of extraction of magnesium and silica, as shown in Figure 5-16. In
addition, the trend of pore development can be seen in the pore size
distribution curves presented in Appendix H. Under the supersaturated
conditions, reprecipitation of leached magnesium could inhibit the progress
of the reaction at the very early stages — which could result in the pores not
opening up.

On the other hand, under the conditions where the extraction of
magnesium appears to be relatively higher, (e.g., partially saturated
conditions), concurrent dissolution-reprecipitation of silica into the
generated reaction pathways may ultimately contribute to the blocking of
the porous substrate. Considering both scenarios, one may conclude that the

deposition of any carbonate phases at the initial stage of the dissolution
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reaction through the pore pathways or/on the reaction sites of the particles

can significantly influence the extraction of both magnesium and silica.

0.30
@ Magnesium ,’6
’I
/
I,
0.25 - /
,l
¢ Silica /’
/
4
4
l’
= 0.20 - J/
c ’/
.0 /
o /
o Q
> /
S 0.5 %
o ,/'
© J
c ’
9 / <
- 4
g /
/
= 0.10 H J
,I
/
4
/
4
4
. /
0.05 - '/ o
/
4
/o
/
4
4
0.00 O

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Pore Volume (cm3 g~)

Figure 5-16. Variation of particles pore volume plotted against the fractional
extent of magnesium and silica extraction for the experiments indicated in
Table 5-2, the dashed lines represent the linear least square curve fit showing the

correlation of magnesium and silica data points, respectively.

Combining these observations with the SEM images in Figure 5-15,
further supports the suggestion that the nucleation and growth of
magnesium carbonate species throughout the reaction zones are likely
responsible for the reduction in the extraction rates — possibly restricting the
interdiffusion of reactants and reaction products across the reaction
interfaces. In this study, in sifu determination of the associated carbonate
phases is not pursued. Nonetheless, the important lesson from the present
analysis is to distinguish the thermodynamic limitations between the

different dissolution regimes.
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5.2 Summary of Discussion

In the context of the mineral carbonation process, these observations
underline that the kinetics of magnesium extraction under the carbonic acid
system is very sensitive to equilibria involved in the system and highly
inhibited under the supersaturated conditions. Whilst one may emphasise
that the extraction of magnesium is favourable at undersaturated conditions
(far-from-equilibrium). The unification of undersaturated data normalised
by the local equilibrium concentration suggests that the reaction rate is
more-or-less proportional to the bulk concentration of the protons in the
solution. The declining trend in the undersaturated rates, which reflects how
the liberation of magnesium slows as the reactions progress, is likely
correlated with reconstruction of the reaction interfaces by reprecipitation of
silica species. The average form of the rate function appears to be in
agreement with the product layer diffusion control shrinking core model —
however the lack of sensitivity to particle size accounts as a strong contrary
evidence. Perhaps an alternative model should be similar to the grain
models that can describe nonlinear reaction rates while also having little

dependence on particle size.
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Chapter 6. Conclusions and
Recommendations for Future Work

6 Conclusion

The understanding of the dissolution characteristic of thermally activated
serpentine under the carbonic acid system is perceived to play a significant
role in the success of the serpentine-based mineral carbonation process. The
present study set to investigate the kinetics of magnesium extraction from
thermally activated serpentine under the additive-free carbonic acid system,
with a view to elucidating the underlying mechanism.

The equilibria in the carbonic acid system become more complex in the
presence of metal cations. The magnesium content of the activated mineral
is leached by the protons associated with the MgO-CO,-H,O equilibria. The
availability of protons is inhibited by the accumulation of magnesium in the
aqueous phase, as the extraction proceeds. Thus, the extraction of
magnesium from this system can be termed a self-inhibited process. From
the OLI-MSE thermodynamic modelling, it was found that this trend
prevails up to the saturation of the solution with respect to the equilibrium
solubility of MgCOs, beyond which there would be no change in the
equilibrium pH. The simulated reaction pathways in the MgO-CO,-H,O
system showed that under the standard reaction conditions (7' = 423 K and
Pcox = 100 bar), the predicted equilibrium molal solubility of magnesite is
Cmg ~0.0197 mol kg ™' and the corresponding pH is 5.3. It should be noted
that, from the surveyed literature, MgCO3 was considered as the most stable
carbonate phase forming in the MgO-CO,-H,0 system.

The detailed concentration profiles of the extraction rates for magnesium
and silica were measured using a continuous fluidised bed reactor under the
saturated CO,-H,O system. The composition of the solution at discrete
kinetic intervals was measured and compared with the corresponding
saturation states of the solution in which new phases will be produced

(rendered by OLI-MSE calculations). Also, the detailed profiles of the
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extraction rates as a function of the extent of conversions were obtained.
Although reporting the fractional conversion of extraction is not accounted
as a conclusive objective of the current study — it is worth noting that under
the standard reaction conditions (7' = 423 K, Pcoz = 100 bar, and 7,, = 0.25
min), the degrees of completion of magnesium and silica were found to be
approximately 65% and 40%, respectively, within a 120 minutes reaction
period.

Experiments were carried out over a wide range of conditions, covering
different reaction temperatures (from 303 to 473 K), pressures (from 10 to
160 bar), mass loading factors (from 0.03 to 1 min), and particle sizes (from
20 to 180 um). The higher concentrations of magnesium in the effluent
corresponded to higher rates of extraction in the reactor. However, at
sufficiently high rates, concentrations were found to be limited by the
equilibrium solubility of MgCO; — although no evidence for MgCO;
particles in the effluent or/in the reactor was found. It was, therefore,
concluded that the corresponding solid magnesium carbonate species must
be associated with the mineral particles rather than with the homogeneous
formation of solid carbonates from the solution. The kinetic implications of
the entire set of experimental data for magnesium extraction were evaluated
through a pH-dependent expression that is expected to be valid for far-from-

equilibrium conditions, given by expression (6.1),

dXyg

UG~ e [T /AT X) 6.

From these analyses, three distinct regimes were identified — undersaturated,

partially saturated, and supersaturated conditions.
6.1 Kinetic Implications

The kinetic implications of the measured rates were expressed through
master plots showing the form of the rate function f(X) versus the
fractional extent of conversion. For the undersaturated conditions, the rates

at a particular value of X4, ~0.25 showed a minimum standard deviation

with n = 1 and also implied that E; = 0 — suggesting that the rates at
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undersaturated conditions are directly proportinal to the bulk aqueous
activity of protons, and more importantly, regardless of the specific
experimental conditions, the consensus of the undersaturated data indicated
negligible activation energy. This result differs from prior findings for the
dissolution of crystalline serpentinite (e.g., n = 0.53 and E, ~ 10 kcal mol’
(Daval et al., 2013a)), perhaps reflecting the fact that the activated material
used in this study is amorphous rather than crystalline.

Partially saturated conditions were defined as those in which the
concentration of magnesium in the effluent at early stages of the reaction
reached or even exceeded that corresponding to the saturation of MgCOs. In
these cases, there was an apparent disjunction between data obtained above
and below the calculated equilibrium solubility of MgCOs. At sufficiently
high values of the effluent magnesium concentration relative to the
equilibrium solubility (~1.5-2 times), the extraction rate is limited by the
equilibrium solubility not only in the early phases of reaction, but also at
greater extents of conversion. These “fully saturated” reaction conditions

appear to be associated with a very different rate-limiting mechanism.
6.2 Implications for the Dissolution Model

Comparison of the mean form of rate functions f(X) for undersaturated data
with the classical shrinking core models indicated that the product layer
diffusion control shrinking core model seems to provide a relatively good
description. However, due to the lack of sensitivity to particle size, it was
concluded that this model cannot be correct. In fact, the results presented for
the variation of particles size (within a factor of nine), suggesting a
surprising outcome as the reaction rates appeared to be independent of the
external surface area of the particles. An additional complex factor in the
interpretation of the data was related to the initial saturation state of many
reactions — since deposition of the carbonate species through the pores of
the particles may have determined the subsequent kinetics results. It was
noted, however, that as the extractions continued and proceeded at the
undersaturated conditions, the rates followed with the common clustered for

all the undersaturated data.
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Hence, an alternative model was suggested; a grain model incorporating
diffusion of the reactant through the internal spaces between the grain
boundaries, with the reaction occurring at the individual grains. Such a
reaction pathway should lead to the development of internal porosity as the
reaction proceeds (and silica is also extracted), but the solids, in fact,
develop very little pore volume. This gave rise to the idea that a significant
restructuring process was probably involved during the dissolution of the
particles. The observation of the post-leached particles acquired from the
standard dissolution reaction through SEM images further indicated the
existence of surface restructuring phenomenon.

The dissolution and reprecipitation of the silica inside the internal reaction
interfaces and/or on the outer surface of the particles were considered to be
responsible for the surface restructuring process. The dissolution profiles of
silica indeed provide sufficient implications to support interfacial evolution.
The relatively high concentration of silica in the aqueous leachate observed
for numerous experimental cases implied that the amorphous silica was
reprecipitated on the reacting surfaces — similar to the dissolution-
reprecipitation mechanism outlined and stressed by Hellmann et al. (2015)
and Putnis (2015).

On the other hand, under the supersaturated conditions (with respect to
equilibrium solubility of MgCO3), the dissolution and reprecipitation of the
leached magnesium further inhibited the extraction of magnesium. This was
considered the basis for the magnesium concentration being limited by
equilibrium. The SEM-EDS analyses verified the formation of magnesite
species through the silica-rich layers at the mineral surface. Depositions of
stable carbonates likely rendered physical barriers through the reaction
zones — thus play an important role in restructuring the reaction surfaces.

On the whole, this study investigated the kinetics of magnesium extraction
at a broad range of conditions including far-from-equilibrium and close to
equilibrium. Under the supersaturated (close to equilibrium) conditions,
parallel precipitation and deposition of carbonate species through the
reaction interfaces of the solid/fluid inhibit the process of magnesium
extraction. As a result, interdiffusion of the reactant and reaction products

through the network of the porous substrate within the particles is expected
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to be significantly restricted. In addition, it is understood that the reactions
associated with the dissolution and reprecipitation of silica species further
influence the extraction of magnesium at undersaturated conditions by
limiting the transport of active aqueous species between the reaction

interfaces and the external fluid.
6.3 Recommendations for Future Research

While this study has attempted to contribute and elucidate the underlying
mechanisms involved in the extraction of magnesium from thermally
activated serpentine under the carbonic acid system, there are areas that
require further investigation. The following sections provide suggestions for

future work.
6.3.1 Dissolution under Non-equilibrium Conditions

The presented experimental results and kinetic analysis have motivated
additional questions regarding the understanding and quantification of
several reactions and factors (e.g., the effect of pressure, temperature and
particle size) influenced by the equilibrium conditions. In fact, non-
equilibrium behaviour seems interesting as the potential complicating
effects of stable carbonate interactions during the dissolution process are
simplified — this could be an important subject for further studies. In this
regard, obtaining detailed knowledge of the transition behaviour of the
dissolving surfaces along with the precipitation of the reaction products
could also be pursued in future research — utilisation of in situ spectroscopic
techniques (e.g., Raman and Infrared Spectroscopy) could potentially
provide additional information regarding the surface-association and
nucleation of secondary carbonate phases throughout the porosity features
of reacting minerals under the carbonic acid system. The formation of
reaction intermediates and final products such as magnesite could be

identified as function reaction conditions (e.g., temperature and pressure).
6.3.2 Surface Characterisation
In a first instance, the dissolution reaction is believed to initiate from the

surface coordination of the reactants (e.g., protons) which polarise and
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weaken the metal-oxide bonds on the reactive surfaces of the particles
surface. In almost all cases, the non-congruent dissolution reaction has been
observed with respect to magnesium components. After a period of some
time, this trend readjusts itself towards more stoichiometric dissolution. This
may explain why, as the thickness of the surface layers seemingly increase —
thus, the rate of hydration of the unreacted mineral is likely reduced. The
presented experimental results under the undersaturated conditions (not
influenced by equilibrium conditions) thus provide evidence for this quality
of the surface. Nevertheless, the preceding dissolution leaves little hesitation
that a decrease in the diffusional transport of the aqueous reactant through
the possible thick surface layers leads to the decline, and ultimately, the stop
of the extraction of magnesium.

Further insight into the importance of reaction interfaces could be
determined by studying the associated dissolution and reprecipitation
reactions of silica — such an approach may also provide useful data for
elucidating the reaction mechanism. The results presented in this study
provide indirect evidence as to how the rate of magnesium extraction
declines with time, perhaps as the silica surface layers become thicker and
disconnect the network of reaction interfaces. The present analysis of the
post-leached surfaces appear partially concurs with the wuniversal
dissolution-reprecipitation mechanism, as regions close to the solid/fluid
surfaces were relatively enriched in silica. However, according to the prior
research, the dissolution-reprecipitation behaviour is associated with the
generation of high porosity; whereas this was not found within the
considerable extent in the current observations. In the context of a grain
model, such a reprecipitation of amorphous silica into the interfacial
reaction pathways render them passivating. On the other hand, highly
saturated conditions of silica in the aqueous leachate may further complicate
the interpretation of the measured rates as they almost always indicate to the
simultaneous reprecipitation of silica.

Therefore, it is recommended that as a first step the rate and extent of
silica dissolution should be determined under well-controlled conditions
with respect to parameters (e.g., temperature) that influence the equilibrium

solubility of amorphous silica. Further characterisation of the physical and
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chemical properties of the altered surface layers of the particles via
techniques such as secondary ion mass spectrometry (SIMS) along with
advanced high-resolution transmission electron microscopy (HRTEM)
would also shed some light on the mechanisms of the reactions involved in

the dissolution process.
6.3.3 Hydration Rate of CO,

In the present study, the effect of CO, molality is experimentally evaluated
on magnesium extraction rates. It was found that the presence of an extra
amount of supercritical CO, phase did not have any considerable effect on
the kinetics of magnesium extraction, and, in fact, the carbonic acid system
appeared always behave according to equilibrium expectations. Many
studies have been dedicated to the investigation of the rate-limiting step
involved in the dissolution of CO, in the aqueous solution, which is
applicable to various fields of science (e.g., Khalifah, 1971). In the context
of mineral carbonation, the rate-limiting characteristic of CO, hydration in
the aqueous phase examined by Smithson and Bakhshi (1973) — who found
that this step is rate-limiting for carbonation of MgO slurries at a reaction
temperature of 311 K (Smithson and Bakhshi, 1973). Furthermore, Lasaga
(1984) stated that the slow hydration rate of carbonic acid appears to be a
rate-limiting factor throughout the weathering process. The present results
show that the reduction in the relative extent of reaction throughout the
depth of reactor in the presence of extra CO, may indicate the slow
hydration rate of CO, in the aqueous phase. It is thus suggested that
additional research in this area would be useful for the future application of

the mineral carbonation process.
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Appendix A. Methodology of XRF Analysis

40mm glass beads were prepared using 1.0000 grams of powdered sample
which has been pre-dried, weighed out via wax paper and poured into a
glass vial.

The ingredients were mixed carefully in a glass vial and transferred to a
Pt/Au crucible. The crucible was placed in a high-temperature muffle
furnace and allowed to melt and mixed for 15 minutes. The molten flux and
sample then was poured into 40mm Pt/Au casting dishes and left to cool
before labelling. L.O.1. (loss on ignition) was done on sub-samples at the
same fusion temperature (1323 K) as the beads. This loss indicates the
presence of organics, volatiles and adsorbed moisture.

Prepared glass beads were measured on the PW2400 WDXRF
Spectrometer. The WROXI calibration program was selected, which has
been calibrated using certified reference materials and using optimal
instrumental operating conditions (e.g., choice of crystal, counting times,
line overlaps, background measurement and so on). All elements analysed
are expressed as wt. % oxides.

This information is provided by Mark Wainwright Analytical Centre of
the University of NSW.
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Appendix B. OLI-MSE Validations

B-1. Solubility of CO, in Carbonic Acid System

Several previous studies have investigated the properties of CO,-H,O
system, which have led them to the development of models that can predict
the thermodynamic properties of the CO,-H,O system (Redlich and Kwong,
1949, Peng and Robinson, 1976, Duan et al., 1992, Duan and Sun, 2003).
Among those models, the one proposed by Duan and co-works can predict
the solubility of CO; in the CO,-H,O system up to a high range of
temperature and pressure (273-533 K, 0-2000 bar) with an inconsistency of
less than 7% as verified by the experimental validation. Henceforth, the
equilibrium solubility of CO; in the carbonic acid system calculated using
OLI-MSE is compared with the well-known Duan & Sun model, as shown

in Figure B-1.
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Figure B-1. CO, solubility in water at a constant temperature of 423 K and mco, =
3.7 mol kg ™' plotted versus the pressure (calculated with OLI-MSE and compared
with the DUAN & SUN model).
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It appears that the solubility data obtained from OLI-MSE simulations are
in a close agreement within the data reported by Duan and Sun (2003).

B-2. Solubility Product of Magnesite

Accurate knowledge of magnesite thermodynamic properties is important
for identifying phase stabilities in the MgO-CO,-H,O system. Several
previous studies have been investigated the magnesite solubility product at
room temperature, as shown in Table B-1. It appears that OLI-MSE is fairly
accurate at room temperature. However many authors, such as Bénézeth et
al. (2011), discussed that due to the difficulties reflect in measuring the
exact phase of carbonate species under high pressure and temperature
conditions, many thermodynamic data of magnesite solubilities in databases
are associated with the level of uncertainties. In the present study, the
calculated solubilities of magnesite by using OLI-MSE are compared with

the proposed model by Bénézeth et al. (2011), as shown in Figure B-2.

Table B-1. Summary of literature values for solubility product of magnesite

obtained from experimental investigations and OLI-MSE calculations.

T(K) Pcoz(atm) logio Kspo-mes Reference

298 - -8.03 (Allison et al., 1991) (MINTEQ)

298 - -8.04 (Johnson et al., 1992) (SUPCRT92)

298 3x107 -7.52 (Pokrovsky et al., 1999)

298 1 -8.57 OLI-MSE calculated in the present study

Despite relatively accurate OLI-MSE value for the solubility product of
magnesite at atmospheric conditions, the calculated solubility products of
magnesite at elevated temperature and pressure conditions are observed to
be different from those obtained using Bénézeth et al. model. The OLI-MSE
values are roughly lower within the order of magnitude. This magnitude of
difference in values is typical of the differences were seen between
amorphous and crystalline solids, and it is significant. Nonetheless, there is
a consensus in the trend of data. The exact reason of this error is unknown;
however, one may postulate that the OLI-MSE uses to extrapolate
magnesite solubility data similar to the procedure (using Van’t Hoff

equation) used by Christ and Hostetler (1970).
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In the present study to identify the states of saturation, measured
magnesium concentration profiles are compared with the equilibrium
solubility of magnesite calculated by OLI-MSE. The magnesite is selected
since it has the lowest solubility product compared with other possible

carbonate phases in the MgO-CO,-H,0 system.
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Figure B-2. Logarithm of the solubility product of magnesite obtained from
calculations with OLI-MSE, Giammar et al. (2005) experimental data and
Bénézeth et al. (2011) empirical model plotted versus reciprocal temperature. OLI-
MSE calculations were carried out under the saturated MgO-CO,-H,O system at

Pcoy =30 bar, in a presence of 0.1 molal NaCl and NaCl free solution.
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B-3. Solubility Product of Crystalline and Amorphous Silica

The recognition that the solid-phase amorphous silica is more reactive than
its crystalline counterparts is important as it strongly influences the
movement of silica between mineral and aqueous phases (Icenhower and
Dove, 2000). Knowledge of the fundamental controls on the dissolution
mechanism of silica polymorphs is related to the physical and chemical
phenomena that govern the reactivity of Si-O bonded phases. Casey and
Bunker (1990) stated that the extent of cross-link of SiO, tetrahedra in
mineral structure influences the leaching characteristics of silicate minerals.
Therefore, the total reactivity of crystalline and amorphous materials can be
reflected by corrosion resistance of the SiO4 tetrahedra network. Figure B-2
and Figure B-3 show the OLI predictions for solubility of crystalline and

amorphous silica.
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Figure B-3. Solubility of amorphous silica calculated by using OLI-MSE under

relevant experimental conditions (saturated CO,-H,O, Pco, = 100 bar).
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Figure B-4. Solubility of crystalline silica (trigonal) calculated by using OLI-

MSE-Geochemical under relevant experimental conditions (saturated CO,-H,O,

Pcoz =100 bar)

From the surveyed literature, it is understood that in the silica minerals
and materials contain highly complex silica phases in their composition, the
chemical durability of the Si-O bond impacts the overall dissolution
behaviour. In addition, it has been shown that the amorphous forms of silica
dissolve more quickly compared with its crystalline form. On the basis of
OLI calculations, the amorphous silica exhibits higher solubility product
than the crystalline phase. In the present study, almost always the examined
research material has almost non-crystalline structure (thermally activated
SWOL) — thus measured silica concentration profiles are compared with the
corresponding solubility products of amorphous silica, calculated by OLI-

MSE.
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Appendix C. Reactor Flow Pattern / Experimental

Conditions

C-1. Reactor Flow Pattern

Following steps are considered to specify the total volumetric flow rate in
the reactor at molality of mco, = 3.7 mol kg_1 under the CO,-H,O system, a
reaction temperature of 423 K and CO, partial pressure of 100 bar.

Figure C-1 shows the schematic diagram of the experimental set-up.

Fan force Oven

Cooling water inlet
Cooling water return

103089y pag pasipin|d

———————— Sample
Collection
Equilibar Point
Ultra Low Flow
Back Pressure Regulator

Figure C-1. Schematic view of the experimental set-up.

Following steps used to calculate the total volumetric flow rate for

standard conditions:

m=V Xp (C.1)
Meotar = Moz + Muzo (C.2)
where,

m mass flow rate, g min”'

/4 volumetric flow rate, mL min~'
p density, g mL™

Mco2 mass flow rate of CO,, g min™"
My20 mass flow rate of H,O, g min™'
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Table C-1. Summary of total mass flow rates at the inlet or pump conditions.

Value Source
T (K) 298 -
P (bar) 100 -
Voo (mL min_l) 0.2 -
pcoz (gmL™) 0.82 NIST
Moy (g min™") 0.16 Equation (C.1)
Vino (mL min™") 1.00 -
Przo (gmL™) 1.00 NIST
My20 (g min~") 1.00 Equation (C.1)
Myprq (g min~") 1.17 Equation (C.2)
My = Vm X Pm (C.3)
_m (C4)
Pm =
Miotar = My = Moz + Mpyzo (C.5)

where,
My
Vm

Pm
m

|4

mass flow rate of the mixture, g min™’
volumetric flow rate of the mixture,

mL min~!

the density of the mixture, g mL™'
total mass (mass of H;O & mass of

CO), g

total volume, mL

Table C-2. Summary of density and volumetric flow rate of mixture flow at the

reaction conditions, 7= 423 K and Pco, = 100 bar.

Value Source
T (K) 423 -
P (bar) 100 -
m (g) 1162.84 OLI-MSE
V (mL) 2111.44 OLI-MSE
pm (gmL™") 0.55 Equation (C.4)
Myprq (g min~") 1.17 Table (C-1)
V,, (mL min~") 2.12 Equation (C.3)
Vo= uxA (C.6)
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where,

velocity, cm min™'
the cross-sectional area of the reactor,
cm’

> 8
Ly

Table C-3. Summary of the superficial velocity of the reactive fluid across the

reactor, and cross section surface of the reactor.

Value Source
u(cms ) 0.088 Equation (C.6)
A, (cm?) 0.40 Swagelok

The fluidised bed reactor used in the present study involved solid, gas and
liquid phases. The reactive fluid is comprised of the mixture of gas and
liquid phases. Although the exact regime of this mixture is unknown, it
should likely have a bubbly flow pattern. With regards to the reactor
hydrodynamics, it is desirable to accomplish homogeneous suspension
conditions, where the solid and the reactive fluid are dynamically mixed.
Following steps used to estimate the flow pattern across the reactor.

The density of thermally activated SWOL material is determined as
~3g cm” through a pycnometer technique. The minimum fluidisation
velocity (uy,r) is calculated by using a correlation (C.7), recommended by

Chitester et al. (1984). This correlation is applicable for fluidisation at high

pressure.
0.5
d3 —
Uy = ——| [ 2872 + 0.0494( ”pf(psz pf)g) —28.7 (C.7)
dppy [z
where,
U minimum fluidisation velocity, cm s
Ur viscosity, g (cm.s) ™"
Py the density of the reactive fluid, g cm’
Ps the density of solid, g cm’
dy intermediate particle size, um
g gravitational constant, cm s~
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These parameters at the so-called standard reaction conditions are shown
in Table C-4.

Table C-4. Summary of the minimum fluidisation velocity corresponded to the

standard conditions.

Value Source
T (K) 423 -
P (bar) 100 -
pr (g (ems) ™) 0.001826 OLI-MSE
pr(gem™) 0.90 OLI-MSE
ps(g cm™) 3.00 Measured
dp(cm) 0.007 Measured
g(cms™) 980 -
U r(cm s7h 0.047 Equation (C.7)

properties of aqueous phase were used as the correlation (C.7) is valid for
one phase

Comparing the superficial velocity of the reactive fluid at the standard
conditions with the minimum fluidisation velocity (u,,r), indicates that the
solids are likely fluidised. In order to predict the fluidisation mode, the
general flow diagram developed by Grace (1986) for solid-liquid system
was adopted. This charts introduces two dimensionless variables, a) particle
size parameter d*, and b) fluid superficial velocity u*. These parameters are

defined with equations (C.8) and (C.9),

/

d=d, (pf(p;pf)g)l ’ (C.8)
5 1/3

ut = u (—ﬂ(ps_pf)g) (C.9)

Table C-5. Summary of values of dimensionless parameters of u*and d*.

Value Source
u* 0.053 Equation (C.9)
d* 5.75 Equation (C.9)

Interpolation of the obtained values for these dimensionless parameters

indicated that the reactor operates within a conventional fluidisation regime.
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It is worth noting that in accordance with the Geldart particles classification,
the research material is in agreement with the recognisable features of

group B, which usually fluidised well (Geldart, 1973).

C-2. Experimental Conditions

By maintaining the volumetric flow rate constant at 2.12 mL min”' (the so-
called standard volumetric flow rate in this study) for all of the experimental
conditions; thus, the residence time of the reactive fluid passing through the
reactor will be constant. By rearranging equation (C.1), equations (C.10 to

C.12) are used to calculate the parameters shown in Table C-6.

m
M = M0 (1 +— COZ) (C.10)
M0
m
My20 = mm/<1 += COZ) (C.11)
Mpyo0
Meoz = My — Myzo (C.12)

Table C-6. Summary of the CO, and H,O streams mass flow rates, with reference

to the standard volumetric flow rate, under the standard conditions.

Reactor Conditions Value Source

T (K) 423 -

P (bar) 100 -

V,, (mL min™") 2.12 Equation (C.3)
m (mol kg™") 3.70 -

Mcoz/Mu20 (kgcor/kgno) 0.16 B

pm (g mL™) 0.55 Equation (C.4)
My, (g min™") 1.17 Table (C-1)
Meo, (g min~") 0.16 Equation (C.12)
My00 (g min™") 1.00 Equation (C.11)
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High-pressure Experimental Apparatus
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Figure C-2. Process flow diagram of the experimental set-up used for the high-pressure experiments.
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Table C-8. Summary of the total mass flow rates, flow densities, and the corresponding volumetric flow rates for experiments carried out at a constant

reaction temperature, a constant CO, molality, and variable pressures, as indicated in the table.

Constant Temperature Conditions and Variable CO, Partial Pressures (molality and total volumetric flow rate constant, (a))

Reactor Conditions

T (K) 423 423 423 423 423 423 423 423 423 423

P (bar) 160 150 140 130 120 110 100 90 80 70

V, (cm’min™") 2.12 2.12 2.12 2.12 2.12 2.12 2.12 2.12 2.12 2.12
Mo, (mol kg™) 3.70 3.70 3.70 3.70 3.70 3.70 3.70 3.70 3.70 3.70
Mcoa/Mio (kgcor/kgnao) 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16
p(gmL™) 0.70 0.68 0.66 0.64 0.61 0.58 0.55 0.52 0.48 0.43
(g min") 1.49 1.45 1.41 1.35 1.30 1.23 1.17 1.09 1.01 0.92
Mo, (g min™) 0.21 0.20 0.20 0.19 0.18 0.17 0.16 0.15 0.14 0.13
1 1120 (g min ') 1.28 1.24 1.21 1.16 1.12 1.06 1.00 0.94 0.87 0.79
pH of the starting solution” 3.30 3.31 3.33 3.35 3.36 3.38 3.40 3.43 3.46 3.49
Equilibrium solubility of the CO, (aq) (mol kg™")" 1.02 0.98 0.93 0.87 0.82 0.76 0.70 0.64 0.57 0.51

Pump Conditions

T (K) 298 298 298 298 298 298 298 298 298 298

P (bar) 160 150 140 130 120 110 100 90 80 70

pco2 (g mL™) 0.89 0.88 0.87 0.86 0.85 0.83 0.82 0.80 0.78 0.74
pr2o (g mL™) 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Vcor (mL min™") 0.24 0.23 0.23 0.22 0.22 0.21 0.20 0.19 0.18 0.17
Vino (mL min™") 1.274  1.238  1.203 1.157  1.116  1.056  1.000 0940 0.866  0.787
Molality (mol kg™") 3.70 3.70 3.70 3.70 3.70 3.70 3.70 3.70 3.70 3.70

*Calculated with OLI-MSE (mol kg™' of solvent)
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Table C-9. Summary of the total mass flow rates, flow densities, and the corresponding volumetric flow rates for experiments carried out at a constant

reaction temperature and variable pressures and CO, molaities, as indicated in the table.

Constant Temperature Conditions and Variable CO, Partial Pressures (water flow rate is constant, molality is variable, (b))

Reactor Conditions

T(K) 423 423 423 423 423 423 423 423 423 423
P (bar) 160 150 140 130 120 110 100 90 80 70

V,, (cm®min™) 212 212 212 212 212 212 212 212 212 212
meoz (mol kg ™) 622 585 540 500 455 410 370 330 290  2.50
MeoMipo (kgeor/kgimo) 027 026 024 022 020 018 016 015 013 0.1
p(gmL™) 0.60 059 058 057 057 056 055 054 053 053
it (g min”") 128 125 124 122 120 119 117 115 113 L1l
Titcos (g min”") 027 026 024 022 020 018 016 015 013 0.1
1 120 (g min™) 100  1.00  1.00  1.00  1.00  1.00  1.00  1.00  1.00  1.00
pH of the starting solution” 330 331 333 335 336 338 340 343 346  3.49
Equilibrium solubility of the CO, (ag) (mol kg™")" 102 098 093 087 08 076 070 064 057 051

Pump Conditions

T(K) 298 298 298 298 298 298 298 298 298 298
P (bar) 160 150 140 130 120 110 100 90 80 70

pcoz (g mL™) 0.89 0.88 0.87 0.86 0.85 0.83 0.82 0.80 0.78 0.74
pr2o (g mL™) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Voo (mL min™") 0.31 0.29 0.27 0.26 0.24 0.22 0.20 0.18 0.16 0.15
Vino (mL min™") 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Molality (mol kg™") 6.22 5.85 5.40 5.00 4.55 4.10 3.70 3.30 2.90 2.50

"Calculated with OLI-MSE (mol kg™' of solvent)
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Table C-10. Summary of the total mass flow rates, flow densities, and the corresponding volumetric flow rates for experiments carried out at a constant

pressure, a constant CO, molality and variable reaction temperatures, as indicated in the table.

Constant CO, Partial Pressure Conditions and Variable Reaction Temperatures

Reactor Conditions

T (K) 303 333 363 393 423 438 453 468
P (bar) 100 100 100 100 100 100 100 100
V,, (cm’min™") 2.12 2.12 2.12 212 212 212 2.12 2.12
Mcoa (mol kg™) 3.70 3.70 3.70 3.70 3.70 3.70 3.70 3.70
mcoz/mHzo (kgCOZ/kgHZO) 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16
p(gmL™) 0.97 0.78 0.67 0.61 0.55 0.52 0.50 0.47
m (g min") 2.06 1.65 1.42 1.28 1.17 1.11 1.06 1.00
Mcoa (g min~") 0.29 0.23 0.20 0.18 0.16 0.16 0.15 0.14
T o0 (g min) 1.77 1.42 1.22 1.10 1.00 0.96 0.91 0.86
pH of the starting solution” 3.03 3.07 3.17 3.28 3.40 3.47 3.54 3.62
Equilibrium solubility of the CO, (aq) (mol kg ")’ 1.34 1.04 0.83 0.73 0.70 0.69 0.69 0.69
Pump Conditions
T (K) 298 298 298 298 298 298 298 298
P (bar) 100 100 100 100 100 100 100 100
pcoz (g mL™") 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82
pr2o (g mL™) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Vcor (mL min™) 0.35 0.28 0.24 0.22 0.20 0.19 0.18 0.17
Vino (mL min~") 1.768 1.417 1.218 1.101 1.00  0.954 0.905 0.854
Molality (mol kg™") 3.70 3.70 3.70 3.70 3.70 3.70 3.70 3.70

“Calculated with OLI-MSE (mol kg™ of solvent)
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Low-pressure Experimental Apparatus
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Figure C-3. Process flow diagram of the experimental set-up used for the low-pressure experiments.
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Table C-11. Summary of the total mass flow rates, flow densities, and the corresponding volumetric flow rates for experimental conditions corresponded to a
constant reaction temperature and low-pressure conditions, as indicated in the table.

Constant Temperature Conditions and CO, Partial Pressure 10 and 20 bar (variable molality)

Reactor Conditions

T (K) 423 423
P (bar) 20 10
V, (cm’ min™") 2.12 2.12
Meo, (mol kg™) 0.58 0.20
mcoy/Mio (Kgcor/kgmo) 0.03 0.01
p (gmL™) 0.48 0.48
1 (g min~") 1.03 1.01
Tcos (g min™) 0.03 0.01
M 20 (g min™) 1.00 1.00
pH of the starting solution” 3.80 4.03
Equilibrium solubility of the CO, (ag) (mol kg™")" 0.12 0.04
H,0O Pump Conditions
T (K) 25 25
P (bar) 20 10
pro (g mL™) 1.00 1.00
Vino (mL min”') 1.00 1.00
Mass Flow Controller (MFC) Conditions

T (K) 298 298
P (bar) 1.00 1.00
pcoz (g mL™h 0.0017 0.0017
VMFC—COZ (mL min_l) 13.95 4.81

"Calculated with OLI-MSE (mol kg™' of solvent)
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Figure C-4. The calibration curves of carbon dioxide mass flow controller (MFC), used for experiments conducted at CO, partial pressures of 10 bar and 20

bar, solid lines indicate the linear regression fitting.
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Appendix D. Data Sets Related to Section 4.3

Table D-1 and Table D-2 show the variation of the reported data sets in Figure4-16 and Figure 4-26, at the selective degrees of conversion. The
point is the apparent cluster behaviour of the data indicates more-or-less they are the same and, in fact, proceeding with a very similar trend — it is

also clear through the values of the standard deviations.

Table D-1. Magnesium and silica concentrations at the indicated degrees of conversion and the corresponding Mg/Si ratios, for the experimental results

presented in Figure 4-16, Figure 4-18, and Figure 4-20, respectively.

T =423 K, and constant mco, = 3.7 mol kgf1 (variable water flow rate as illustrated in Table C-8)

Cwmg (mol kgf1 of solvent) Csi (mol kg71 of solvent) Mg/Si (-)
Pressure (bar)
Xme=0.10 Xmeg=0.30 Xme=0.50 Xsi=0.10 Xsi=0.30 Xme=0.10 Xmeg=0.30 Xmeg=0.50
70 0.024 0.014 0.006 0.006 0.004 3.166 2.468 1.411
80 0.024 0.013 0.005 0.005 0.005 3.729 2.537 1.171
90 0.021 0.015 0.007 0.006 0.005 3.594 2.639 1.368
100 0.027 0.016 0.011 0.007 0.006 3.661 2.692 1.747
110 0.024 0.015 0.011 0.009 0.007 2.867 1.826 1.349
120 0.028 0.019 0.010 0.007 0.006 4.034 2.722 1.659
130 0.029 0.018 0.010 0.009 0.007 3.586 2.094 1.364
140 0.023 0.016 0.013 0.009 0.008 2.617 2.988 1.582
150 0.036 0.018 0.010 0.009 0.008 4.225 2.049 1.357
160 0.031 0.016 0.009 0.006 0.008 4.513 2.666 1.782
Standard Deviation +0.004 +0.002 +0.002 +0.002 +0.001 +0.589 +0.363 +0.201
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Table D-2. Magnesium and silica concentrations at the indicated degrees of conversion and the corresponding Mg/Si ratios, for the experimental results

presented in Figure 4-26, Figure 4-28, and Figure 4-30, respectively.

T =423 K, and variable mco; (constant water flow rate as illustrated in Table C-9)

Cwmg (mol kg ™' of solvent) Cs (mol kg ' of solvent) Mg/Si (-)
Pressure (bar)
Xme=0.10  Xymg=0.30  Xpg=0.50 | Xs=0.10  Xs=030 | Xpe=0.10  Xp=0.30  Xjz=0.50
70 0.023 0.018 0.011 0.008 0.008 3.870 2.227 1.415
80 0.024 0.013 0.008 0.008 0.005 3211 1.756 1.413
90 0.024 0.017 0.008 0.006 0.005 3.804 2.665 1.342
100 0.027 0.019 0.011 0.007 0.006 3.661 2.505 1.747
110 0.031 0.018 0.009 0.007 0.006 4.016 2.729 1.492
120 0.034 0.020 0.010 0.007 0.005 4.957 2.860 1.588
130 0.028 0.017 0.009 0.007 0.005 4.031 2.710 1.450
140 0.033 0.018 0.008 0.006 0.005 3.640 3.052 1.620
150 0.033 0.016 0.006 0.009 0.007 3.640 1.855 0.829
160 0.031 0.017 0.007 0.006 0.006 5.069 2.913 1.058
Standard Deviation +0.004 +0.002 +0.002 +0.001 +0.001 +0.588 +0.443 +0.271
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Appendix E. Aqueous Leachate / Solid Residual
Analysis

Transmission Electron Microscopy (TEM) analysis was performed on the
aqueous leachate acquired from the standard dissolution reaction. A JEOL
14400 transmission electron microscope was used at accelerating voltage of
120 kV for this analysis. It is demonstrated that after approximately 96
hours from the termination point of the dissolution reaction, the detached
silica particles in the aqueous effluent start to grow in which they were
detected by TEM analysis as illustrated in Figure E-1. This observation
signified that during the dissolution reactions the nano silica particles were
separated from the mineral structure and were released into the aqueous
phase. This attribute has been consistently reported in previous studies (e.g.,
Shao et al., 2011, Cai et al., 2009). Shao et al. (2011) investigated the
chemical and physical interactions of the phlogopite-CO,-H,O system —
through the HR-TEM analysis; they concluded that the aggregated particles

in the aqueous phase are likely to be amorphous silica.

01
Url Uit

Figure E-1. TEM image is for amorphous silica particles agglomerated in the
aqueous leachate obtained from a dissolution reaction of thermally activated

SWOL under the saturated CO,-H,0 system (Pco, = 100 bar, 7= 423 K).

In this study, the observed suspended particles in the aqueous phase were

separated using a PTFE membrane (containing pore size of 0.1 um). The
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accumulated material on the membrane was air-dried and stored for further
examinations. The X-ray diffraction (XRD) analysis (using a Shimadzu
XRD-6000 with CuK, X-ray source) was employed to characterise the
structure of the acquired synthesised powder. This analysis reveals that
powder has a non-crystalline structure as it shown in Figure E-2. This
observation is matched with what was reported through previous studies for
the XRD examination of amorphous silica (e.g., GUAN and QIU-MIN,
2010, Musi¢ et al., 2011). These authors observed similar XRD spectra with
a diffusive peak apparent within a range of 20-30 of the 20 degrees. They
concluded that this XRD pattern is attributed to a typical structure of
hydrated amorphous silica. In the present study, further compositional
analysis for the accumulated powder is provided in Table E-1, which
confirms that these agglomerated particles are mainly comprised of silica

along with the minor amount of MgO.
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Figure E-2. Ex situ powdered XRD for collected powder (filtered material).

Additional studies were conducted to examine the structural

transformation of the residual solids acquired from the reactions at standard
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operating conditions (7 = 423 K and Pco, = 100 bar). The qualitative XRD
analysis was performed by using a Shimadzu XRD-6000 instrument with
CuK, X-ray source. Scans were taken for 20, within a range of 5 to 70
degree with a step size of 0.02 degree per 20 at a rate of 0.24 deg min~'. The
XRD patterns of the residual solids indicate a non-detectable transformation
of dominate mineralogical phase related to feedstock over the reactions
period (no sign of secondary phases such as thick non-amorphous silica
layers or magnesite formation was noted), as illustrated in Figure E-3.
Moreover, the evolution of the chemical composition of the residual solids
(acquired from the dissolution reactions conducted at standard operating
conditions) was evaluated by SEM-EDS analysis as shown in Table E-1.
The SEM-EDS method was reported as a useful approach for distinguishing
serpentine phases and identifying the chemical composition of minerals
(O'Hanley and Dyar, 1998). In the present study, quantitative SEM-EDS
analyses were performed to characterise the bulk chemical composition of
the feedstocks material and residual solids. All samples were mounted in the
epoxy moulds. Moulds were polished within three stages and coated with a
20-25 nm thickness of the carbon. The un-normalised quantitative EDS data
were collected based on the calibrated beam current using the standard
material (copper). These data are illustrated in Table E-1, which are
obtained based on the average of more than 500 spots analysed for each
specimen. This analysis shows that the solids are relatively depleted with
respect to the initial magnesium content as the reaction time increases,
whereas the relative amount of silica remained more-or-less unchanged.
This phenomenon may be justified by the dissolution-reprecipitation process
that leads to deposit the silica on the reactive surfaces. However, it is noted
that the thickness of the developed silica layers should not be sufficient to
be detected by the presented XRD patterns or they are highly amorphous.
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Figure E-3. Ex situ powdered XRD for the unreacted thermally activated SWOL
(as a parent material) and post-leached products as a function of the reactor
residence time.

Table E-1. Summary of the quantitative SEM-EDS analyses for the major
components of the indicated materials. The presented total is based on the
unnormalised calculation, and the detected Fe spectrum presumably is related to

Fe,O; content.

Material Major components (mass wt.%)

MgO Si0, Fe; O3 ALO; NiO Total
SWOL 36.47 40.01 1054 1.55 0.05 88.62
HT-SWOL" 42.52 49.00 544 123 0.14 98.33
30 min Product” 32.02 4551 1054 1.72  0.03 89.81
60 min Product” 30.52 47.67 10.12  2.00 0.04 90.35
120 min Product” 22.40 50.06 936 294 031 85.07
Filtered Powder 8.83 80.45  0.03  0.38 0.00 89.69

"45-63 um SWOL activated at 900 K for 2 hours
T=423Kand Pco> = 100 bar, mass loading factor 0.25 min
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Appendix F. Temperature Dependence of the Rate Law

In elementary reactions one of the important parameters influences the rate
expression is a function of reaction temperature as shown schematically by

equation (F.1).

r; = f(temperature) - f (composition) 1)
=k - f(composition) '

The temperature-dependence term (k) can be presented in accordance

with the Arrhenius expression, as shown by equation (F.2).

k = Ae~Ea/RT (F.2)

where A is the pre-exponential factor, E, is the apparent activation energy
(kcal mol™), T is the temperature (K), and R is the gas constant (kcal
mol™"). Apparent activation energy (E,) can be predicted based on the
acquired experimental data at two different temperatures. By substituting
equation (F.2) into equation (F.1), the apparent activation energy can be

estimated in accordance with equation (F.3),

In(ry/r) = Eo/R(1/T, — 1/Ty) (F.3)

In several previous studies, the apparent activation energy was termed as a
pH-dependent activation energy since the equilibrium adsorption and
desorption of the protons on the reactive surfaces vary during the reaction
depending on the experimental conditions (Chen and Brantley, 1997, Chen
and Brantley, 2000). The influence of the pH has led to a considerable
variation in published values of the apparent activation energy for forsterite
dissolution, as shown in Table F-1. In the present approach of estimating the
apparent activation energy, the effect of pH variation is not taken into
account. In addition, in order to facilitate the comparison, the calculations
are performed with a constant degree of conversion. The apparent activation
energy of the elementary reactions participating in dissolution process is
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evaluated based on the experimental rate values determined for five

different reaction temperatures.

Table F-1. Summary of activation energies reported in the literature for forsterite

dissolution.

Material E, (kcal mol™") pH References
Forsterite 14-16 1 (Sanemasa et al., 1972)
Forsterite 19+£2.5 1.8-6  (Wogelius and Walther, 1992)
Forsterite 10.2+0.2 1.8-3.8  (Rosso and Rimstidt, 2000)
Forsterite 30+4 2-5 (Chen and Brantley, 2000)
Forsterite 12.65 £ 1.65 2-8 (Hénchen et al., 2006)

Previous studies were underlined that the rate of the dissolution reaction is
importantly influenced by the rate of transport of solute away from the
reaction interfaces (Weyl, 1958). Therefore, a series of dissolution
experiments with a constant volumetric flow rate of the aqueous phase
under the saturated CO,-H,0 system at CO, partial pressure of 100 bar and
the constant mass loadings (250 mg of the activated SWOL, and
corresponding mass loading factor of 0.25 min) conditions was performed.
Figure F-1 shows the results obtained for the identical flow and reactor
conditions for the concentration of aqueous magnesium in the effluent and

corresponding evolution of the degrees of conversion, Xy 4.
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Figure F-1. Dissolution profiles of magnesium for thermally activated SWOL (PSD = 45-63 um) under the saturated CO,-H,O system as a function of the

indicated reaction temperatures (in the figure), at Pco, = 100 bar, and 120 minutes reaction time, (a) magnesium concentration, (b) degrees of completion of

magnesium extraction.
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In order to evaluate the apparent activation energy, the experimental
dissolution rates of experiments with different reaction temperatures are
interpreted based on the integration of the linear kinetics in accordance with
the equation (F.4). This kinetic expression is derived similarly to the
experimental studies of water-rock kinetics using the flow-through reactor

(Chou and Wollast, 1984, Lasaga, 1998).
r = (dCy,/dt)V/(AsM,) (F.4)

where Cy4 (mol L") is the concentration, ¢ is time (s), V is the volume of
the solution (L), A (cm” g™') is the specific surface area of the starting
material' (11.96 m*> g™'), and M, is the mass of material depositing into the

reactor (g). A summary of calculations is shown in Table F-2.

Table F-2. Summary of the operating conditions and the experimental conversion
rates for experiments carried out under the saturated CO,-H,O system at Pcor =

100 bar, 120 minutes reaction period and constant aqueous flow rate.

Temperature Dissolution log Mass Loading Extend pf
Rate (1y4) ("mg) Factor Conversion
(K) (mol cm™> S7h) (min ") Xug (%)
303 1.52x107" 2721 0.25 50
333 2.20x10™"2 -26.84 0.25 50
363 2.71x107" -26.63 0.25 50
393 4.16x10™"2 26.21 0.25 50
423 5.64x107"? -25.90 0.25 50

According to Arrhenius expression, the slope of the linear regression line
must be equal to —E,/R; hence, the apparent activation energy is estimated

as ~2.7 kcal mol ™', as shown in Figure F-2.

" In this study, final surface area of the residual solids is not determined; therefore, in order
to evaluate the apparent activation energy, the initial surface area of the used material is
employed.
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Figure F-2. Arrhenius plot In(r) versus (1/T), squares represent the experimental

data, and the solid line indicates the linear regression fitting.

It is worth noting that the activation energy of an overall reaction is a
composite of several activation energies corresponds to a series of
elementary reactions comprising the reaction mechanism. Therefore, the
calculated activation energy for an overall reaction cannot be represented by
any molecular energy barrier (Lasaga, 1998). Additionally, Lasaga et al.
(1998) stressed that proportion to the progress of the reaction the pH along
with many other variables (e.g., reaction interfaces) changes; thus, the
calculated activation energy represents for many terms and must be called
an apparent activation energy. According to Lasaga (1981) and Casey and
Sposito (1992), low activation energies up to 5 kcal mol™' have been
interpreted as an indication for the diffusion-controlled reactions. The
relatively low apparent activation energy associated with the presently
measured rates, suggesting that the mechanism of the dissolution reactions

ultimately controlled by the diffusion process.
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Appendix G. Fluid-Particle Reaction Models

Considering the simplest case of solid-fluid reaction,
aBO‘Zuid reactant) T A(v) - pI"OdUCtS

where A is the solid reacting in fluid B, and it converts to products.

Different reaction models were examined in the current study.
G-1. Volumetric Reaction Model

A volumetric reaction model is the one in which the rate of chemical
reaction is uniform through the diameter of a reacting particle. It is often
assumed that the reaction rate per unit volume is proportional to the
concentration of the fluid reactant, and nonetheless is independent of the
solid reactant concentration. Under the assumption of this model, the solid
contains enough porosity to pass the fluid reactant and the fluid product
freely (Ishida and Wen, 1971). The disappearance rate of 4 (per unit

volume), can be shown by equation (G.1),

dc,
dt

= k,C}Cp (G.1)

where Cy is the concentration of fluid reactant, C, is the concentration of
reacting solid and k, is the rate constant (moles per unit time per unit
volume). Assuming the reaction is first order with respect to reactant B, and
is independent of the solid concentration (n = 0); thus, the molar rate of

disappearance of solid 4 can be written as,

dN
- d_tA = kNzV, (G.2)

where V), is the volume of a reacting solid particle, and k is the rate constant

accounting reaction mechanism,

dN
— —= = kNgValo(1 = X,) (G.3)
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thus, the equation (G.3) can be rearranged to equation (G.4) with respect to

the fractional conversion,

(G.4)

therefore, the shape of the rate function f(X) can be written in terms of the

dimension less rate as,

X,

W = (1 = X4) X Cconstant (G.5)

G-2. Shrinking Core Models

Typically in shrinking core models, reacting particles may undergo the
changing in size and shape during the reaction and even a product layer may
be formed around them. The reaction often first initiates at the outer skin of
the particles and then moves inwards from the particle surface to the
interface between reacted and unreacted solid. Under the conditions that the
rates of diffusion through fluid-film and porous reaction layer (interface) are
very fast, the overall rate of reaction is only controlled by chemical
reactivity of the solid reactant (Levenspiel, 1999). The rate becomes
proportional to the available surface of the unreacted core. Figure G-1
shows a schematic diagram of shrinking particle with unreacted shrinking

core when the chemical reaction is controlling resistance.
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Figure G-1. Representation of a reacting particle when chemical reaction is

controlling resistance.

The fractional conversion of solid particles can be written in terms of,

4
volume of unreacted core §m"c3 7.\3
1-X,= - = =|— (G.6)
total volume of particle 4 R.3 R,
370

At the time when a particle with initial diameter of R,, has shrunk to size
7., the rate of disappearance reaction of solid 4 can be rewritten according to

equation (G.7),

—_—— = akBCB (G7)

where S, is the surface of particle (at reaction surface), and kp is the rate
constant based on the dissolution mechanism; therefore, equation (G.7)

becomes,

r2 dt

by substituting 7. with Ry(1 — X,4)*/? in equation (G.8),
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dN
—d—tA = (1= X)"/3 x 4R, akyCy (G.9)

then equation (G.9) can be expressed in terms of fractional conversion by

equation (G.10),

dX, 2, AmRy*akyCy
A _1-X)l3x—2L 58 G.10
dt ( +) Nalo (©10)
whereby equation (G.10) can be simplified as,
dX 2
d_: = (1 - XA) /3 X Cconstant (G'l 1)

Considering a case in which diffusion through the ash layer is controlling
the rate of reaction; hence, the access to the unreacted core may be inhibited
as the reaction proceeds. Figure G-2 shows a schematic diagram of
shrinking particle with unreacted shrinking core when product layer

diffusion is controlling resistance.
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A reacting particle when product layer
diffusion is controlling resistance

" Fluid Film

Unreacted
core

Concentration C,|,
on the core
surface \_ C
A (bulk) > r

Figure G-2. Representation of a reacting particle when product layer diffusion is

controlling resistance.

In the partially reacted particle as shown in Figure G-2, the boundary of
the unreacted core move towards the centre of the particle. Assuming the
steady-state conditions, the rate of disappearance of A4 at any instant can be

written by its rate of diffusion to the reaction surface,

dN,
_d_tA = 4mRy%J 4, = 41,2, = constant (G.12)

where /4, is a molar flux of reaction products in the radial direction.

Whereby the molar flux can be expressed by Fick’s law,
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dc,
Jar =Dea—- (G.13)

where D,, is the effective diffusion coefficient, and account for the
diffusion characteristic of the ash layer. Substitution of the above equations

gives,

dN, dcC
_d_tA = 417,2D,, d_rA = constant (G.14)

integrating across the ash layer from r.to R,

re Tc

dN, (Rodr J‘CA
c

alo

assuming negligible mass transfer at the particle surface, the boundary

conditions become, (4 = 0 atr = Ry, and Cy|o = Cpg at r =1,

1
—7<— - T'_) = _47TDeACeq (G16)
equation (G.16) can be expressed according to equation (G.17),

dNy (RO
dt

—- 1) = —4mR, D4 Ceq (G.17)
c

by substituting RO/TC in equation (G.17) with (1 — X,)~/3,

dN,

i ((1 = X,)"Y3 = 1) = =4wR D4 Cyyq (G.18)

then equation (G.18) can be written in terms of fractional conversion as

shown in equation (G.19),
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dX, 1 ATR Doy Ceq

= X G.19
it A=%D =D Nilg (@19
whereby equation (G.19) can be simplified to equation (G.20),
dX, 1
(G.20)

" dt - ((1 — XA)—1/3 _ 1) X CCOnStant

Therefore, C.onstane correlations for the models that are presented in

Table 5-1, are shown in Table G-1 based on the above derivations.

Table G-1. C.ppstant for the models which are presented in Table 5-1.

MOdel Cconstant
) ) k,Ng
Volumetric reaction Model
Nylo
2
Chemical reaction control 4mRy"akpCp
Nylo
4nwR,D,,C
Product layer diffusion control _I(il |eA eq
alo
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Appendix H. Porosimetry Measurement

H-1. BET Theory and Adsorption & Desorption Isotherms
The Brunauer-Emmett-Teller (BET) method was used for porosimetry
measurements in the present study, in which the equation (H.1) is used for

determining surface area of solid materials,

1 _ 1 -1 (£>
W((Po/P)—1) WinC  WpnC \P, (H.1)

where W is the weight of gas adsorbed per weight of sample at a relative
pressure of P/P,, and W, is the weight of gas adsorbed as a completion of
monolayer coverage on the adsorbent surface. The C term is a dimensionless
BET constant. Typically, the plot of 1/W((Py/P) — 1) against P/P, is
linear, and subsequently the value of W, is required for evaluation of the
surface area. The W, is determined from the slope and intercept of the BET

plot. Total surface area S; was evaluated using the equation (H.2),

W NA
=0 < H.2
p= (H2)
where M is the molecular weight of the adsorbate molecules, and N is the
Avagadro's number (6.023 X 1023 molecules/mole). Nitrogen (N,) as an
adsorbate have the values of M is 28.0123, and A, is 16.2 A% at 77 K.
Thereby, the specific surface area of the samples is calculated using

equation (H.3),
S = St/Weightsample (H.3)
The total pore volume is also calculated from the amount of vapour

adsorbed at a relative pressure close to unity (assuming that the pores are

then filled with liquid adsorbate) using the equation (H.4),
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_ PaVadst (H 4)

where V4, is the volume of the gas adsorbed (cm’ g™'), V,, is the molar
volume of one mole of liquid nitrogen (34.7 cm® mol™), R is the gas
constant (cm’ kPa K™' mol™), T and P, are ambient temperature (K) and
pressure (Pa), respectively. The surface areas of the unreacted and reacted
(under the standard reaction conditions) research materials were evaluated
as 11.96 m* g ' and 128.35 m” g ', respectively. Figure H-1 shows the shape
of nitrogen isotherms' (adsorption and desorption) attained for unreacted
material, suggesting that the material is likely disordered and the

distribution of pore size and shape is not well defined (Sing, 1985).

14.00
Desorption

—a— Adsorption
12.00 -

10.00 +

8.00 -

6.00 -

Volume STP (cc g™")

4.00 “

2.00 +

0.00 T T T T
0.00 0.20 0.40 0.60 0.80 1.00

Relative Pressure P/Po

Figure H-1. Nitrogen adsorption/desorption at ~77 K for the unreacted SWOL

(thermally activated at 7= 900 K for two hours).

! Adsorption hysteresis loops.
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Figure H-2 shows the shape of nitrogen isotherms (adsorption and
desorption) attained for the solid residual of the standard dissolution
reaction (partially saturated), suggesting that the material is associated with

narrow slit pores.

80.00
Desorption

—a— Adsorption
70.00 +

60.00 “

50.00 +

40.00 -

30.00 +

Volume STP (cc g™")

20.00 +

10.00 +

0.00 T T T T
0.00 0.20 0.40 0.60 0.80 1.00

Relative Pressure P/Po

Figure H-2. Nitrogen adsorption/desorption at ~77 K for the reacted SWOL
(thermally activated at 7 = 900 K for two hours) under the standard reaction

conditions (partially saturated).

H-2. Pore Size Distribution

The HK analytical method used to show the effective pore distributions
from nitrogen adsorption isotherms. The HK approach is based on a
fundamental statistical analysis of a fluid confined to a slit-pore
(HORVATH and KAWAZOE, 1983). Figure H-3 shows the pore size

distribution curves for the cases presented in Table 5-2.
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Figure H-3. Horvath and Kawazoe pore size distribution curves for the cases as

indicated in the figure.

The relative increase in the volume of porous substrate seems to be
associated with the increase in the extent of extraction of magnesium and

silica.
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