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Abstract

Mineral carbonation is one of the most appealing CO2 emission mitigation techniques capable of
storing CO», in the thermodynamically stable states. However, the technical mineralization process
faces serious challenges, in regard to the reaction Kkinetics and issues with high energy intensity.
Pre-activation techniques such as mechanical activation are proposed as effective strategies to
enhance the kinetics of mineral carbonation processes. They however, significantly increase the
total energy consumption of the processes and hence, optimizing the energy needed for pre-
activation process is essential.

Mechanical activation technique was performed, using a Uni-Ball-Mill 5. The variation of
determinant structural parameters such as particle size, specific surface area, pore volume,
crystallite size and crystallinity was recorded as a function of injected milling energy input, using
SEM, BET and XRD analysis techniques. Considering the outcomes of this research stage, the
optimal level of pre-activation milling energy for the most suggested microstructure for CO-
storage was found to be about 55 kJ/g.

Energy optimization and kinetics enhancement was then considered and expanded to the field
of reactive compound extraction. Milling energy inputs of 0, 13.8, 27.6, 41.4 and 55.2 kJ/g were
injected for the purpose of the reactants’ pre-activation. Solid state extraction was performed under
the isothermal conditions of 400, 425 and 450 C in a combined DSC/TGA thermal analyzer device
(NETZSCH STA 449F3A-0918-M Jupiter). The trend of activation energy variation vs. milling
energy input was calculated and monitored to find the optimal amount of millling energy input
needed to produce the structural properties with the lowest amount of activation energy for the
solid state extraction process. The calculated amount of optimal milling energy input, to address
the objective of this phase of study was found to be about 27.6 kJ/g. This resulted in an almost
34% reduction in the activation energy of MgSOs solid state extraction.

Complimentary to the goal of enhancing the kinetics and performance of the mineral carbonation
process, the enhancement of directed anhydrous carbonation was examined as a next stage of
research. Two different strategies were followed to address this objective, including the
optimization and control of carbonation parameters (temperature and pressure), and the
implimentation of heterogeneous precipitation, in order to promote the possibility of formation of

anhydrous carbonation products during the aqueous carbonation of Mg(OH). powders.



Carbonation reactions were performed in a 4650 Parr high-temperature high-pressure reaction
vessel. Carbonation temperatures of 100, 150 and 200 T and CO; pressure of 10, 20, 25 and 30
bars, were used. This stage of study confirmed the noticeable influence of carbonation temperature
on the formation of anhydrous carbonates, and on the enhancement of directed carbonation. As a
continution, the effects of the implimentation of preferred precipitation sites on the efficiency of
directed carbonation process was figured out, by injecting two different seeding materials, in the
aqueous medium. Hydrophobic activated carbon and hydrophilic alumina seeds were used to bring
two different wettability properties. The combined controlling of carbonation parameters and
implimentation of more efficient seeding material resulted in an improved carbonation conversion

of up to 72%, with an anhydrous carbonate concentration of around 60%.
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Chapter 1

Introduction

1.1 Problem Statement and Thesis Overview

Greenhouse gases (GHG) are the major cause of global warming through their ability to
trapping heat in the atmosphere. Energy production and use lead to almost two-thirds of global
greenhouse gas emission [1]. CO. is known as the greenhouse gas with the greatest
contribution to global warming and the global CO> emission is used as a clear indicator of the
world’s fossil energy consumption [2-8]. Therefore, CO. capture is an essential approach to
control the global temperature increase [9-14].

Since the mid-1970s approximately 168.5 billion metric tons of carbon has been emitted
from fossil fuels consumption and cement production [15]. According to the International
Climate Change Partnership (ICCP), continuing the current rate of emission would cause CO>
concentration of as high as 1000 ppmv by 2100 [16], resulting in the global temperature
increase of 3.6 C [16-18]. The goal of limiting the global temperature increase to within 2°C
by 2100, as set in 2015 at the 21st Conference of the Parties (COP21) 5 [1], necessitates
effective controlling of the global CO; level. Considering an accelerating rate of worldwide
energy use, several methods have been suggested to reduce CO2 emissions. Carbon storage
and sequestration techniques (CSS) has drawn much attention, as well as the development of
other emission controlling strategies such as renewable energy replacement and energy
efficiency improvement [2, 4-6, 19].

Mineral carbonation (MC) is viewed as the safest approach in order to reduce the level of
atmospheric CO2 emission, and is applied to capture and store CO: in geological formations.
Mineral carbonation offers the advantage of permanent CO storage, in the form of
thermodynamically stable and environmentally friendly carbonates [2, 4-6], along with the
beneficial exothermic nature and raw materials availability [8]. With this technique, minerals
react with COz and form a thermodynamically stable carbonates. This prevents CO2 emission
in the atmosphere, while permanent CO. sequestration is achieved [3, 9, 10, 14]. In current

research, mineral carbonation of olivine (Mg, Fe).SiO4) was investigated as a prototype
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feedstock, considering the storage capacity and abundancy of olivine for the sake of CO>
storage.

Although MC based CCS is thermodynamically favorable, the slow Kinetics of this process
has greatly challenged its feasibility. Much effort has been made, in order to address the
challenges in regard to the energy consumption and kinetics of the MC process. Pre-activation
techniques are of the most recommended remedies to enhance the kinetics of mineral
carbonation. Several different activation methods have been studied and investigated
previously, such as mechanical activation, chemical activation, thermal activation, etc. [20-
22]. Haug et al. [23, 24] performed a comprehensive study on the effect of mechanical
activation via wet/dry high energy ball milling in a planetary mill, in order to improve the Mg-
extraction potential of olivine samples in an HCI solution.

This addressed the optimal amount of mechanical activation energy for the most enhanced
rate of olivine dissolution. Chemical activation [25] and thermal activation [9, 26] are the other
major types of activation processes which have been shown to enhance the conversion rate of
carbonation through the structural modification of raw materials. As an example, thermal
activation of serpentine feedstock has been extensively evaluated through the method called
“Shell thermal activation” [27, 28], which includes heating up the serpentine feedstock for the
duration of one hour at 650 C, for the latter purpose of direct flue gas CO> capture. Also, the
effect of thermal activation on the dissolution of serpentine in acidic medium, has been
evaluated by Hariharan et al. [26].

Although the activation process enhances the kinetics of mineral carbonation, it consumes
extra energy and affects the energy balance of the entire carbonation process. Therefore, the
optimization of the pre-activation energy is still an essential gap in developing MC based CCS
approaches. The level of activation energy must be carefully considered and an optimized
activation energy level needs to be extensively sought.

In the first stage of this Ph.D. work, the optimal amount of pre-activation mechanical energy
to achieve the most enhanced structural properties for carbon sequestration was studied. This

task was done by monitoring the variation in the dominant factors affecting the microstructure
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of the mineral, such as particle size, specific surface area, pore volume, crystallite size and
crystallinity percentage, as a function of applied pre-activation mechanical energy.!

As another remedy to design and optimize the MC process, indirect carbonation was
suggested to enable a better control of the factors affecting the kinetics, along with a higher
possibility of process optimization [3, 29-31]. In an indirect carbonation process, the two
highlighted steps of mineral carbonation including the extraction of reactive compounds and
the carbonation of extracted products are performed in separate stages. Hence, the individual
processes could be optimized and kinetically enhanced separately. AAU (Abo Akademi
University) process is of the most reputed and practical techniques proposed for indirect
mineral carbonation of Mg-silicates. In this process, the extraction of magnesium hydroxide
(Mg(OH)>) is achieved through the reaction of ammonium sulfate ((NH4)2SO4) and Mg-silicate
feedstock [13, 32-36]. The kinetic enhancement of the solid state reaction between ammonium
sulfate and Mg-silicate is still a limiting barrier in the way of the industrial development of this
well-reputed technique.

The acceleration of the aforementioned solid state process via mechanical activation of
reactive compounds was implemented in this thesis, using a controlled amount of milling
energy. The optimal amount of pre-activation milling energy input for the most modified
structural parameters and consequent enhanced kinetics of extraction was also addressed?.

In another attempt to improve the efficiency of mineral sequestration, a directed mineral
carbonation process was developed. The goal was to promote the formation of anhydrous
carbonated precipitates, with higher storage density and thermodynamic stability compared to
more kinetically favorable hydrous carbonates. Although a noticeable amount of research has
been performed so far on the mechanism and kinetics of anhydrous carbonates [37-41], a
comprehensive study on the effect of carbonation controlling factors, such as temperature and

pressure is still lacking. Therefore, the optimization of carbonation parameters, besides

! The detailed justification of research gap and goal of this investigation, are presented in Chapter 3.

2 The detailed justification of research gap and goal of this investigation, are presented in Chapter 4.



enhancing the kinetics and efficiency of aqueous carbonation of Mg(OH)2 was investigated in
this thesis, and the optimal value of temperature and pressure were achieved, through
monitoring the trend of carbonation conversion percentage and anhydrous carbonate
percentage changes with applied carbonation temperature and pressure.

As a continued attempt to promote the process of directed carbonation, in the later phase of
this study, heterogeneous precipitation (seeding) of carbonated products was followed and
evaluated. The technique of preferred seeding has been applied by others as well, in different
aspects of studies, to control the Kkinetics of precipitates formation [42-45]. However,
quantitative study of the effects of heterogeneous precipitation on the carbonation efficiency,
and specifically the enhancement of directed anhydrous precipitation during mineral
carbonation process is still needed. In this thesis, an expanded effort was performed on the
estimation and evaluation of the possible effects of varied surface properties of injected
precipitation sites during the directed carbonation process. This was examined under different
temperature and pressure conditions, during the carbonation process, with the hope of
achieving the most favorable type of seeding materials for anhydrous carbonated products

formation.®

1.2 Research Objectives

The primary objective of this Ph.D. study is to develop a MC process with enhanced kinetics

of optimized CO storage capacity, where olivine is implemented as a carbonation feedstock.

The specific goals of individual projects are shown below.

1. Determination of the optimal amount of pre-activation milling energy input, to achieve the
most enhanced structural properties for mineral sequestration. This goal is achieved
through the following approaches.*

3 The detailed justification of research gap and goal of investigation, are presented in Chapter 5.

* This objective is achieved, as presented in Chapter 3.
4



I.  Evaluation of the effect of milling energy input on the structural variation of
processed olivine powders, for CO2 sequestration.

[I.  Determination of the correlation between the amount of pre-activation
milling energy input and the controlling structural properties, to form the
most modified structure for CO; storage.

1. Determination of optimal amount of pre-activation milling energy input
needed to achieve the most modified structural parameters for CO- storage.

2. Enhancement of the kinetics of Mg(OH)2 extraction, as an essential stage of Mg-silicate
carbonation, through pre-activation of reactant material with the optimal level of energy.
The kinetics of solid state extraction of MgSOs, as a rate limiting process has been the
focus. The main research activities are as follow.®

I.  Pre-activation of reactant material and determination of the effects of
milling energy input, on the microstructural properties of activated
materials, in order to enhance the kinetics of extraction process.

Il.  Seeking the optimal amount of required pre-activation energy for enhancing
the kinetics of the solid-state reaction in the proposed extraction stage.

3. Directed precipitation of anhydrous magnesite during mineral carbonation of magnesium
hydroxide (Mg(OH).), as a reactive extracted compound, for indirect mineral sequestration
of Mg-silicates. This objective is achieved through the two critical strategies of controlling
the carbonation parameters and the implementation of heterogeneous carbonation. This

following tasks are included.®

I.  Controlling and optimizing of the carbonation temperature and pressure, in
order to promote the process of directed anhydrous carbonation, during

aqueous carbonation of Mg(OH)..

® This objective is achieved, as presented in Chapter 4.

® This objective is achieved as presented in Chapter 5.
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Il.  Enhancing the kinetics and efficiency of Mg(OH). directed precipitation,
via implementation of preferred sites for the precipitation of favorable
anhydrous carbonates.

I1l.  Investigation of the effect of different surface properties of precipitation
sites, under varied temperature and pressure conditions, during the mineral

carbonation process.

1.3 Research Approach

This thesis is categorized into five chapters. Chapter 1 includes the research statement, gaps
and motivation, proposed objectives and research structure and approach. This chapter presents
a brief introduction to the research field and flow of thesis.

A comprehensive literature review is performed in preliminary stages of research, as
presented in Chapter 2, in order to give a clear view of basic and fundamental knowledge in
the current field of interest, while expanding to show the actual flow of current studies.
Research objectives and approaches are also defined considering the current knowledge gaps,
as determined through an expanded literature study.

Chapters 3, 4 and 5 present the details of research studies that were performed to address the
defined research goals and objectives. The content of the presented chapters includes: a) a
summary of proposed research and outcomes, b) an introduction to the research study,
literature study, detailed research gaps and objectives, ¢) an experimental approach, presenting
the research methodology, instrumental and analysis procedures and, d) the specific outcomes
and results of the proposed research, while referring to the pre-defined goals.

In Chapter 3, the correlation between the amount of pre-activation mechanical energy input
and the structural properties of olivine powders is evaluated, in order to form the most
enhanced microstructural properties, for CO> storage purposes. The calculation of the actual
amount of milling energy input is based on the pre-build model by Parviz and Varin [22]. The

investigation of the effect of milling energy input on the variation of structural properties,
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including particle size, specific surface area, pore volume, crystallinity percentage and
crystallite size, during milling process is highlighted. The preliminary goal of this research task
was to enhance the microstructural properties of olivine powders with an optimized level of
milling energy input for the later task of direct carbonation. This task was not successful in
further assessment. The activated samples didn’t show any successful carbonation conversion
as compared to non-activated ones, under dry direct carbonation ran at atmospheric CO>
pressure and temperature range of 100-200 °C. However, structural enhancement methodology
that was achieved in this stage was implemented in next research task as is explained in Chapter
4.

In Chapter 4, the procedure to enhance the kinetics of the extraction stage, as an initial stage
of the indirect mineral carbonation process is deliberated. Solid state extraction of MgSOg4 as
a rate limiting stage of Mg(OH)2 formation during AAU indirect mineral carbonation of Mg
minerals is addressed. The optimization of crystal structure (particle size, specific surface area,
pore volume, crystallite size and crystal strain) with mechanical milling is carried out by
monitoring the trend of intended structural parameter variation vs. milling energy input. Also,
the variation of activation energy of solid state extraction reaction is recorded as a function of
pre-activation milling energy.

Chapter 5, presents the attempts on enhancement of directed carbonation of the Mg(OH):
process through the formation of anhydrous carbonates in order to improve the efficiency and
stability of the aqueous mineral carbonation process. In this phase, two different strategies,
controlling of the carbonation parameters, and impelimenting hetrogeneous precipitation using
different seeding sites, are attempted. The main aspects of this phase of research includes the
investigation of the effects of carbonation temperature and pressure on conversion percentage
and anhydrous carbonate concentration, in directed carbonation. The effects of hetrogeneous
precipitation on carbonation conversion percentage and anhydrous carbonate concentration, as

a scale of directed carbonation progress are also evaluated.



Finally, the key outcomes of the current Ph.D study, research limtation and future work
suggestions and directions are presented as Chapter 6, which is itemized based on the major
research topics that are evaluated in this study.



Chapter 2

Literature Review

2.1 Global Warming and CO2 Emission Reduction Technologies

Fossil fuels are still the world’s primary source of energy, producing almost 80-85% of the
world’s total energy requirements [5, 6, 46, 47]. Besides all their advantages such as high
energy density, abundance, ease of use and storage, and low cost, their application is facing
global challenges, and their emission of CO: into the atmosphere is known to be one of the
major sources of global warming [48]. CO: is of the primary types of greenhouse gases, and is
mostly emitted to the atmosphere by human activates such as fossil fuel combustion for energy
production.

The growing energy demand has led to increasing fuel consumption, which releases a huge
amount of CO; into the atmosphere [11]. As reported by the International Energy Agency, 13.1
gross tonnage of CO, was emitted from the combustion of coal between 2009 and 2010 [49].
CO: is also released by natural activities such as the respiration of living species, plants, and
microorganisms; the decay of organic material; plus, volcanic outgassing and forest fires [12].
Because the rate of CO. emission is growing noticeably, the establishment and development
of CO2 emission mitigation techniques, such as carbon capture and storage (CCS) technology
has become crucial to controlling the global carbon footprint. Improved energy efficiency and
replacing fossil fuels with alternative options are the suggested strategies for reducing CO>
emissions. The option of CO> capture and storage (CCS) in geological formation is offered as
one promising method, by which emitted CO> will be stored in the form of thermodynamically
stable and environmentally friendly carbonates [2, 5, 6, 14, 50-55]. CCS referrers to a variety
of technologies that capture CO, from processes such as, combustion power plants, iron and
steel making, natural gas treatment, etc. It pressurizes the captured CO; to the level of over
100 bars and transfers the pressurized gas through pipelines or tankers to sites for long-term

storage in a stable geological formation [27]. CO. removal from the gas stream, called



capturing process, could take several promising approaches such as pre-combustion, post
combustion and oxy-fuel combustion techniques [56].

CCS was initiated in the 1960s and is reported to be capable of storing almost 90% of CO»
emissions produced by fossil fuel combustion, electricity generation, and other industrial
processes [57]. It has been offered as the most immediate solution that can reduce the effect of
emissions from huge industrial emitters such as the power plants and refineries that are
responsible for 40 to 60% of total global CO> emission [58]. Geological storage indicates
trapping of CO; in geological structures. The injection of CO; into underground storage sites,
such as saline aquifers, depleted oil and gas fields, deep coal seams, is one method that has
been tried for storing CO: in geological formations. The idea of underground injection of CO>
for storage purposes has been initiated based on the natural capability of underground spaces
to store thousands of naturally occurring gases, including naturally occurring CO2 The
proposed technique is designed to take advantage of natural barriers that have already stored
varied types of gases underground for millions of years, thereby helping CO> reduction [59].
However, this technique has been debated because of the high risks of leakage [60]. Thus,
mineral carbonation has been proposed as an alternative strategy for storing CO: in geological

formations, with safer conditions.

2.2 Mineral Carbonation

“Mineral carbonation is the fixation of CO. as stable carbonate minerals, such as calcite
(CaC0s3), dolomite (Ca Mg(COs)2), magnesite (MgCOz), siderite (FeCOsz) and Mg-Fe
carbonate solid solutions [4].”

Carbon mineralization, also known as “enhanced natural weathering”, is an accelerated type
of natural geological weathering, defined as the sequestration of CO> by the reaction of
alkaline-earth-metal-bearing silicates with COz, to store COz in the form of stable carbonates
[6, 9, 61]. The idea was initiated by Seifritz in 1990 [62], further studied by Dunsmore [63],

and expanded by Lackner et al. [20] The process was termed mineral carbonation. Later on,
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the technique was extended to other feedstock rather than minerals, such as industrial wastes
and slags, and found a more general name of carbon mineralization [9]. The MC process has
been developed and conducted through different routes and approaches including, an aqueous
scheme suggested by Kojima [64]; an underground injection scheme proposed by Gunter et al.
[65]; a process via mineral derived Mg(OH). suggested by Lackner et al. [66]; and a carbonic
acid process using olivine and serpentine by O’Connor et al. [67, 68].

Figure 2-1 presents a total overview of the carbonation process [9, 67]. CO»-containing
exhaust gas from power plant and mineral carbonation feedstock are transferred to a mineral
carbonation reactor. Upon the reaction in the mineral carbonation reactor, CO is stored, and
carbonated compounds are formed as mineralization reaction products. The carbonated
products of mineral sequestration will then be stored, disposed of or reused in other industrial
applications.The most important advantages of the mineral carbonation process can be

summarized as follows:

1) Mineral carbonation results in the formation of thermodynamically stable
carbonate, insuring permanent fixation of CO..

2) Raw materials exist in vast quantity and are quantitatively enough to capture all
emitted CO> from fossil fuel combustion.

3) Value-added by products can be formed and used to compensate for a part of the
process cost. On the other hand, the total process is exothermic, and the released
heat can be used to provide some portion of the energy required for process

enhancement [67].

Addressing this third advantage of the MC process, this technology can be considered as a
multipurpose carbonation approach, with the capability of both storing and utilizing CO», and
with the carbonated materials being utilized in latter applications such as construction building
materials or as filler materials in paper and plastic products [69, 70]. However, MC demands

a high level of costly energy consumption and suffers from a slow conversion rate [3, 34].
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Figure 2-1. Total overview of carbon sequestration process, Energy Research Centre of the
Netherlands (ECN) [9, 71].

The process of mineral carbonation can be operated under either in-situ or ex-situ conditions.
During in-situ carbonation, CO> is injected underground to accelerate the chemical reaction
between subsurface alkaline minerals and CO.. Ex-situ activities occur above ground,
requiring mineral processing and mining, as well as feedstock communication [71]. Mineral
carbonation has currently the potential of storing over 10000 Gt of carbon, due to the high
abundancy of mineral carbonation feedstock [27]. Carbonation reactions typically require
around 2 tons of silicate feedstock per ton of captured CO,, and thus require huge levels of
mining. As an example, a 100 kt per day mining operation is capable of storing about 18 Mt
CO. per year which is enough to store the CO. emitted by five 500 MW coal fire power stations
[72, 73]. In order to express the feasibility of a carbonation process, in regard to the availability
of mineral sources, we may consider two selected reservoirs in the United States. Twin Sisters,

Washington, and Wilbur Springs, California, which are capable of sequestering the globally
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emitted carbon dioxide for 2 and 5 years respectively [9]. In other research, Lackner [66, 74]
has indicated that Oman, by having 30,000 km® magnesium silicates is capable of storing most
of the CO- generated by coal combustion in the world.

2.2.1 Sources of Mineral Carbonation

During mineral carbonation, CO2 must be combined with metals to form carbonate minerals.
In general, metals are the source of divalent cations, including Ca%*, Mg?*, and Fe?*. Silicates
are the most abundant sources for these cations in nature [4, 8]. Among silicate rocks, mafic
and ultramafic rocks are suggested for carbonation, as they contain high amounts of
magnesium and calcium. Although molar abundances of magnesium and calcium silicates in
the earth’s crust are similar, the application of magnesium based silicates is more favorable for
mineralization, due to their higher concentration of metal oxide. Magnesium silicates contain
a high concentration of magnesium oxide (up to 50% by weight, equal to a theoretical CO>
storage capacity of 0.55 kg CO2/kg rock). This concentration is obviously higher than that in
the rocks containing calcium silicates, such as basalts, which have a CaO content of about 10%
by weight (equal to theoretical CO> storage capacity of 0.08 kg CO./kg rock) [3, 6]. On the
other hand, the amount of oxide required to bind one ton of carbon is 3.3 ton in MgO compared
to 4.7 ton CaO [9, 71], which presents the higher storage density of magnesium based silicates,
as compared to calcium containing ones. The largest quantity of magnesium silicate is found
in the forms of olivine (Mg, Fe)2 SiOg, forsterite (Mg2SiOas) and serpentine MgsSi>Os(OH)s [6,
75, 76]. Earth’s serpentine deposits alone are enough to sequester all the carbon associated
with known coal reservoirs [5]. Dunites and peridotites are the main candidate magnesium-
rich rocks that could be mined for olivine and serpentine production.

Table 2-1 compares some of the most-significant candidates used as mineral carbonation
feedstock, based on RCO: (the mass ratio of rock needed for capturing unit mass of CO: [6,
77]) and Rc (mass ratio of rock needed to capture a unit mass of C [6, 9]). As this table shows,

olivine offers the best carbon storage properties, due to its highest storage density and metal
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oxide concentration. Olivine is a solid solution of forsterite (Mg.SiO4) and fayalite (Fe2SiOa)
[6, 9, 71]. It has been mined for most of the past century as a refractory material, and is used
extensively in the metal foundry industry for sand mold castings [68, 78].

Table 2-1. Comparison of capability of different mineral feedstock for

CO2 sequestration [6, 9].

Rock MgO wt% CaO wt% Rc (kg/kg) RCO: (kag/kg)
Olivine 49.5 0.3 6.8 1.8
Serpentine Around 40 Around 0 Around 8.4 2.3
Wollastonite - 35 13.0 Around 3.6
Talc 44 - 7.6 2.1
Basalt 6.2 9.4 26 7.1

On the other hand, considering the exothermic nature of mineral carbonation reactions,
feedstock with the chemical capacity to release more heat during mineralization reactions
would be more practical, since the released heat could be stored and recovered to compensate
for a portion of the total process’ energy requirement. In this regard, the amount of energy
released during the carbonation reaction of typical feedstock in mineral carbonation is
compared and presented in Table 2-2 [79]. In this table. Magnesium-bearing minerals are
capable of releasing highest levels of energy through exothermic reactions, and forsterite
olivine, as an abundant and naturally available Mg-silicate, could be an appealing candidate,

in this sense.

2.2.2 Chemistry of Mineral Carbonation and Mineral Carbonation Routes

In general, during mineral carbonation divalent metal oxide (Fe, Mg or Ca oxide) bearing

compounds react with CO> to form carbonate, according to Eq.(2-1) [6, 79].
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MgO +CO, ——>MgCO, + Heat 2-1

This reaction is exothermic, and the heat of reactions is reported per mole of CO.. In nature,
calcium and Mg exist in the form of silicates. The carbonation reaction of silicates is also
exothermic. Mg and Ca minerals are the best candidates for mineralization, since they form
stable carbonate products upon reaction with CO,. These carbonates have very low solubility
and emit minimum water contamination as a result of leaching [73].

Eq.(2-2) illustrates the general carbonation reaction of Mg and Ca silicates [6]. In the same
way, the general carbonation reaction of forsterite olivine is as in Eq.(2-3) [6, 62, 66, 80, 81].

(Mg,Ca), Si,O H,, +XCO,——x (Mg,Ca)CO, +YySiO, +zH O + Heat 2.2

X+2Yy +2Z

Mg,SiO, +2C0, —>MgCO, +SiO, +90kJ / mol 9.3

Table 2-2. Enthalpy of carbonation reaction, for different mineral feedstock [79].

Mineral Enthalpy of reaction (kJ/mol)
Calcium oxide (CaO) 179
Magnesium oxide (MgO) 118
Forsterite olivine (Fe2SiOa4) 89
Wollastonite (CaSiO3) 87
Serpentine((Mg, Fe)3Si-Os(OH)a4) 64

The carbonation process occurring as a result of silicate/CO> reaction is exothermic and
thermodynamically favorable. Addressing to the exothermic nature of reactions in (Eq.(2-1) to
Eq. (2-3), Gibbs free energy of carbonation reaction also increases, by temperature increment.

Hence, in the case of olivine, the thermodynamic tendency of carbonation decreases with an
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increase in temperature and the applicable thermal range of the mineral carbonation process
would be limited, thermodynamically. However, at the thermal range below 200°C (473K),
the negative value for AS (T) of carbonation could be compensated for the large negative
AH(T) value of the reaction, leading to a negative AG(T) of carbonation and spontaneous
mineralization [82].

The decomposition temperature of carbonated products adds another limitation to the
thermal range definition of the mineral carbonation process. Thus, exceeding the carbonation
temperature over 900°C for calcium carbonate and 300 °C for magnesium carbonates may lead
to the thermal decomposition of carbonated products [6]. As reported by other researchers, the
optimal reaction temperature range for olivine carbonation is 150-200 °C at atmospheric
pressure [6, 71, 80]. Table 2-3 summarizes the maximum temperature allowance for the

mineral carbonation of typical mineralization feedstock [6, 66].

Table 2-3. Maximum allowance reaction temperature for different
mineralization feedstock [6, 66].

e— Max carbonation Carbonation pressure
temperature allowance (K) (bars)
Calcium oxide (CaO) 1161 1
Calcium oxide (CaO) 1670 200
Magnesium oxide (MgO) 680 1
Magnesium oxide (MgO) 930 200
Wollastonite (CaSiOs) 554 1
Forsterite olivine (Mg2SiO4) 515 1
Serpentine (MgsSi2Os(OH)a4) 680 1
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2.2.3 Mineral Carbonation Approaches

The MC process may be implemented through either direct or indirect approaches, upon the
separation or combination of two critical MC stages of extraction and carbonation, in either
dry or aqueous media [6, 83-85]. Each route brings specific chemistry, technical advantages
and drawbacks that are discussed in the following sections.

2.2.3.1 Direct Carbonation Routes

2.2.3.1.1 Direct Dry Carbonation

In direct-dry carbonation reactions, gaseous CO- reacts directly with solid minerals or alkaline
wastes, in a non-aqueous medium. This process is the most straightforward mineralization
approach (Eg.(2-1)), and was first studied by Lackner et al. [66, 74]. However, direct-dry
carbonation suffers from very slow reaction rates. Many technical studies have been performed
on enhancing the Kkinetics of this process [6, 66, 86-88] as will be discussed more in section.
(2.2.5.1). This approach can be conducted through a reaction with either gaseous or
supercritical CO2 gas. In spite of the simplicity and thermodynamic favorability, the major
concern related to the slow kinetics of the reaction is still unsolved, which has limited the
process’ practical feasibility. Zevenhoven et al. [22, 72, 84, 85, 89-92] have performed a

comprehensive study, in order to promote the kinetics of direct dry carbonation.

2.2.3.1.2 Direct Agueous Carbonation

In direct-aqueous carbonation, CO> gas directly reacts with mineralization feedstock in an
aqueous medium to form stable carbonates. The aqueous approach is mainly followed through
three important stages. In the first step, CO> gas is dissolved in water to form an acidic medium
and bicarbonate (HCOz3) ion, as Eq.(2-4). This reaction liberates protons, causing a pH
reduction in the carbonation solution, where the pH of the solution depends upon the partial

pressure of the CO2, and the temperature, alkalinity, and salinity of the water. Thereafter, Ca
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and Mg ions are leached from the mineral matrix in the acidic medium (Eq.(2-5)). Finally,
magnesium or calcium carbonates are precipitated in the solution based on (Eq.(2-6)) [6, 9, 79,
93-97].

CO +HCO,”

2@ T H200) —>H,CO,yy —H ) 3 (a0) 2-4
(Ca,Mg) —Silicates, + 2H" ,,, ——(Ca,Mg) ., + SiO,, + H,O,, 2.5
(Ca,Mg)” ) +HCO; o, —(Ca,Mg)CO,, +H ", 2-6

In the same way, the reaction of forsterite (Mg2SiO4) with aqueous CO: to yield the final
products of magnesite (MgCOs3) and quartz (SiOz) starts with the dissolution of CO> in water,
as Eq. (2-4) [4, 48], and then proceeds based on Eq. (2-7) [98]. In this reaction, the rock is
firstly dissolved in an acidic medium, releasing divalent ions. Then, the dissolved metal reacts

with CO; to produce carbonates, according to Eq.(2-6).
Mg,SiO, +4H " ——2Mg ™ +2H 0 +Si0,,, 2.7

2.2.3.2 Indirect Carbonation

Indirect carbonation is a process in which the overall carbonation is divided into two or more
stages. For example, in the case of wet (aqueous) carbonation, the dissolution of CO.,
extraction of metallic ions and precipitation of carbonates take place in different reactors.
During indirect carbonation, the reactive compounds such as MgO or Mg(OH): are initially
extracted from the silicate minerals and then are carbonated to store CO». Figure 2-2 compares
the direct and indirect carbonation approaches for Mg-silicates [6]. The studies on carbonation
of MgO and Mg(OH): as reactive compounds, to be extracted from Mg-silicates, were started
in 1990 by Zevenhoven et al. [83] with the purpose of accelerating Mg-silicate mineralization.

Eq. (2-8) represents the general extraction formula in indirect Mg silicate carbonation [8, 83,
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90-93, 99, 100]. The extracted compound is then carbonated, based on Eg. (2-1). However,
Mg-hydroxides are much more favorable than oxide compounds and offer a much more
noticeable degree of reactivity for mineral carbonation.

xMgO.ySiO,.zH ,0 (s) ——xMgO (s) +ySiO, +zH 0 2-8

2.2.3.2.1 Indirect Dry Carbonation

As discussed in section (2.2.3.1.1) the carbonation of naturally available silicate minerals is
almost not feasible, as a result of the significantly slow reaction rate of silicates in dry
condition. To addressing this point, the process of indirect dry carbonation has been proposed
and advances, and includes the extraction of reactive compounds from unreactive silicate
structures prior to the actual carbonation reaction. One of the most primitive advantage of the
indirect carbonation route is that it can expand the range of thermodynamic stability. Figure
2-3 illustrates the thermodynamic-defined applicable range of CO. sequestration for olivine as
well as some other Mg silicates [92, 101], where the carbonate products are thermodynamically
stable in the range, defined by the corresponding curves in Figure 2-3 [92, 101].

The thermodynamic equilibrium lines for each reaction are plotted considering the general
equation of free energy change. For example, in the case of the carbonation of forsterite olivine
(Mg@2SiOg4) (Eq.(2-3)), free energy variation can be formulated, as in Eq. (2-9) and Eq. (2-10)
[21, 22, 102-104].

AG =AG°+RTLN(K,) 9.9

_ IMgCO, " x[siO,]

= 2-1
* = [Mg,Si0,]x[CO, I 0
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Figure 2-2. Schematic comparison of direct and indirect carbonation approaches, modified
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Figure 2-3 Thermodynamic equilibrium constant vs temperature for carbonation of
Mg2SiO4 and MgO, modified from [92, 101].
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AG?: Standard free energy of reaction (The free energy of reaction at standard state conditions,
where the partial pressures of any gas involved in the reaction is 0.1 MPa and the
concentrations of all aqueous solutions are 1 M [102])

Kp: Equilibrium constant of reaction

T: absolute temperature in K

R: Universal gas constant

The terms in brackets show the thermodynamic activity of chemical species. Assuming that

the chemical activity of solid compounds is equal to unity under dry condition, K, is equal to

(ﬁ ). Hence, the range of thermodynamic stability for the direct dry carbonation of olivine
co,

increases, as a function of CO> pressure and, the process can be speeded up by CO> pressure
increment, thus enabling the implementation of higher carbonation temperatures. However, the
increase in the maximum allowed carbonation temperature for forsterite, by CO2 pressure is
not noticeable and will not noticeably improve the kinetics of dry forsterite carbonation, as is
also reported in previous studies [21, 22].

As is seen in Figure 2-3, MgO offers a higher range of thermal allowance for mineral
carbonation than forsterite [92], which means that carbonation of MgO could be performed at
higher temperatures, with more enhanced kinetics, compared to forsterite. Hence, indirect
carbonation of forsterite (decomposition of forsterite to MgO and then MgO carbonation) is
one applicable method to promote the carbonation process, as it ends up with higher range of
thermodynamic stability for CO> sequestration. The maximum range of MgCO3 stability in
MgO carbonation (Eg.(2-1)) can be calculated as in Eq. (2-11) [105], which is formulated
based on the free energy change in the MgO carbonation reaction.
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Also based on Eq.(2-1), the range of MgCOs stability in MgO carbonation can be increased,
through the increase of CO. pressure, which is also shown in Figure 2-3. Mg(OH): is also
proposed as another candidate compound, to be extracted from Mg- silicates during indirect
carbonation, with the goal of more desirable carbonation properties (Eq.(2-12)). Similar to
MgO, Mg(OH). can also offer a wider thermal range of MgCOz thermodynamic stability
compared to forsterite. The equilibrium temperature of Mg(OH)2 for carbonation as a function
of CO: pressure can be calculated based on Eqg. (2-13), with the same method explained for
MgO [105].

Mg (OH ), +CO, ——>MgCO, + H 0 212

T (K)=—5 é)?rgs 213
In(-H2"7y |, 3538 -
Pcoz(bars)

Another significant benefit of indirect carbonation is that, as the total carbonation process is
divided into two separate sections, liberation of SiO> from the structure can be performed in
the extraction stage, resulting in better carbonation efficiency than with the original feedstock.
Also, since the silicate layer acts as a kinetics barrier during carbonation, the overall kinetics
of mineralization can be speed up by removing the silica layer prior to the carbonation step
[20, 106].

22



2.2.3.2.2 Indirect Wet Carbonation

To explain the benefits of indirect wet carbonation compared to the direct process, one may
consider that the aqueous carbonation process faces two big challenges. The first challenge is
that, during wet carbonation of minerals, more CO> can be dissolved into the aqueous phase,
under low temperature conditions (Eq.(2-4)), where both the dissolution of the raw material
(Eq.(2-5)) and the precipitation of carbonates (Eq.(2-6)) are favored at elevated temperature
levels. Secondly, an acidic environment (low pH) would accelerate the Mg and Ca-leaching
through proton exchange reaction, but high precipitation levels with respect to the Mg/Ca-
carbonates are reached at alkaline conditions (high pH). It would then be a big challenge to
find optimal conditions to satisfy all considerations. However, if the whole carbonation process
could be staged into different sections through indirect approach, each step could be conducted
in separate reactors, under its own favorable condition [8, 23, 79], and parameter optimization

and control could be significantly facilitated.

2.2.4 Extraction Techniques in Mineral Carbonation

The process of MgO or Mg(OH). extraction from Mg silicates structure has been categorized,

based on the most reported techniques of extraction, as either thermal or chemical.

2.2.4.1 Thermal extraction

Thermal extraction is performed on some Mg and Ca silicates to extract MgO or Mg(OH)2
from silicates, followed by carbonation [84]. Serpentine minerals (MgsSi2Os(OH)4) are studied
more than any other Mg-silicate in thermal extraction [19, 101]. The process of thermally
extracting MgO from serpentine is referred to as thermal activation and are suggested by
Zevenhoven et al. [85]. As they showed, serpentine activation through this method is not
effective, so they suggested a process for extracting Mg(OH)2 as a substitute [6, 83, 85]. This
process will be discussed in more detail, in section (2.2.5.1). After finding the feasibility of
improving the Mg silicates carbonation process through the extraction of reactive compounds
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such as MgO and Mg(OH). and carbonation of extracted compounds (indirect carbonation),
the effective thermal range for the decomposition of olivine/ forsterite to more reactive
compounds (either MgO or Mg(OH).) needs to be estimated from thermodynamics of the
decomposition reaction, as in Figure 2-4.This figure shows the equilibrium temperature of
decomposition, as a function of an equilibrium constant for different decomposition reactions
[92, 101].The applicable temperature for MgO extraction from Mg>SiOs structure (Eq. (2-14))
is calculated based on Eq. (2-15) to Eq. (2-16). Obviously, the calculated temperature (37387
°C) is too high to be applicable in an experimental process, and the direct thermal extraction

of MgO from forsterite does not seem to be feasible under atmospheric pressure.

Mg,SiO0, —2MgO +SiO, 2-14
AG?=AH°-T AS°® 2-15
0 2-16
T,(C)= AH ——273=37387
AS

- —  Mg,Si0,(s)=MgO (s) +MgSiO; (s)
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Figure 2-4. Thermodynamic equilibrium constant vs temperature for decomposition of
Mg2SiOs, MgSiOs and MgzSi2Os(OH)4, modiied from [92, 101].
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2.2.4.2 Chemical Extraction

Two methods are offered by Lackner et al. [66], for the chemically extraction of Mg(OH):
from olivine or serpentine, in hydrochloric acid and carbonic acid [9, 81, 87, 107]. The HCI
route of extraction is suggested by Lackner et al. in 1995 [66, 79], for the extraction of
Mg(OH). reactive compounds from serpentine mineral. In this process, at the initial stage,
serpentine reacts with HCI (Eq. (2-17)) to leach Mg ions at a temperature of about 100°C for
one hour [6, 9]. Then Mg(OH)2 as an intended compound is extracted, and HCI is recovered
by heating the solution to 250 °C to dehydrate MgCl2.6H20 to MgCI(OH) through Eq. (2-18).
And finally, Mg(OH): is formed, based on Eq. (2-19), by thermal transition of MgCI(OH) to
Mg(OH)z.

Mg;Si,0, (OH), , +BHCly) +H,0,) —3MgCl,.6H,0,,,, +2Si0,, 2-17
MgCl, .6H,0,,, — MgCl (OH ), +HCl, +5H,0,, 2-18
MgCI(OH ), — Mg (OH),, +MgCl,,, 2-19

Acetic acid (CH3COOH) extraction is another route of reactive compound extraction that is
suggested by Lackner et al. [9, 66, 108] as a part of wollastonite (CaSiOz) carbonation. Where,
wollastonite reacts with acetic acid to leach Ca ions as Eq. (2-20). Later on, the extracted Ca
ion reacts with COz in presence of acetate ion (CH3COQ") to form calcium carbonate (CaCOs),
while recovering acetic acid as in Eq. (2-21).

CaSi0,,, +2CH,COOH,,, - Ca'?(aq)+2CH3CO0" ,, +H,0,, +SiO,, 2-20

Ca™,+2CH,CO0_,, +CO,, +H,0,, — CaCO,, + 2CH,COOH 2-21

(aq)
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2.2.4.3 Thermo-Chemical Extraction

The process of Mg(OH)2 chemical extraction from serpentine is explained by Zevenhoven et
al. [89, 90]. In this method, Mg(OH): is formed from a solid-solid reaction of serpentine and
ammonium sulfate as a part of an integrated AAU carbonation process suggested by Nduagu
et al. [13, 34-36, 109, 110]. In the first step, serpentine rock is thermally treated with
ammonium sulfate at about 400 — 500 °C and atmospheric pressure as (Eq. (2-22)) [6, 111].

Mg.Si,0.(OH),(s)+3(NH,),SO,(s) —>3MgSO,(s) + 2Si0,(s) +5H,0 () +6NH (9) 2.99

Magnesium content in the rock is converted to MgSO,, which is highly soluble in water and

will react with ammonia at PH 9-10 to separate silica and iron. The range of 60%-66% Mg
extraction is reported by this method [6, 111, 112]. Then, MgSOa reacts with ammonium
hydroxide (NH4OH) and converts to Mg(OH), in an aqueous solution, at a pH of 10-12.

Ammonium sulfate is also produced as a side product of the reaction [6]. The produced
Mg(OH). is then separated, and ammonium sulfate is slurred in water, leaving behind
unreacted mineral and insoluble reaction products, such as silica [13, 21, 90, 91, 105]. Figure

2-5 provides a schematic overview of the process [6, 89, 90, 105]".

" More comprehensive explanation of process is offered in Chapter 4. The suggested extraction
process is implemented for extraction purpose of Mg(OH). from olivine mineral using mechanical

pre-activation with an optimal energy level.
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2.2.5 Kinetics of Mineral Carbonation and Technical Approaches to Enhance the

Kinetics

Although carbonation is thermodynamically favorable, it suffers from slow kinetics of reaction
[86]. Several strategies have been applied so far to speed up the rate of carbonation, in both
dry and wet conditions. Process optimization and the implementation of specified kinetic

enhancement techniques are among the best approaches to dealing with this issue.

Serpentinite NH, Water + Ammonia Water + Ammonia
SO,
Ammonium \ / Product powder [ 1
sulfate Aqueous solution Mg (OH),
=P Reactor = PHEY1) |y pHE10-12 e
ﬁ l r
Heat Silica, Iron, etc. Aqueous ammonium sulfate

Figure 2-5. Mg(OH)2 production process from serpentine, modified from [111].

2.2.5.1 Kinetics Enhancement in Dry Carbonation

The kinetics of the direct dry carbonation of silicate minerals is mostly limited due to the
formation of a diffusion barrier silica shell, which inhibits the carbonation process. Researchers
have tried to enhance the kinetics of dry carbonation, using supercritical CO> gas [66, 81, 87,
92, 101, 107]. (The critical point of CO> is 7.38 MPa at 31.1 °C).]. However, the value of
achieved carbonation conversion percentage is still negligible.

The thermal activation of reactants is another suggested strategy used to improve the overall
rate of direct dry reaction. This process removes chemically banded water and increases
porosity and specific surface area in the structure of reactants. Thermal activation has mostly
been tried on serpentine to remove water from the structure and form an open structure, thus
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improving the kinetics of reaction by providing more reactive sites for carbonation [9, 91, 113].
Pre—activation of feedstock through heat treatment was also attempted by Zevenhoven and
Kohlmann in 2002 [72], to speed up the rate of reaction but their suggested technique was
found to be infeasible, as a result of its high energy consumption [92].

The addition of steam to the gaseous medium is the other suggested technique to promote
the rate of dry carbonation [114, 115]. In a study by Thompson et al. [116] on forsterite
carbonation under supercritical CO, (35 and 100 bars), it was shown that water has an
essential role in the carbonation of metal silicates under supercritical CO2 conditions. Thus, in
a water-free condition, no carbonation was observed after 24h, but when water steam was
added in the system, a thin water layer was formed on the surface. Hence, carbonation extent
increased from 54% to 116% [116]. Also, the effect of water seam on the carbonation of MgO
was confirmed by Fagrlaund et al. [105], who reported that the injection of 5% steam during
carbonation of MgO, under a total of 20 bar atmosphere of CO2, can result in carbonation, at
300 °C. The same run, without water, showed no noticeable carbonation [61]. The enhanced
kinetics of direct dry carbonation, in the presence of water steam, is attributed to the key role
of water steam in converting the unreactive oxide compounds to reactive hydroxides [12, 27,
80].

The higher reactivity and better performance of magnesium hydroxide in carbonation
process, as compared to magnesium oxide, was also shown by Zevenhoven et al. [85, 89]
through the comparison of two different carbonation routes for mineralization of serpentine
feedstock. In the first route, MgO was extracted at a temperature of about 600 °C and came
into reaction with CO.. The second route was performed through the hydroxylation of
extracted MgO; the extracted MgO was hydroxylated to Mg(OH)2 by the reaction with water
steam, under high temperature of 270-450 °C and CO> pressure of 1-75 bars. Finally, it was
brought into a carbonation reaction. The outcome of carbonation though these separate routes
was compared and the results suggested that the carbonation of Mg(OH)> was much more
efficient than that of MgO, which was formed through a two-stage process. The hydration of

MgO to Mg(OH)2 has also been addressed in other studies promoting carbonation behavior
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[85]. However, the hydration of MgO to Mg(OH): is very slow and there is always a chance
that during the first thermal heating (MgO extraction), serpentine may be converted to olivine,
water and quartz rather than MgO [83]. Moreover, a high energy consumption remains a big
challenge with this process [6, 9].

Investigation of the mechanism behind steam effect enhancement, free energy calculation of
the initial adsorption of water onto forsterite surface by Kirsch et al. [10], indicates that the
formation of a water film, up to three-monolayers thick, could be exothermic. H20 was found
to displace CO; at the surface and therefore, CO2 can not penetrate below a two-monolayer
hydration layer formed by water. The simulations suggested that, in the presence of sufficient
water, carbonation occurs in the water films and not via a direct reaction of CO2 with the
forsterite surface [10]. Water also plays an essential role in the chemistry of indirect dry
mineralization of CO2 with magnesium silicates. H>O reduces the rate of dehydroxylation,
although at the comparatively low H.O partial pressures, the influence of water on carbonation,
is small.

Some PH2o is needed in the carbonation of Mg(OH). to prevent rapid calcination of Mg(OH).
to MgO [105]; thus, in an experiment run on Mg(OH)2 samples that were first calcined to MgO
before carbonation, no significant carbonation was recorded [19, 117]. On the other hand,
water improves the carbonation extent, in that the dependence of carbonation on H20 content
is higher at lower temperatures. However, there is still a temperature limitation and the
maximum carbonation temperature should be kept below the MgCO3 to MgO calcination
temperature [19].

Fricker et al. [19] stated that, the presence of water vapor in Mg(OH)2 carbonation which is
released from solid structures of Mg(OH). may facilitate the formation of an aqueous thin film
leading to the carbonation of MgO sites. They also attributed the effect of water steam during
Mg(OH)2 carbonation to preventing rapid dehydroxylation and reported a noticeable increase
in Mg(OH). carbonation conversion, under steam condition. Based on their reported results,
the carbonation conversion of Mg(OH). to MgCOs under (T=473K, Pn20 around 1.5 Mpa and
Pco2=1.03 Mpa) and (T=573K, P20 around 3.5 Mpa and Pco.=1.24 Mpa) showed respectively
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33 and 58 times increase compared to the same condition without steam, which had offered
negligible amounts of carbonation conversion.

In other research, Shih et al. [118] studied the kinetics of Ca(OH). carbonation in the
presence of humid low temperature CO,. Ca(OH). carbonation was assumed to show behavior
similar to that of Mg(OH)2 carbonation, and they found that, high humidity promotes the final
conversion degree, by thickening the water layer that covers the reacting particles. In a similar
study, Wu et al. [119] noted that the CO> sorption capacity of Ca(OH). was enhanced in the
presence of steam, as gaseous steam maintains the pores open in Ca(OH). carbonation.

To add more to the steam concept, it worth mentioning that, gas flow rate in Mg(OH):
carbonation needs to be kept at an optimum value, as in a higher flow rate condition, the formed
water vapor is carried away so quickly by the flowing CO> stream that the steam does not have
time to interact with the CO- to form the carbonate. In the case of near-static conditions, Butt
etal. [120, 121] argued that the reduced reactivity could be the result of increased H,O pressure
around the particles hindering both further dehydroxylation and CO. penetration. This effect
is confirmed by the carbonation of Mg(OH)2 under close to optimal carbonation condition at
high temperature and in a high pressure medium (565 °C and 57.2 bar COy, respectively) and
slow flow rate, which offered 90% conversion in 30 min [105]. H20 can enhance the
carbonation of MgO by forming a region of dense water vapor around the reacting MgO
particles in accordance with Eq. (2-23) [105, 122].

MgO +H,0 ——>MgO.H,0 —>Mg (OH), 923

Based on the research by Fagerlaund et al. [105], CO2 can interact with water to form
carbonate ions and H* ions (Eq.(2-4)). Then, the released Mg?* ions come into reaction with
the carbonate ions to form MgCOs. A dense H>O region can generate more ions and thus,
increases both the yield and rate of carbonation.

The same mechanism can be also considered for Mg(OH)2 carbonation, with the difference

that, in the case of Mg(OH)2, H20 is provided intrinsically from inside the particle [105]. There
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is an optimal value at which water vapor has the best kinetics of carbonation [105]. A small
amount of steam (around 2.5%) is not found to influence the rate of carbonation significantly,
but a higher concentration of steam in gaseous medium, can reduce the rate of dehydroxylation
and enhance the carbonation, accordingly [105, 123].

Besides the effect of water steam, it is noted that high external gas pressure can increase H.O
pressure at the surface by slowing down the dehydroxylation process [105]. An experiment on
the dry carbonation of Mg(OH). under a CO atmosphere showed the maximum conversion of
17.6% under 1.45 MPa CO; and 673K [19, 84, 90]. The influence of CO> pressure is mainly
two sided. On one hand, it reduces the rate of dehydroxylation, which evidently influences the
carbonation of Mg(OH). by preventing a dehydroxylation stage, an initial step of Mg(OH)>
carbonation. On the other hand, it increases the conversion rate during the Mg(OH)2 to MgCOs
reaction (Eq. (2-12)) [105].

In an experiment on Mg(OH)2 carbonation under 585 °C and 27.2 atm COg, there was an
increase in the carbonation conversion to 26.1% compared to the 1.4% that occurred at the
same temperature and a CO. pressure of 10 atm [117]. As the pressure of CO> increases, the
calcination of MgCO3 is suppressed and MgCOs is stable at higher temperatures. Thus, a
carbonation process may be designed for higher temperatures, with an accelerated kinetics of
reaction. At CO2 pressures of 1 bar, MgCOs is just stable, up to temperatures of around 400°C,
where, at 35 bar MgCOz is stable up to around 550°C.Since the carbonation of Mg(OH)2 must
be performed in the thermal range below the calcination temperature of MgCQOs, as the
calcination temperature increases, Mg(OH). carbonation could be done at higher temperatures
with an enhanced kinetics of reaction. Moreover, at higher pressures, equilibrium shifts toward
Mg(OH)2 carbonation, in accordance with the general Mg(OH). carbonation reaction (Eqg. (2-
12)) [117].

With the same effect as in highly humid systems, over pressure of CO2 may decrease the
extent of Mg(OH). carbonation, by total hindering the dehydroxylation process, through
slowing down the outward diffusion of H.O(g) from the dehydroxilating lattice sites [117].
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However, it has been shown that, increased pressure levels do not end up with an expected
increment in the magnesium oxide (MgO) carbonation rate [90].

Temperature can also improve the kinetics of carbonation, due to faster reaction kinetics or
by changing in the thermodynamic stability of different Mg-bearing phases in the system [19].
At low temperatures, carbonation is quickly limited by diffusion and a high conversion degree
(assuming sufficient porosity) is never achieved [105]. On the other hand, at high temperatures,
where the rate of dehydroxylation is much higher than that of carbonation, MgO would be the
final product, and offers a very slow rate of carbonation. Thus, at higher temperatures,
diffusivity increases and enables higher conversion degrees, assuming that excessive
dehydroxylation is prevented and that the thermodynamic limit for MgCOs stability is not
exceeded. In this regard, the highest conversion extent for Mg(OH). carbonation is reported
by Fricker and Park [19] to be around 70%, under a temperature of 673K, a steam pressure of
5.5 Mpa and CO; pressure of 1.45 Mpa.

Surface area and porosity can influence on the kinetics of Mg(OH). carbonation, as well.
The higher the surface area, the smaller the effect of intra-particle diffusion limitation. Hence,
less severe reaction conditions need to be implemented [105, 117]. The initial porosity needs
to be sufficiently high so as to prevent MgCOs from completely filling the pre-available
porosities [89, 105]. Additionally, dehydroxylation becomes faster with increasing surface area
[105]. In one study by Assima et al. [124], the dehydroxylation rate of brucite is attributed to
its particle size.

High carbonation extent of serpentine-derived Mg(OH). proves the importance of high
surface area and porosity, as serpentine-derived Mg(OH)2 particles are not limited by pore
space availability, during carbonation [89, 105, 117]. In an experiment by Bearat et al. [117],
it is shown that serpentine-derived Mg(OH). presents a higher rate of conversion under
supercritical CO pressure, compared to synthesized commercial Mg(OH)2, due to higher SSA
and larger porosity of serpentine-derived Mg(OH).. (The pore volume of commercial
Mg(OH)2: 0.024cmq/g, pore volume of serpentine-derived Mg(OH)2: 0. 24cm®/g, SSA of
commercial Mg(OH)2: 5m?/g, SSA of serpentine-derived Mg(OH)2: 40-50m?/g) [2, 89, 90].
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The maximum conversion degree, or final conversion degree reached for MgO carbonation,
is dependent upon particle porosity as well. Carbonation of MgO is accompanied by a
significant volume increase, which fills pores available for carbonation [105]. The effect of
porosity on the carbonation of MgO is also referred to in a study by Zevenhoven et al. As they
reported, MgO particles that are formed by Mg(OH)2 calcination at high temperatures (more
than 700 °C), are very unreactive, when subjected to different pressures and 1% H>0.

The fact is attributed to the high temperature at which the particles are calcined in, which
reduces both porosity and SSA. In other research, by Fagerlund et al. [105], the carbonation of
Mg(OH). is modelled as a function of pore volume. According to their carbonation model, it
may be speculated that the maximum achievable conversion is determined by the initial
porosity of the particle in accordance with Eq. (2-24).

l-¢

=Z +(1-Z)1-X) 2-24

&

Where, € and € are porosity and initial porosity, respectively. Z is the volumetric ratio between
product and reactant, and X is the conversion degree, towards MgCOs.

The maximum conversion degree for a specific initial pore volume is obtained when &
reaches zero, so the maximum conversion degree is formulated as a function of the initial pore
volume and the volumetric ratio between product and reactants. However, the maximum X is
gained, when all other conditions (e.g., temperature and pressure) are favorable [105]. A
research task on the effect of steam concentration and carbonation temperature is presented as

Appendix C.

2.2.5.2 Kinetics Enhancement in Aqueous Carbonation
Both carbonation temperature and pressure can significantly influence the carbonation process.

As an example, O’Connor et al. [68, 125, 126] investigated the effect of temperature increment,

as well as pressure raise, on the carbonation process of olivine samples in wet condition. The
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results of investigating temperature effect show that at 115°C and Pco2 = 80 atm, no discernable
reaction had occurred after six hours. However, increasing the temperature to 185°C while
holding a constant Pcoz, resulted in an over 65% extent of reaction for a similar duration of six
hours [68, 125, 126]. Also based on their investigation, the extent of reaction was improved to
nearly 85%, by increasing the CO> pressure to 11.5 atm, while holding the temperature constant
at 185°C. In regard to the pressure effect, in other research, it has also been shown that a
supercritical CO> pressure, combined with a carbonation temperature of above 150°C, is likely
necessary to achieve effective mineral dissolution rates [68, 125, 126]°.

It is generally accepted that, silicate dissolution is the rate limiting step during aqueous
carbonation processes [31, 127], and as a result, efforts have focused on improving the kinetics
of silicate dissolution, using a wide range of additives and by varying and controlling the
operating conditions such as the temperature, pressure, CO2 concentration, solid to liquid ratio,
and particle size [4, 6, 8, 29, 30].

Table 2-4 has gathered some of the results achieved through different studies by O’Connor
et al. [68, 113, 126, 128] showing the effect of particle size on the carbonation conversion
percentage of forsterite. Based on Table 2-4, carbonation conversion percentage increases with
particle size reduction, under constant temperature and CO pressure. This effect is attributed
to the higher kinetics of forsterite dissolution upon particle size reduction [68, 113, 126, 128].

Different activation processes can be applied to speed up the rate of mineral carbonation.
Pretreatment is a critical step in carbonation; however, it increases the cost of the process. In
most pretreatment processes, mineral dissolution would be improved by the creation of
disorder in the mineral structure and increment of SSA [9]. With this background, mechanical
activation (pre-treatment) is among the most addressed and appealing pre-treatment
technologies suggested for improving the rate of aqueous carbonation, via structural

modification.

8 Temperature and pressure optimization, is implemented in Chapter 4.
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Table 2-4. Effect of particle size reduction on carbonation conversion percentage of

forsterite in aqueous carbonation [68, 113, 126, 128].

Particle Time Temperature Pco2 Carbonation Conversion
Size (um) (h) (cC) (atm) Solution Percentage
Distilled
106-150 24 185 11.5 10
water
Distilled
75-106 24 185 11.5 Around 50
water
Distilled
37-57 48 185 11.5 56.1
water
Distilled
37 24 185 11.5 91.5
water

Mechanical activation results in size reduction, amorphization and lower crystallite size. It
also causes imperfections in the structure and influences the ion-liberation rate and carbonation
rate accordingly [25, 125]. A study on the effect of crystallinity on the dissolution rate of SiO>
shows that the rate limiting factor in the dissolution of SiO: is breaking the Si—O bond. Thus,
amorphization can improve the kinetics of minerals dissolution (e.g. olivine), as it causes
disordering, which weakens the Si—O bond, hereby lessening in less resistance to dissolution
[129]. Research by Connor et al. [128] investigated the effect of mechanical activation on the
carbonation of olivine particles. They tried both dry and wet milling of olivine in an attrition
mill, and recorded structural change as in Table 2-5.

The reaction kinetics of the carbonation process was then reported as a function of structural
changes. For this purpose, the extent of carbonation was considered as the extent of mass
change due to carbonation, as a percent of the theoretical extent of the mass change in
carbonation. Comparison of wet and dry mechanical milling results showed that the extent of
carbonation depends mostly on SSA and, as wet milling can increase SSA dramatically, it leads

to a higher extent of carbonation [128]. Connor et al. [68, 113, 126] reported that particle size
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is a major factor determining the reaction rate and extent of reaction, since most of the mineral
dissolution reactions are surface controlled. The extent of a reaction increased dramatically
with decreasing particle size, to over 90% for the test conducted on 37-micron olivine feed
material. In contrast, the carbonation extent was 10% under the same condition, for olivine
particles with a particle size of 106-150 microns [68, 94, 113, 126]. Several other researchers
have also evaluated the influence of milling conditions on structural properties. Details of the
progress in mechanical activation are presented as section (3.2).

Table 2-5. Structural change of olivine as a result of attrition milling [51].

Attritted olivine

Olivine (1h)

Measurement (75pum) Dry Wet

Mean (um) 25.85 10.15 5.228

Mode (um) 35.48 4.217 3.981

Median (um) 19.46 4.335 1.915
BET SSA (m?%(g) 4.600 5.092 46.293
Pore volume (Angstrom) 0.0118 0.0375 0.1213
Pore diameter (Angstrom) 102.587 294.474  104.748

Another technique for enhancing the reaction rate in wet carbonation processes is of the use
of special additives such as sodium bicarbonate (NaHCO3) in the solution, to improve the
dissolution rate of mineral feedstock [73, 79, 113]. As is obvious from the dissolution equations
of CO2 (Eq.(2-4)), leaching reaction of minerals (Eg. (2-5)) and precipitation reaction of
carbonates (Eq. (2-6)), dissolution of CO2 and precipitation of carbonates are more likely to
occur under high pH (basic) conditions, whereas mineral leaching tends to proceed in an acidic
medium (Low pH). Consequently, the optimal value of pH must be maintained in the solution,
to satisfy both criteria [6, 23, 24, 79, 130, 131].

A common process, known as “pH sewing technique” is capable of varying the pH in the

solution to achieve an optimal and fixed condition, thereby satisfying the dissolution of CO>
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in solution (Eq. (2-4)), mineral leaching to extract divalent ions (Eg. (2-5)) and precipitation
stage (Eqg. (2-6)). Dissolution of additives results in an increment in the concentration of
bicarbonate ions (HCO3) in the solution. Bicarbonate ions would be consumed through the
reaction with intended minerals (e.g., forsterite) to form a carbonate product, while releasing
OH- ion (Eq. (2-25))[68, 93, 132].

2-25

Mg,SiO, ,, +2HCO; ) = 2MgCO,, + SiO,, +20H"

2(s) (aq)

However, bicarbonate will be regenerated through the reaction of CO, and OH" as Eq. (2-
26).

+CO,,,, —» HCO, 2-26

(aq) 2(9) 3 (aq)

OH

Thus, the bicarbonate concentration and pH of the solution would be remained constant,
through the buffered role of additives. A chemical pre-activation technique is also suggested,
prior to aqueous carbonation for kinetics enhancement. In this process, the Mg bond within the
Mg silicate structure is weakened by changing the solution chemistry, and the liberation of
metal ions would be enhanced accordingly [9]. O’connor et al. [126] provided an example of
this activation technique through modifying the solution chemistry with (0.5 M NaHCO3, 1 M
NaCl), which dramatically increased the rate of olivine wet carbonation.

The kinetics of aqueous carbonation can be enhanced by thermal pre-treatment. As an
example, a thermal pretreatment with the goal of enhancing the kinetics of serpentine and
olivine feedstock aqueous carbonation, was designed by Shell, and named Shell’s pure direct
and flue gas technology [27, 28, 133]. In this technology, serpentine feedstock was activated
under a high temperature of over 600 °C for one hour, then was ground to increase the surface
area and reduce the particle size of reactive powders. Finally, the powders were carbonated
through reaction with pure CO> gas. In a variation of same technique, pre-ground and activated

serpentine was milled under the flue gas medium, at moderate temperature. The flue gas was
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dissolved in an aqueous solution, and then the reactants were directed to the precipitation

chamber for the final carbonation reaction.

2.2.6 Products of Mineral Carbonation

Various types of carbonated products can be formed during the mineral carbonation process,
including both hydrous and anhydrous carbonates. Anhydrous carbonates are much more
appealing than hydrous ones, as a result of their higher storage capacity and thermodynamic
stability making possible the goal of long term CO: storage [3, 6, 75]. However, whether the
carbonation process proceeds to the formation of hydrous or anhydrous carbonate is controlled
by the carbonation conditions, including carbonation temperature and pressure. It may also be
affected by the kinetics of the precipitate phase formation [79, 134-136]°.

2.2.7 Analysis of Carbonated Products

2.2.7.1 Structural Analysis
The products of carbonation reaction can be analyzed using structural analysis techniques as
follows [137-139]%.

X-Ray diffraction (XRD): A non-destructive technique, designed based on the constructive
interference of monochromatic X-rays and a crystalline sample, which is capable of detecting

crystalline phases, levels of crystallinity, crystallite size, etc.

® A comprehensive study on directed carbonation process and formation of precipitates is presented
as Chapter 5.
19 The application of analytical methods and the analytical calculation equations are explained in
more detail, in Chapter 3, Chapter 4 and Chapter 5, where the intended analysis technique is applied
in the flow of research.
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Scanning Electron Microscopy (SEM): An electron microscopy technique, designed based
on the interaction of atoms and a high-energy focused electron beam, to investigate the
morphology, particle size, etc.

Brunauer—-Emmett-Teller (BET): An analytical technique, based on the theory of physical
adsorption of gas on the surface of adsorbent materials, where the amount of adsorbate gas
corresponding to a monomolecular layer on the surface is measured to calculate surficial

parameters such as specific surface area, pore size, pore volume, etc.

2.2.7.2 Thermal Analysis

Carbonated materials can be tested in a DSC/TGA device in the thermal range that exceeds the
decomposition temperature of carbonated products, while the decarbonation properties
achieved in DSC and TGA (decarbonation peak in DSC and mass change as a result of
decarbonation in TGA) are monitored for calculation of the carbonation extent or kinetics of
carbonation. As will be discussed in Chapter 5, the products of the carbonation process may
be either hydrous or anhydrous magnesite, depending upon the carbonation condition
(temperature and pressure) and, reaction pathway and also water steam availability [19, 105,
117]. The thermal properties of two commonly forming hydrous magnesite (hydromagnesite
(3MgC0O3.Mg(OH)2.3H20) and nesquehonite (MgC03.3H20)), that form during Mg(OH):
carbonation, are addressed as

Table 2-6 [140]. The possibility of formation of either hydrous carbonated compound is
determined by considering the reaction parameters and barriers. Decarbonation reaction of
MgCOs (Eq. (2-27)) is of the most important reactions that needs to be considered, in order to
measure the performance of directed precipitation, as is discussed in chapter 5 . Thermal
analysis of carbonated products is capable of defining the carbonation reaction efficiency and

mass concentration of different formed products during the processt®.

11 The calculation methods and analysis approaches are discussed in Chapter 5.

39



MgCO;(s)——>MgO(s)+CO,(g) 2-27
Table 2-6. Thermal reaction of hydrous Mg-carbonates (hydromagnesite and
nesquehonite)[140].
Hydromagnesite (3MgCO3.Mg(OH),.3H20)
Temperature interval
References Other
200-300 300-400 400-500 500-600 600-700 )
reactions
375 440 565 600 510
Beck (1950) . . . . Crystallization
Dehydration Dehydroxylation | Decarbonation | Decarbonation
of MgO
296 - 426 548 - 511
Lauer et al. —
. . . Crystallization
(2000) Dehydration - Dehydroxylation | Decarbonation - ]
of magnesite
Monioya
320 420 530 - -
etal. (2001)
Nesguehonite (MgCO3.3H20)
Temperature interval
References Other reactions
200-300 400-500 500-600 600-700
210-235 425 535-585 - 510
Beck (1950) _ _ _ _
Dehydration | Dehydroxylation Decarbonation - Crystallization of MgO
210-235 425 535-585 - -
Isveikov
2 moles of
et al.(1964) 1 mol of water Decarbonation - -
water
Queralt 455 - 630 -
et al. (1997) Dehydroxylation - Decarbonation -
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Chapter 3
Investigation of Milling Energy Input on Structural Variation of

Processed Olivine Powders for CO; Sequestration'?

3.1 Overview

This part of research identifies the correlation between microstructure of mechanically
processed olivine powders and the milling energy input, for an ultimate purpose of optimizing
the ball milling approach for achieving the best CO sequestration characteristics. Powders
were processed in a high energy magneto ball mill. A variety of instrumental techniques such
as scanning electron microscopy (SEM), Brunauer—Emmett-Teller (BET) and X-Ray
diffraction (XRD) were utilized to characterize the particle size, specific surface area, pore
volume, crystallinity and crystallite size of processes powders obtained with different levels of
milling energy input. In each case, the variation of microstructural parameters with milling
energy was compared for different milling devices extracted from the literature. Structural
parameters of activated powders were correlated as a function of milling energy input,
regardless of the ball mill type. The optimal range of milling energy input, expected to achieve

the most suggested microstructure for CO> sequestration was found to be about 55 kJ/g.

3.2 Introduction

As discussed before, the ultramafic minerals are promising candidates for mineral

sequestration because they are very rich in magnesium oxides which are bound with other

12 The content of this chapter is published as:

Atashin, S., Wen, J.Z., Varin. R.A. (2015). Investigation of milling energy input on structural
variation of processed olivine powders for CO; sequestration. Journal of Alloys and Compounds,
618:555-561.
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oxides in a silicate matrix [11]. Among these ultramafic minerals, olivine (magnesium silicate)
is known to be one of the most ideal reactants for investigating CO2 sequestration as it is an
abundant natural mineral with a high carbonation efficiency [3, 12]. Although the CO;
mineralization process is thermodynamically favorable, the rate of reaction is usually very slow
and it is not industrially feasible without pretreatment [12, 13, 86]. Direct carbonation of solid
olivine can be performed in dry CO> gas. In a dry process direct gas/solid reaction occurs as
described by Eq. (2-3) [9, 23]. This reaction could be accelerated in the presence of water
steam, as it activates the olivine surface by producing Mg(OH) as an intermediate product
which reacts with CO> to produce MgCOs (Eq. (2-12)) [12].

Alternatively, carbonation of olivine can also be carried out through wet (aqueous)
processes. Wet carbonation includes dissolution of CO> in water and creation of carbonic acid
(H2CO3) which reduces the pH of medium (Eg.(2-4)). Olivine is dissolved in an acidic medium
and Mg*? is liberated from the mineral matrix by H* (Eq.(2-7)). Subsequently, the Mg*? ions
react with bicarbonate (HCOs ) and precipitate as magnesite (MgCOs) (Eq. (2-6)) [9, 23].
Dissolution of olivine (magnesium silicate) (Eq.(2-7)) is known to be an important step that
determines the reaction rate and improves the total kinetics of carbonation process [9, 23, 31].
Structural parameters of minerals can also control the dissolution rate of minerals. As an
example, the dissolution rate of forsterite could be affected by specific surface area (SSA) as
well as its reactive surface sites [25]. Also, another research on the effect of crystallinity on
the dissolution rate of SiO2 shows that the rate limiting factor in dissolution of SiO: is breaking
the Si-O bond and thus amorphization can improve the kinetics of dissolution of minerals (e.g.
olivine) as it causes disordering which weakens the Si-O bond resulting in less resistance to
dissolution [129].

In the literature several pretreatment methods have been developed to accelerate the rate of
mineralization including the thermal activation, chemical activation, use of additives,
combined high temperature — high pressure processes, and mechanical milling [23].
Mechanical milling (or ball milling) improves the kinetics of mineralization, by modifying the
structure and reactivity of minerals [3, 8-10, 13, 14, 23, 25, 31, 54, 58, 134, 141]. It changes
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the microstructural parameters of minerals such as the particle size, specific surface area,
crystallinity and crystallite size, resulting in a high level of structural disordering which
facilitates CO. sequestration [54, 86]. Thus, the investigation of the effect of milling
parameters on the microstructure of minerals is necessary to optimize the activation process.

Several researchers have evaluated the influence of milling conditions on structural
properties. Haug [23] investigated the effect of mechanical milling on olivine microstructural
characteristics such as the particle size, specific surface area and crystallinity. It was reported
that the effect of different milling processes on the carbonation properties of olivine samples
are significant when a planetary mono mill, laboratory ball mill, Hicom 15 mill, and attritor
mill were utilized. In particular, Haug [23] compared the conversion percentage after direct
wet carbonation for 2h of olivine samples that were initially ball milled in a Fritsch Pulverisette
6 mill. The conversion percentage was calculated by considering the molar ratio of precipitated
carbonate (Mg, Fe) COz) to available Mg and Fe (Fe, Mg) in olivine. They reported that the
conversion percentage increased from 25 to 32% with the increase of milling time from 10 to
60 min. They suggested a correlation between the amount of amorphization and dissolution
rate.

In another study by Kleiv and Thornhill [141], the effect of structural changes on reactivity
of mechanically milled olivine powders was evaluated. Mechanical milling was performed by
a planetary mono mill and the effect of structural disordering on the increase of olivine powders
reactivity was analyzed using XRD analysis [141]. Based on this study, relative to the samples
that were milled for 1 min, the 60 min milling duration increased the dissolution rate by a factor
0f 9.0 [141]. The authors claimed that the observed dissolution rate was correlated to SSA. The
influence of ball milling was also investigated in a planetary mono mill running at 450 rpm
and the reactivity of samples was compared after 6h carbonation under ambient temperature
and 60 bar pressure. In that study, the effect of mechanical milling on the increase of material’s
affinity for CO> sequestration was identified by Turianicova et al. [142]. They investigated
both dry milled and unmilled samples after wet carbonation and reported no trace of

carbonation on unmilled samples while the samples that were mechanically milled for 30 min
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before carbonation showed a clearly visible carbonate peaks as evidence of CO2 sequestration
[142]. Unfortunately, Turianicova et al. [142] did not provide any specific correlation between
the enhanced wet carbonation and microstructural parameters brought about by ball milling.
Other researchers also reported [130, 131] that the wet/dry carbonation rate was increased by
mechanical milling. Although a number of investigations have been performed to study these
structural variations occurring as a result of mechanical milling, a comprehensive study which
correlates this variation with the milling energy input is still lacking.

In this phase of research study, the olivine powders were processed in a magneto ball mill
and structural changes were studied as a function of milling energy input. The ball milled
olivine powders were characterized using scanning electron microscopy (SEM), X-ray powder
diffraction (XRD) and the Brunauer—Emmett—Teller analysis (BET) methods to evaluate the
particle size, specific surface area, pore volume, crystallinity (%) and crystallite size. The main
purpose of this research was to identify a quantitative correlation between the milling energy
input and structural variations. This was expected to be used as a comprehensive factor for
most mechanical activation processes, regardless of the milling type, considering that, for a
specific milling mode and ball to powder mass ratio, milling energy input per unit mass of
powder is the single factor that includes all the other effective parameters such as mill
geometry, milling time etc. For this purpose, structural changes in the milled samples were
examined as a function of milling energy input. The derived trend of each property’s variation
was then used, by comparison with other reported milling types, to find the correlation between
milling energy input and microstructural parameters of processed olivine samples.

The outcome of this study can result in determining critical parameters as the process
controlling factors for optimizing olivine structural activation and estimating the milling
energy input range which could be applied for CO. sequestration experiments in the future

experiments.
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3.3 Experimental

As received olivine powders were supplied by READE Advanced Materials, China. The bulk
chemical composition of the olivine samples, before ball milling, was analyzed by means of
energy-dispersive X-ray spectroscopy (EDX) using a Zeiss ULTRA Plus Scanning Electron
Microscope equipped with a calibrated Pegasus 1200 energy-dispersive X-ray Spectroscopy
(EDX) analyzer which revealed the olivine formula of (Mgl.842, Fe0.158) SiO4 with
approximately 92 mol% forsterite (Mg2SiO4) and 8 mol% fayalite (Fe2SiOa).

Mechanical processing (ball milling) of olivine powders was implemented by controlled
mechanical milling (CMM) in the magneto ball mill (Uni-Ball-Mill 5 manufactured by A.O.C.
Scientific Engineering Pty Ltd., Australia) [143-145]. In this particular ball mill the milling
modes with varying milling energy input can be achieved by using one or two strong NdFeB
magnets, changing their angular positions and changing the number of hard steel balls in a
milling vial. Milling experiments were conducted in a stainless steel vial, operating under the
impact mode at 200 rpm.

Four 25 mm steel balls of 65 g mass each were used for grinding. The total mass and the
radius of the vial were 4030 g and 75 mm, respectively. Milling energy was adjusted by
controlling milling time, while the other milling parameters such as the ball to powder mass
ratio, number of balls, milling mode, RPM and mass of powder were fixed. Details of milling
energy variation as a function of milling time are explained in section (3.4.1). Figure 3-1,
shows the actual image of ball milling device that was used, in the current research.

The SEM micrographs were obtained with the secondary electron detector using Zeiss
ULTRA Plus Scanning Electron Microscope with the voltage of 10 kV. Samples were sputter
coated with a thin layer of gold prior to SEM imaging to provide a conductive surface. Gold
sputtering was performed via a UHV sputter system with the current of 20 mA and the duration
of 139 s. SEM images were examined using an image processing and analysis program (Image
J, Version 1.47 V, developed at the National Institutes of Health, USA) [146]. The procedure

of particle size measurement using SEM micrographs is explained in Appendix A.
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The X-ray diffraction (XRD) patterns were collected by a Bruker D8 diffractometer using a
monochromated CuKal radiation (k = 0.15406 nm) with the accelerating voltage of 40 kV and
current of 30 mA. Diffraction data were recorded in the range of 15° <26 < 70° with a step
size of 0.02 and the rate of 1.2° min™. A custom made brass holder with a Cu plate for powder
support containing an X-ray transmittable Kapton window was used for XRD studies. An XRD
pattern of LaBs sample, which was used to eliminate the instrumental peak broadening, was
obtained in the same way as other samples with the identical XRD facility and method of

analyzing.

Figure 3-1. a) Magneto ball mill (Uni-Ball-Mill 5 manufactured by A.O.C. Scientific

Engineering Pty Ltd, Australia). b) Stainless steel vial with radius of 75 mm containing steel

balls with radius of 12.5mm.

This approach is suggested by the National Institute of Standards and Technology as a
standard for powder diffraction [147, 148]. The XRD patterns were further fitted to the
Pseudo—Voigt line shape function as a convolution of Cauchy (Lorentz) and Gaussian
functions [148, 149] and were analyzed using the Materials Data Inc. Jade v.5 software.
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The specific surface area (SSA) of powders was determined through nitrogen adsorption at
77 K based on the Brunauer—Emmett—Teller (BET) method using the surface area and pore
size analyzer from Micromeritics ASAP 2020 Accelerated Surface Area and Porosimetry
Analyzer. The measurements were performed after a degassing treatment at 50 “C. The reported

SSA data were calculated based on 5 points BET method.

3.4 Results and Discussions

3.4.1 Calculation of Milling Energy Input

Milling energy is known as one of the most effective parameters to control structural properties
of materials [130, 131, 150]. In order to investigate the effect of milling energy input on the
microstructural parameters of mechanically processed olivine powders, four different milling
energy levels were applied during ball milling and the microstructural characteristics of as
processed powders were examined.

The total amount of energy input which was transferred to olivine powders during ball
milling was calculated using the model proposed by Parviz and Varin [151] who analyzed the
shear and impact energies for the magneto ball mill used in this study. The milling energy was
formulated to be a function of the working distance (WD), ball-to-powder mass ratio (BPR),
milling mode, number of balls and positions of the magnets. All experiments in this study were
completed with the impact mode applied using two magnets, located at the six and eight
o’clock positions, and four balls which is designated as IMP68-4B [151]. The working
distances were 10 and 2 mm for magnets at six and eight o’clock, respectively, and the ball to
powder mass ratio was 50. For the employed IMP68-4B milling mode [151] with BPR = 50
the corresponding mass of olivine powder was equal to 5.2 g. For this particular milling mode,
according to the model presented in [151], the amount of energy input that was injected into
the powders (designated QP in [151]) was calculated to be 143.4 kJ/h. The milling energy input
per gram hour (gh), designated QTR in [151], was 27.6 kJ/ gh. Thus the milling time was the

only variable for obtaining a desired amount of milling energy input. Four different milling
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durations, namely, 0.5, 1.0, 2.0 and 6 h, respectively, were applied in this study and the
respective milling energy inputs were calculated following the model reported in [151]. Table
3-1 summarizes the total amount of energy input which was injected into the olivine powders

as a function of milling time.

3.4.2 Effect of Milling Energy Input on Particle Size

Figure 3-2 illustrates the SEM images of as received and ball milled olivine samples. The
former (Figure 3-2-a) were characterized by a bigger average particle size and irregular shapes
while the milled powders (Figure 3-2-b to e) were mostly fine and rounded which resulted
from extensive fracture and erosion during milling.

Table 3-1 summarizes the results of particle size measurements with standard deviations
(+std) which were obtained through analysis of SEM images using the image processing
software. One SEM image contained about 100 particles whose sizes were analyzed. Since in
the previous studies [23, 24, 152] their authors used a median D50 as a measure of particle
size, that value was also calculated and is shown in Table 3-1.

Although the average size of particles is generally reduced with an increase in the milling
energy input (increasing milling time), the extent of agglomeration slightly increases and
becomes noticeable after one hour of milling (27.6 kJ/g energy input) in Table 3-1. This rather
mild agglomeration effect is in agreement with the observation of other researchers, who
investigated the effects of milling on the particle size or shape of olivine powders, using
different types of milling facilities such as planetary [142] and attritor mills [152].

The average particle size data from Table 3-1, obtained in this work, are plotted in Figure
3-3 as a function of milling energy input. For comparison, the D50 results reported in the
literature [23, 24, 152] for other type of mills are also included in the plot. The D50 median
size data for planetary mill and Hicom 15 nutating batch were estimated using the cumulative

distribution curve, suggested by Haug et al. [23, 24]. The milling energies reported in the
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literature were originally presented in different scales in the corresponding papers so we
converted them to a uniform unit of (kJ/g) for easier comparison.

It is clearly seen in Figure 3-3 that as a result of intense particle fracturing, the particle size
(average or median) initially decreases rapidly to about 4 um with milling energy input
increasing to 13.8 kJ/g and then slightly increases to 136 um due to agglomeration. A
comparison with the data collected from the literature in Figure 3-3 shows the same particle
size vs. energy trend as obtained in this study which clearly confirms the dependency of particle

size on the milling energy input, regardless of the type of mill used.

Table 3-1. Summary of milling energy input and microstructural parameters for ball
milling with the milling energy input QTR=27.6 kJ/gh [151].
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= = o o 2 ® o -
2| 5§ |€53 |28 |38 | = | &R Hall)
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[y - = =) = = -
= | 2 "3 |Te | =5 =) Scherer | \Villiamson
Hall
92 1.12 0.003 56.50 144.76 3
! 0 00 | 44 82 1 005 | 0000 | 71 £0.00 12510
4 8.69 0.037 33.08 72.38 3
2] 05 188 | 4 4 +0.57 +0.002 +3.42 +0.00 2.00x10
13 8.16 0.034 25.77 72.38 B
3 10 216 | 16 13 +1.16 +0.001 +4.95 +0.00 3.50x10
6 6.59 0.029 20.71 24.13 3
41 20 ™2 g 6 £0.04 | +0.002 | 513 £0.01 1.20x10
8 7.07 0.025 15.56 9.52
>| 60 1656 | 44 6 $0.02 +0.001 +3.55 +0.01 0

So, neglecting the type of mill, milling energy acts as a determining factor and controls the
particle size. According to Figure 3-3, the optimal value of milling energy input resulting in
the minimum particle size which could be favorable for CO; sequestration is around 13.8 kJ/g
as shown by an arrow. In this range of milling energy (0 to 13.8 kJ/g), particle size decreases
continuously with milling energy.

Specific surface area (SSA) was measured from the BET analysis as described earlier and

the results are included in Table 3-1. In order to identify the effect of milling energy input on
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SSA the graph of SSA vs. milling energy input is plotted in Figure 3-4 which also includes the
data reported from different types of milling experiments (Fritsch Pulverisette planetary ball
mill 1 [23], Fritsch Pulverisette planetary ball mill 2 [152], Hicom 15 nutating mill [24],
Molinex PE 075 nutating mill [152], laboratory ball mill [24] and attrition milling [152]).

As can be seen, regardless of the mill type, in all reported cases, SSA initially increases with
increasing milling energy, reaches a maximum value and then decreases to a varying extent
depending on the mill type. The optimum range of milling energy input which results in the
maximum SSA value is marked by the dashed line at the energy value of 13.8 kJ/g and seems
to be consistent for all types of mills. In general, SSA increases within this range of milling
energy. Ball milling in a magneto mill in the present work is apparently very effective because
the SSA values increase from the initial value of 1.12 m?/g to reach about 8.7 m?/g for the
energy input of 13.8 kJ/g (Table 3-1). Also the slight drop in SSA for milling energies larger
than about 13.8 kJ/g in the magneto mill is relatively shallow and the SSA values are much
larger than those for any other type of mill. This behavior is very beneficial for offering the
desired characteristics for dry CO2 sequestration by olivine.

Since one would expect that SSA is directly proportional to the particle size both parameters
should behave in a similar manner vs. milling energy input. However, if one compares Figure
3-3 and Figure 3-4 a slight drop in SSA for milling energies larger than about 13.8 kJ/g is
observed in Figure 3-4 for SSA which is not observed in Figure 3-3 for particle size. That
means that SSA is not the sole function of particle size but also depends on another factor
which influences its behavior as a function of milling energy input.

In order to find a quantitative factor responsible for a SSA decrease after reaching a milling
energy of 13.8 kJ/g, as observed in Figure 3-4, the total pore volume was estimated from the
BET measurements [153] as a single point adsorption total volume of pores, less than 1855.565
A width at P/Po= 0.989470121 where P is the partial vapor pressure of adsorbate gas in
equilibrium with the surface at 77.4 K (b.p. of liquid nitrogen) and P is the saturated pressure
of adsorbate gas.
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The calculated values are included in Table 3-1 and plotted in Figure 3-5 as a function of the
milling energy input. It is clearly seen that the total pore volume increases quite dramatically
with increasing milling energy input up to 13.8 kJ/g and then slightly decreases for the larger
milling energy inputs. This behavior is identical to the behavior of SSA as a function of milling
energy input in Figure 3-4. Therefore, the second microstructural parameter that influences the
SSA behavior vs. milling energy, besides the particle size variation, is the total pore volume
that starts decreasing above the energy input up of 13.8 kJ/g most likely due to enhanced
compaction of agglomerated powder particles. A lower porosity makes the powder particles
surfaces “smoother” reducing their SSA. In other words, for the powders which were ball
milled employing the milling energies larger than 13.8 kJ/g, their surface roughness decreased

and SSA dropped as a result.

3.4.3 Effect of Milling Energy Input on Crystallinity/Amorphization

XRD patterns related to different milling energies show a general reduction in a peak height
and broadening of the peaks with increasing milling time (Figure 3-6). The same effect of
milling on XRD curves was also observed by Kleiv and Thornhill who investigated the
influence of planetary milling time on XRD peaks of olivine powders [141].

In order to characterize the micro-structural characteristics developed during the mechanical
processing of powder samples, the changes in the crystallinity (%) and crystallite size were
investigated with varying milling energy input. Milling energy influences the XRD peaks
through the reduction of peak intensity and increase peak broadening and background level.
Crystallinity is a factor which presents the combined effect of these parameters [23, 24, 148,
152] as shown Eq. (3-1).

Crystallinity(%) = (LIJ—o X LIJ—X) x100 3-1

(6] X
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Figure 3-2. SEM micrograph of olivine. a) Non activated olivine powder, b) olivine powder
after 30 min of BM, c) Olivine powder after 60 min of BM, d) olivine powder after 120 min
of BM and e) olivine powder after 360 min of BM.
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Figure 3-3. Particle size variation as a function of milling energy input. The data points for

a magneto ball mill in this work are presented as the average values with corresponding

standard deviations. The median data point for the Fritsch Pulverisette 6 is from [24], for
Hicom 15 nutating batch mill from [23] and for attritor from [150].

In the same way, the amount of amorphous phase (amorphization) could be calculated using
Eqg. (3-2).

Amorphization(%) = 100 — crystallinity(%) 32
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Uo and Uy are background values of the reference and activated samples at the intended peak,
respectively. lo and Ix are the integral peak area above the background of intended peak in
reference and activated sample, respectively. In both cases, non-activated olivine powder is

taken as a reference.
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Figure 3-4. Specific surface area (SSA) variation as a function of milling energy input.
The data points for a magneto ball mill in this work are presented as the average values
with corresponding standard deviations. The data for the Fritsch Pulverisette 6 (1) is from
[24], for Hicom 15 nutating is from [23], for Fritsch Pulverisette 6 (2) is from [152], for
Molinex PE 075 nutating mill is from [152], for attritor mill from [150] and for laboratory
mill from [23].
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Figure 3-5. Total pore volume as a function of milling energy input for olivine powders

milled in a magneto ball mill in this work.

Since the previous studies reported in the literature [23, 24, 152] used the sole peak at
20=17.2° (020) to estimate crystallinity we used the same peak in the present work for
estimating crystallinity. Crystallinity change as a function of energy input for the magneto mill
used in the present work, as compared to other types of mills reported in the literature, is
presented in Figure 3-7.

The trend of crystallinity vs. milling energy input that is achieved in a magneto ball mill is
compatible with the data that were collected from the literature which confirms the controlling
role of milling energy on the crystallinity variation, regardless of the mill type. According to
Figure 3-7, there is not much obvious variation in crystallinity beyond milling energy of 27.6

kJ/g. This point is marked by an arrow in Figure 3-7.
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Figure 3-6. XRD patterns of olivine samples ball milled at different milling energy input.

3.4.4 Effect of Milling Energy on Crystallite Size

Crystallite size for as received and mechanically processed samples was calculated from XRD
peaks through two separate methods of Scherrer and Williamson-Hall [154, 155], respectively.
In both cases, the 20 peaks of 22.9° (021), 32.3° (130), 35.7° (131) and 36.5° (112) were
considered in calculations and crystallite size was measured by the analysis of XRD profiles
based on the peak broadening as a full width at a half- maximum (FWHM) factor. According
to the Scherrer method, crystallite size is directly related to the XRD peak width of diffracted
crystalline structure and this method is capable of accurately estimating the crystallite size of

less than 100 nm [155]. Eq. (3-3) was used for the calculation of crystallite
method [154, 155].
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Figure 3-7. Crystallinity as a function of milling energy input. Data of Fritsch Pulverisette
planetary ball mill 1 by Haug et al. [24], Hicom 15 nutating mill by Haug et al. [23], Fritsch
Pulverisette planetary ball mill 2 by Balaz et al. [152], Molinex PE 075 nutating mill by
Balaz et al. [152]and laboratory ball mill by Haug et al. [23] are presented.

L 094 33

S(26)xcos(6,)

Where, L is the average crystallite size, 6 is a Bragg angle of the (hkl) diffraction plane, 3(26)
is the instrumental broadening-corrected ‘pure’ peak breadth obtained from the full width at a
half maximum intensity (FWHM) of a diffraction peak and A is the wavelength of X-ray

radiation.
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For the purpose of improving accuracy, the crystallite size was calculated using Eq. (3-4)
for all five early observed 26 peaks and the average values were compared. The crystallite size
was also estimated using the Williamson-Hall method, which is a simplified integral breadth
calculation method to evaluate both strain-induced broadening and size-induced broadening,
using Eq. (3-4)[155].

B(260)Cos(6,) 20'9#+4e8in(90) 3-4

Based on the Williamson-Hall equation (Eq.(3-4)), the crystallite size (L) was obtained from
the intercept of “ £(26)Cos(d,) ” vs. “Sin(6,)”. All of these 26 peaks were considered in

calculations of crystallite size for each milled sample, as well as the non-activated powder.
Figure 3-8 presents the average crystallite size of specimens determined by both Scherrer and
Williamson-Hall methods as a function of milling energy input.

Both methods predict the reduction of crystallite size with increasing milling energy,
although the Scherrer estimate provides smaller crystallite sizes at lower energy levels. The
main difference between the Williamson-Hall and Scherrer estimations originates from the
structural strain, since the Williamson-Hall method considers the strain in the estimate while
the Scherrer method doesn’t [154, 155].

The Williamson-Hall and Scherrer curves start converging after 120 min of milling time
(55.1 kJ/g). As the main difference in these methods is the inclusion of the milling strain in the
Williamson-Hall method, the observed compatibility of these curves when the milling energy
is above 55.1 kJ/g shows a negligible effect of milling strain for higher milling energies. Table
3-1 shows the crystallite size and amount of structural strain for as processed materials which
were calculated based on the Williamson-Hall equation (Eq.(3-4)). According to Figure 3-8
there is not much variation in the crystallite size at the range of milling energies higher than
55.1 kJ/g and the structural strain is also negligible.
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Figure 3-8. Crystallite size variations as a function of milling energy input in a magneto
ball mill in this work. Fit lines are passed through the Scherrer and Williamson-Hall data
points with R? of 0.954 and 0.989, respectively.

3.5 Summary

The following conclusions are made based on the correlations between the milling energy and
the produced material properties.

1. Regardless of milling type, milling energy is found to be the determining factor controlling

the structural parameters of ball milled olivine powders such as particle size, specific

59



surface area (SSA), pore volume, crystallinity percentage (amorphization) and crystallite
size. These properties are known as the most essential parameters for CO absorption
capability of olivine. Hence, milling energy can control the CO> storage properties of
activated olivine powders.

. The particle size variation of activated olivine powders vs. milling energy input is found to
be controlled by the competing events of fracture and agglomeration during ball milling.
The optimal amount of energy (of those tested) to achieve the minimum particle size is
around 13.8 kJ/g.

. The SSA of olivine powders increases with increasing milling energy up to 13.8 kJ/g (of
those tested) and subsequently slightly decreases most likely as a result in decreasing total
porosity volume.

. The total pore volume of milled samples increases with increasing milling energy up to the
energy level of 13.8 kJ/g and subsequently slightly decreases, most likely, as a result of
milling compaction and resulting reduction in surface porosity.

. The crystallinity percentage of mechanically activated powders decreases with increasing
milling energy input while the crystallinity percentage doesn’t not show a considerable
variation beyond the energy of 27.6 kJ/g.

. The crystallite size shows a decreasing trend vs. milling energy input up to 55.1 kJ/g. In
addition, the effect of structural strain on materials disorder is found to be negligible above
this energy.

In summary, considering the optimal energies estimated from the behavior of all
investigated structural parameters (particle size, SSA, total pore volume, crystallinity and
crystallite size), the optimal range of milling energy input for the most suggested material
characteristics for CO2 sequestration via olivine powders is suggested to be in the vicinity
of 55 kJ/g. Although SSA slightly decreases beyond this energy value due to decreasing
pore volume (likely at the surface), it is still much larger than SSA values for any other
type of ball mill reported in the literature.
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Chapter 4
Optimizing Milling Energy for Enhancement of Solid State
Magnesium Sulfate (MgSO4) Thermal Extraction for Permanent

CO; Storage®

4.1 Overview

Mineral carbonation of Mg-silicates via the indirect-dry route is among the most appealing
technical approaches for permanent CO> storage. It brings about the possibility of recycling
heat released during exothermic carbonation and it offers a higher rate of conversion through
two separate stages: producing of reactive compounds, mainly Mg(OH)2, through solid
reactions between Mg-silicates and ammonium sulfates and subsequent carbonation of reactive
compounds. Milling is essential to enhance the solid-state reaction rate and increase the
conversion percentage. The milling energy, being the major energy consumption of the entire
carbonation process, needs to be minimized without sacrifice of its activation purpose. This
study was focused on enhancing the kinetics of solid-state magnesium sulfate (MgSOa) thermal
extraction from the solid-solid reaction of olivine ((Fe, Mg).SiO4) and ammonium sulfate
((NH4)2S04), with optimized milling energy input. This process constitutes the first stage of
Mg(OH). production for indirect CO- storage purposes. The mechanical activation of reactants
was achieved via a high-energy magneto ball milling with a controlled energy input. The
variation of structural parameters such as the particle size, specific surface area (SSA), pore
volume, and crystallite size and strain were characterized as a function of milling energy input

and the correlation between stuructural factors and activation energy of extraction was

13 The content of this chapter is published as:

Atashin, S., Wen, J.Z., Varin. R.A. (2016). Optimizing milling energy for enhancement of solid-
state magnesium sulfate (MgSQ.) thermal extraction for permanent CO, storage, RSC Advances, 6:
68860 - 68869.
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investigated. In addition, the variation in the apparent activation energy of solid-state
extraction was examined as a function of milling energy. The optimal amount of milling energy
input for increasing the reaction kinetics of MgSO4 extraction was estimated to be about 27.6
kJ/g which causes around 34% reduction in the activation energy of MgSOs solid-state

extraction.

4.2 Introduction

The indirect dry carbonation approach has been comprehensively studied which brings the
advantage of storing the energy released during exothermic process to compensate a portion
of total energy of carbonation, including the activation stage and utilizing the enhanced kinetics
of indirect carbonation process [3, 29-31]. Mg-silicate mineral carbonation proposed by
Nduagu et al. [32] is one of the most interesting and well referred indirect processes that is
perceived as a closed loop, suitable for developing practical approaches of dry carbonation.
The proposed carbonation approach, known as the AAU (Abo Akademi University) process,
includes extraction of magnesium hydroxide (Mg(OH).) for the later carbonation process,
through the reaction of ammonium sulfate ((NH4)2SO4) and Mg-silicate feedstock [13, 34-36].
Figure 4-1 shows a schematic representation of the AAU carbonation process, including the
dry solid-state magnesium sulfate (MgSQa) extraction, Mg(OH)2 precipitation and subsequent
Mg(OH)2 dry carbonation [13, 33-36, 110].

EQ. (4-1) presents the extraction reaction of MgSO4 from the mixture of solid (Ss) ammonium
sulfate ((NH4)2S0a4(s)) and solid olivine (Mg2SiOa(s)) powders. This reaction usually occurs

at elevated temperatures.
MQ@2SiO4(s) + 2(NH4)2S04(s) — 2MgS0a(s) + SiO2(s) + 2H20(g)+4NHs(g)  4-1

Solid-state (s) extraction of MgSOgs in Eq. (4-1) is the rate limiting step in the process of

Mg(OH) formation. In order to accelerate this process, the mixture of ammonium sulfate and
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olivine can be mechanically activated. The energy input for this activation, which should be
minimized, corresponds to the optimal composition and microstructure of the ammonium
sulfate and olivine mixture that results in the highest kinetics of MgSQOs extraction and,
subsequently, the largest production rate of Mg(OH)s.

This research was complementary to our previous study on mechanical activation of olivine
powders for CO> sequestration [156]. As indicated in Figure 4-1 the focus of this study was on
optimizing the extraction of MgSQOs as expressed by Eq. (4-1). The main objectives of this

study were as follows:

1. To find the effect of milling energy input on structural parameters of the milled powders
and to estimate the optimal milling energy input that results in the most suitable crystal
microstructure, which improves the kinetics of desired solid-state extraction process.

2. To establish the optimal amount of milling energy for the enhancement of the kinetics of

MgSOs solid-state extraction as a part of the AAU carbonation process.

Heat

Research focus Mg-silicate mineral co,
NH,
Mechanical activation J As and Mg-silicate M..j Aqueous M‘ Dry M.
of AS and Mg—silicate l solid state reaction 1 precipitation ‘ carbonation
| l—um—“
| U
AS Steam

|
I
v

Sio,

Figure 4-1. The AAU indirect carbonation approach, adapted from ref [110]. AS-
Ammonium sulfate ((NH4)2SO4); (s)-solid.
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4.3 Experimental

Ammonium sulfate ((NH4)2SO4) powders (AX 1385-1; 99.0% assay), supplied by EMD
Millipore, and olivine ((Fe, M@)2SiO4) powders, supplied by READE Advanced Materials,
China, were used in this research. The chemical composition of olivine mineral was
investigated prior to mechanical activation using energy dispersive X-Ray spectroscopy (EDX)
with a Zeiss ULTRA Plus Scanning Electron Microscope equipped with a calibrated Pegasus
1200 EDS analyzer. The exact chemical formula olivine was (Mg1.842, Feo.158) SiO4, showing
an approximate combination of 92 mol% forsterite (Mg2SiO4) and 8 mol% fayalite (Fe2SiOa).
Particle size distribution of olivine powders was obtained through the analysis of SEM images,
using image processing software. SEM image containing about 100 particles was considered
in particle size calculation, which resulted in the a d50 size of 82 um (average particle size of
92+41 pum) as was also reported in Ref [156]. The particle size value of ammonium sulfate
sample powder was calculated with the same method, which comes to d50 of 111 um (average
particle size of 117422 pm).

Mechanical activation was performed using a high-energy magneto ball mill Uni-BallMill 5
[143-145] (manufactured by A.O.C. Scientific Engineering Pty Ltd., Australia). In this
particular type of milling device, the milling modes with varying amount of milling energy
were achieved using either one or two NdFeB magnets, as well as changing angular position
and number of steel balls in the vial. All the experiments in this study were performed at the
IMPG68-4B setup representing impact mode using two magnets at 6 and 8 o’clock position. The
working distance of six and eight o’clock magnets were 10 and 2 mm, respectively. All the
milling runs were performed at approximately 200 rpm, by using four 25 mm steel balls of 65
g each and ball-to-powder mass ratio (BPR) of 50. The diameter and mass of vial was 75 mm
and 4030 g respectively. The total amount of milling energy that was transferred to powders
during ball milling process was calculated via Parviz and Varin model [151]. In this model,
the value of injected milling energy was formulated as a function of BPR, milling time, milling
mode, working distance (WD), number of balls and position of magnets. The readers can be

referred to the reference [151] for more details. VVarying milling times of 0, 30, 60, 90 and 120
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min were applied with corresponding milling energy inputs of 0, 13.8, 27.6, 41.4 and 55.2 kJ/g,
respectively.

The SEM micrographs were obtained via the secondary electron detector of LEO 1550 Zeiss
SEM at 10 kV. All the samples were coated with a thin gold layer via a UHV spotter system
with current of 20 mA for 139 seconds, to provide a sufficient connectivity. SEM images were
analyzed using Image J, version 1.47 V, developed at the National Institutes of Health, USA,
[146] for the particle size analysis. The procedure of particle size measurement using SEM
micrographs is explained in Appendix A.

X-ray diffraction was performed using INEL XRG 3000 Powder Diffractometer XRD
device. X-ray patterns were collected using monochromic Cu Kol radiation with the
wavelength of 0.15406 nm, generated by accelerating voltage of 30 kV and current of 30 mA.
Specific surface area (SSA) and total pore volume of the powders were measured using a
Micromeritics ASAP 2020 Accelerated Surface Area and Porositometry Analyzer through
nitrogen adsorption at 77 K. XRD patterns were utilized to calculate both crystallite/grain size
and structural strain parameters using Williamson-Hall method (Eq.(3-4)) [155], which
considers both strain-induced and size-induced broadening.

Based on Eq. (3-4) crystallite/nanograin size (L) and crystal strain (e) could be estimated
from the intercept and slope of B(20) cos(0o) vs. sin(6o) graph, respectively. The 20 peaks at
23.1,36.1, 39.2 and 62.6° were used for calculation of crystallite size and crystallinity. For the
sake of comparison, crystallite size was also calculated via Scherrer method using Eq.(3-3)
[154, 155] for all 26 peaks as shown above.

Both SSA and pore volume parameters were measured via Brunauer—Emmett-Teller (BET)
method [153]. The total pore volume was estimated using single point adsorption model and it
represents the total volume of pores with a width size below 1855 A at P/P¢=0.99 (P: Partial
vapor pressure of adsorbate gas; Po: Standard pressure of adsorbate gas in equilibrium with the

surface at boiling point of liquid nitrogen).
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The process of solid-state extraction of MgSO4 from the mixture of olivine and ammonium
sulfate was performed in a combined DSC/TGA thermal analyzer device (NETZSCH STA
449F3A-0918-M Jupiter), under argon atmosphere (Figure 4-2).

Figure 4-2. (NETZSCH STA 449F3A-0918-M Jupiter) DSC/TGA thermal analyzer.

An alumina crucible was used as a sample container. The molar ratio of olivine to
ammonium sulfate in the mixture was adjusted based on the stoichiometric molar ratio of
olivine to ammonium sulfate in Eq. (4-1) i.e. 1 mol olivine to 2 moles ammonium sulfate (1mol
Mg:1mol S), resulting in the olivine to ammonium sulfate mass ratio of about 0.55.

Isothermal conditions of 400, 425 and 450 C were applied for the duration of 120 min, for
calculation of apparent activation energy of solid-state extraction process (Eq. (4-1)). The
specimens were heated from room temperature to the desired extraction temperature with the
heating rate of 10 deg.min™. Then, the samples were heated under constant temperatures of
400, 425 and 450°C, for 120 min. The temperature values were selected based on the reported
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applicable temperature range for solid-state extraction of MgSO4 from the reaction of Mg-
silicate and ammonium sulfate by Nduagu et al. [36].

In order to investigate the kinetics of solid-state MgSOa4 extraction, the order of Avrami (m)
and kinetics constant were evaluated using Johnson-Mehl-Avrami (JMAK) approach (Eq.
(4-2)) [145, 157-159] which is reported to be able of characterizing the kinetics of solid-state
reactions [157-160]. The derivation and considerations of JMAK kinetics model are explained
in Appendix B.

In(-In(1-a)) = mlIn(t) + min(k) 4-2

The Arrhenius equation [160-162] was applied (Eqg. (4-3)) to calculate the amount of
activation energy of extraction process, based on the variation of kinetic constant (k) vs.

temperature, during isothermal extraction reactions.

k = A exp (-EA/RT) 4-3

Where, k is the kinetic constant (s, for the first order reactions), Ea is the apparent activation
energy (J.mol ™), A is the frequency factor (s, for first order reactions), R is the universal gas
constant (J.mol™%. K1) and T is absolute temperature (K).

4.4 Results and Discussion

4.4.1 Optimization of Structural Parameters via Mechanical Activation

The rate of solid-state extraction of MgSOa4 from olivine ((Fe, Mg)2 SiO4 ) and ammonium
sulfate ((NHs4 )2 SOa.) expressed by Eq. (4-1), is reported to be controlled by solid-state
diffusion mechanism [13, 33]. Hence, the optimization of the most important diffusion
controlling structural parameters, such as the particle, pore and crystallite size, specific surface

area (SSA) and crystal strain was implemented for the ultimate purpose of enhancing the rate
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of solid-state extraction process given by Eq. (4-1). Issues related to the effect of mechanical
activation on the structural parameters and the minimum amount of milling energy input for

structural optimization were also addressed in this section.

4.4.2 The Effect of Milling Energy Input on Particle Size

Figure 4-3-a presents the SEM micrographs of the non-activated mechanically/unmilled
ammonium sulfate ((NH4)2SO4) and olivine ((Fe,Mg)2SiO4) mixture. Figure 4-3-b shows the
EDS elemental distribution of sulfur (S) and magnesium (Mg), as the indicators of the presence
of ammonium sulfate and olivine, respectively. The elemental map in Figure 4-3-b corresponds
to the SEM micrograph in Figure 4-3-a.

For particle size measurements three repeated runs were performed using an image
processing software for SEM images. The average particle size along with the related error bar
were estimated. The trend of average particle size variation vs. milling energy is presented as
Figure 4-4. The average particle size initially decreases to about 19 um as a result of particle
fracturing by injecting the milling energy of 27.6 kJ/g and then starts increasing, most likely,
due to particle agglomeration. Considering the trend in Figure 4-4, the milling energy of about
27.6 kd/g (1 h) results in the minimum particle size, which is expected to enhance the kinetics

of intra particle diffusion, for a solid-state extraction purpose.

4.4.3 The Effect of Milling Energy Input on the Specific Surface Area and Pore Volume
The trends of SSA and total pore volume vs. milling energy input are illustrated in Figure 4-5.
Both SSA and total pore volume increase as a function of milling energy input until they reach
27.6 kJ/g. Comparing Figure 4-4 and Figure 4-5 it is apparent that injecting milling energy
input up to 27.6 kJ/g results in the particle size reduction and an increase in SSA. The particle
shape irregularities that are created during milling process, due to fracture, result in increased

value of both SSA and the total pore volume.
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Figure 4-3. SEM micrographs of ammonia sulfate ((NH1)2SO4) and olivine mixtures. a)
Non activated/unmilled mixture and b) EDS elemental distribution map of S and Mg as the
indicators of the presence of (NH4)2SO4 and olivine, respectively. Mixtures after ¢) 30 min of
BM (13.8 kJ/g), d) 60 min of BM (27.6 kJ/g), €) 90 min of BM (41.4 kJ/g) and f) 120 min of

BM (55.1 kJ/g).
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Figure 4-5. SSA and total pore volume variations as a function of milling energy input.

Above the milling energy input of 27.6 kJ/g, particles get more compacted and consequently
pore volume is reduced. No measurable change in SSA is observable for a milling energy input
higher than 27.6 kJ/g.
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4.4.4 The Effect of Milling Energy Input on the Crystallite/Nanograin Size and Crystal

Strain

Figure 4-6 shows the XRD patterns for the non-activated/unmilled and ball milled powder
mixtures. The trends of crystallite size, calculated from both Williamson-Hall and Scherrer
methods (Eqg. (3-4) and (3-3)) and crystal strain vs. milling energy input are plotted in Figure
4-7. Both methods show the reduction in crystallite/nanograin size with increasing milling
energy input until the value of energy input reaches 27.6kJ/g. In contrast, the crystal strain
shows an opposite trend with increasing the milling energy. This general trend is related to the
common influence of milling process on the crystallite/nanograin size refinement due to
localized deformation phenomena. The detailed mechanism of this process is thoroughly
discussed by Fecht et al. [163, 164] through a comprehensive TEM study of atomic structure
variations during milling process. Based on his model, localized deformation in shear bands
results in the formation of high density of dislocations in those bands. Based on the results on
the stability of dislocations in olivine structure reported in [165-167] under the applied
conditions in this work, the dislocations are expected to be very stable. In addition, consequent
annihilation and recombination of dislocations that are formed at the site of shear bands, result
in the formation of sub-grain structure and crystallite size reduction [163, 168-170]. This
mechanism is in a good agreement with the behavior of crystallite/nanograin size and crystal
strain in Figure 4-7 as a function of increasing milling energy input up to 27.6 kJ/g.

The slight increase of crystallite/nanograin size and decrease of crystal strain for milling
energy inputs larger than 27.6 kJ/g in Figure 4-7 could be attributed to the strain induced grain
boundary (SIGB) migration phenomena, which usually results in the grain growth where the
applied mechanical energy makes the dislocations aligned in a unique direction. The grain
boundary migration leaves a low dislocation region behind the migrating boundaries, with a
similar orientation to the old grain. At the same time, cancelation of opposite strain fields of
annihilated dislocations during grain boundary alignment could be the reason of crystal strain
reduction [171-173].
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72



4.4.5 The Effect of Mechanical Activation on the Apparent Activation Energy of

Extraction

The apparent activation energy of extraction process was estimated via the Arrhenius method,
which gives the activation energy according to the temperature dependency of reaction rate.
To calculate the amount of the apparent activation energy, the amount of mass variation vs.
extraction time was recorded via TGA analysis, under three different pre-defined constant
temperatures (400, 425 and 450°C). Figure 4-8 presents the TGA graphs for the non-
activated/unmilled and activated ammonium sulfate/olivine mixtures under the applied
isothermal extraction processes. With increasing temperature, the total mass of the sample
decreases due to release of steam H>O, as shown in Eq. (4-1).

The trend of conversion factor of reaction vs. extraction time was calculated at each applied
condition. For this purpose, TGA plots presented in Figure 4-8 were converted to fraction
transformed graphs, by measuring the ratio of the actual mass loss at each time to the maximum

mass loss, reached by the end of extraction reaction [160, 161] as shown in Eq. (4-4).

o = (mo- M) / (Mo - my) 4-4

Where, mo is the initial mass of tested specimen in TGA device, m; is the actual mass of
specimen at time t and mg is the final mass of specimen.

The total mass loss, achieved at the end of each isothermal extraction process was assumed
as 100% transformation (0=1). Figure 4-9 shows the JMAK plots of In(-In(1-a)) vs. In(t) at
each temperature for the non-activated/unmilled and mechanically activated mixtures of
ammonium sulfate and olivine through isokinetic region, which was used for calculation of
order of Avrami (m), based on Eq. (4-5).

The rate determining kinetic mechanism and reaction rate function were estimated using the
rate models which were chosen in accordance with the n values for the applied specific
extraction conditions [157, 158, 160, 174]. All the values of m (slope of fitted lines), recorded

in Figure 4-9, are close to unity which corresponds to the first order reaction (n). So, the Avrami
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order (m) is almost identical to reaction order (n) and hence, the mathematical model of

reaction rate can be written as Eq. (4-5).

In(1- o) = (k t)" 4-5

Where, Kk is the kinetic constant and n is order of reaction.

Considering Eq. (4-5), the value of the kinetic constant (k) at each temperature, was
estimated from the intercept of In(-In(1-a)) vs. In(t) plots that are presented as Figure 4-8. The
apparent activation energy of reaction was calculated from the slope of In(k) vs. 1000/RT plot
(Figure 4-10), based on Eq. (4-3) [175]. The trend of apparent activation energy of solid-state
MgSOs extraction as a function of applied milling energy is presented in Figure 4-11. As can
be clearly seen, the activation energy of extraction process decreases (about 34%) as the
milling energy input increases until the energy level reaches 27.6 kJ/g and afterwards the
apparent activation energy increases.

In the same way, as discussed previously, this amount of milling energy input (27.6 kJ/g)
creates the optimal structural parameters for diffusion kinetics enhancement. Thus, this value
of milling energy input is the optimal level of milling energy, which can optimize the structural
parameters with the purpose of enhancing of rate of solid-state diffusion process and the overall
rate of solid-state extraction. For example, in regard to the particle size parameter, the milling
energy input of around 27.6 kJ/g results in the minimum size of particles on the order of 19
um. As the particle size decreases the diffusion length also decreases and consequently, it
results in a higher rate of diffusion.

With regard to the SSA and pore volume parameters, the minimum amount of milling energy
input (27.6 kJ/g) that corresponds to a minimum quantity of activation energy of extraction,

results in the maximum SSA and total pore volume.
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Figure 4-8. TGA mass change vs. time graphs of extraction process. a) Non

activated/unmilled mixture. b) Mixtures after b) 30 min of BM (13.8 kJ/g), c) 60 min of BM

(27.6 kd/g), d) 90 min of BM (41.4 ki/g) and e) 120 min of BM (55.1 kJ/g).

The increment of both total pore volume and SSA is related to the particle shape irregularity,

which can be varied during ball milling. The irregular particles have both a larger SSA and a

total volume of surface pores compared to the spherical particles, which provide the shorter

diffusion

length for enhancing the diffusion process. Finally, when it comes to the
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crystallite/nanograin size, the milling energy of 27.6 kJ/g results in the smallest

crystallite/nanograin size for the investigated range of energy.
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Figure 4-9. IMAK graph of Ln(-Ln(1-a)) vs. Ln(t). a) Non activated/unmilled mixture.
Mixtures after b) 30 min of BM (13.8 kJ/g), ¢) 60 min of BM (27.6 kJ/g), d) 90 min of BM
(41.4 kd/g) and €) 120 min of BM (55.1 kJ/qg).
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Figure 4-10. In(k) vs. 1000/RT graph for the extraction process with the reactants that are

activated with different levels of milling energy input, along with the equations of the best fit

The smaller crystallite/nanograin size provides the higher density of grain boundaries in the
structure. Grain boundaries have a more open structure compared to the grain interior and
facilitate the diffusion process by acting as short-circuit diffusion paths [176]. In addition,
because of the higher concentrations of structural defects at the grain boundaries, atomic
migration occurs faster and the surface diffusivity (D) is higher, compared to the bulk of the
grains. Therefore, the diffusion rate accelerates. The higher density of dislocations near the

grain boundaries is the other reason of diffusion kinetics enhancement by decreasing the

passing lines.
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crystallite/nanograin size. Dislocation cores have a more open structure and the number of
atomic bonds is lower at those sites. So, the vacancies can move more easily at the dislocation
cores and enhance the kinetics of diffusion (concept of dislocation pipe diffusion) [176, 177].
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Figure 4-11. The apparent activation energy variation as a function of milling energy input.

Considering all the factors that enhance the kinetics of diffusion in grain boundaries as
compared to the grain interior, the effect of crystallite/nanograin size reduction on the
optimization of diffusion controlled reaction rate is evident. So, the milling energy input of
27.6 kJ/g produces the minimum crystallite size and results in the most favorable
microstructure for overall extraction rate improvement. Therefore, the milling energy input of
27.6 kJ/g is the optimal quantity of milling energy, which provides the optimal crystal
microstructure for diffusion controlled extraction processes and the minimum apparent
activation energy for the solid-state extraction in the AAU process.

Regarding the feasibility of mechanical activation process, it is important to mention that,
the reported milling energy in this study was mainly generated through the impact and shear
energies between the balls and powders as is modelled and explained in [151]. Electrical
energy was just utilized to provide the required rotational energy of milling device, which was

about 0.09 kWh for the magneto-mill used in this research, based on the mill configurations
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and applied milling parameters, such as a rotational speed. Implementation of fossil fuel as an
electricity generator, would produce about 0.045-0.09 kg CO2 in one-hour suggested milling
time of this study (0.5-1 kg CO. emission per kWh electricity generation by fossil fuel),
depending upon the type of applied fossil fuel. This estimated amount of CO2 emission is
insignificant and can not violate the feasibility of the process. Furthermore, the required
electrical energy could be also supplied by other clean alternative sources such as hydro,
hydrogen, solar and nuclear energy, rather than fossil fuel, to eliminate the extra CO2 emission
during the electricity production.

To address the cost wise feasibility of the process, the price of electricity in Ontario, Canada
(the geographical location where the research was performed) was taken into consideration,
which is about 18 cents per kWh at peak rate. In this sense, the total cost of electricity
production for 1 h milling in this research, would be about 1.6 cents, which seems to be both
feasible and practical. And finally, although, the consumed energy during pre-activation
process, increases the overall amount of energy consumption in the mineral carbonation
process, as is also addressed by Haug et al. [24], the latter enhancement in the rate of carbon

sequestration would still remain as a great motivation for effective pre-activation researches.

4.5 Summary

In this study, we investigated the milling enhancement of the kinetics of MgSO4 extraction
through the solid-state reaction of ammonium sulfate and olivine, based on the AAU
carbonation route. The ultimate objective was to evaluate an optimal amount of required
milling energy input to produce the most suitable crystal structure, in order to achieve the most
enhanced reaction rate in extraction process. The following outcomes are summarized to

address the objectives:

1. The trend of structural parameters, including particle size, SSA, total pore volume,

crystallite size and crystal strain, vs. milling energy input was investigated and the amount
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of optimal energy input to achieve the best combination of structural parameters for
enhancing the rate of diffusion process as a rate limiting factor during the MgSO4 solid
state extraction was evaluated.

. Activation energy of extraction process was evaluated via the Arrhenius method for all
extraction processes, using non-activated/unmilled and activated batches of reactants. The
activation of reactants (the ammonium sulfate and olivine mixture) with the milling energy
input of about 27.6 kJ/g results in the lowest amount of activation energy for solid-state
MgSOs extraction. We showed earlier [156] that the controlling effect of milling energy
on structural variations seem to be independent of the type of milling device. Considering
this fact, the optimal quantity of milling energy input of 27.6 kJ/g was suggested to be
applied for achieving the best kinetics of MgSO4 extraction from solid-state olivine and
ammonium sulfate reaction. This optimal amount of milling energy input caused around

34% reduction in the activation energy of MgSOs solid-state extraction.
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Chapter 5
Directed Precipitation of Anhydrous Magnesite for Improved

Performance of Permanent CQO; storage

5.1 Overview

This research phase studies the indirect aqueous carbon sequestration via Mg(OH)..
Anhydrous MgCOz (magnesite) from Mg(OH). carbonation is the most desirable carbonated
phase, among all the carbonate precipitates (hydrous or anhydrous) as it has the highest CO2
storage density and great stability. However, the formation of magnesite is significantly
hindered by its kinetics of precipitation in an aqueous carbonation medium. This study
considers two separate strategies. First, control of carbonation parameters such as temperature
and pressure, and second, enhancement of the heterogeneous precipitation using seeding
material that could improve the reaction kinetics and conversion efficiency of the direct
carbonation of Mg(OH).. The effects of carbonation temperature and pressure on the
anhydrous precipitate concentration and consequently the efficiency of carbonation have been
evaluated. The results support the fundamental role of carbonation temperature in determining
the reaction direction through the formation of anhydrous precipitates, so that no trace of
hydromagnesite (Mgs(CO3)s(OH)2-4H20) is observed at 200C. Two seeding materials,
hydrophobic activated carbon and hydrophilic alumina, were used and the influence of the
surface chemistry of varying seeding sites (hydrophobic vs. hydrophilic seeds) was elaborated.
At the carbonation temperature of 100C and 150°C, a heterogeneous precipitation using
hydrophilic alumina results in lower concentrations of anhydrous magnesite in precipitated
compounds, even as compared to the seedless solution, owing to the hydrophilic properties of
alumina. In contrast, in all considered cases, activated carbon improves the rate of carbonation
and formation of anhydrous precipitates. The usage of activated carbon as heterogeneous

nucleation sites in an aqueous medium results in a magnesite concentration of around 60% and
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the corresponding carbonation conversion of about 72% under the controlled condition of
200°C and 30 bar CO- pressure.

5.2 Introduction

Mineral carbonation-based-CCS (MC-CCS) processes are generally implemented respectively
in either direct or indirect approaches upon the separation or combination of two critical stages
of extraction and carbonation, in either dry or aqueous mediums [6, 83-85]. Although MC-
CCS is thermodynamically favorable, its slow kinetics greatly hinders its use. Various kinetic
improvement methods have been suggested to speed up the overall rate of carbon
sequestration, such as pre-activation techniques (e.g., the author’s previously explored
mechanical pre-activation [156]), and optimization of carbonation parameters, as is considered
in this phase of research.

Among these suggested MC-CCS routes, aqueous indirect carbonation has received
significant industrial attention, as it combines the benefits of improved kinetics in aqueous
approaches and the process controllability of indirect carbonation [23]. Among the different
types of divalent cation bearing feedstock used in MC-CCS, Mg-bearing materials are the most
preferred resources, due to their great abundancy, high theoretical CO; storage capacity, and
noticeable absorbent element content [3, 6, 75].

Mg(OH): is the major reactive compound extracted from such feedstock for indirect carbon
sequestration. Both extraction and carbonation of Mg(OH). need to be kinetically improved to
facilitate rapid indirect carbon sequestration. The authors studied enhancing the kinetics of
extraction stage in previous research [109].The generally accepted elementary steps of the
Mg(OH) aqueous carbonation process are: dissolution of CO> in water (Eq.(2-4)), dissolution
of Mg(OH)2 material to liberate divalent cations in the solution (Eg. (5-1)), and precipitation
of carbonated product (Eq.(2-6)) [6, 9, 45, 93, 94, 109, 135]. Precipitation (Eg. (2-6)) may
result in the formation of water as a reaction product, depending upon the type of Mg-carbonate

produced. The stoichiometry balance of Eg. (2-6) also depends also upon these products.
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+2H,0

Mg(OH)z(s) +2H+(aq) - Mg+2 0 5-1

(aq)

Varying the temperature and pressure results in different hydrous and anhydrous carbonate
products during aqueous carbonation of Mg(OH)2 [45, 135]. In the common applicable range
of a carbonation process, hydrous carbonates require a higher level of super-saturation (a
higher equilibrium constant) than anhydrous magnesite, suggesting a higher thermodynamic
tendency for the formation of anhydrous carbonates vs. hydrous ones. The hydrous precipitates
are thermodynamically metastable. In addition, they offer a lower saturation index (SI) of
precipitation than anhydrous magnesium carbonates. A saturation index (SI) is the factor which
determines solution tendency to form precipitates. This factor compares the actual
concentration of solutes under the term of lon Activation Product (IAP) with thermodynamic
solubility product (KSP) to predict the tendency of precipitates formation [178]. However,
hydrous carbonate formation can occur more easily due to better kinetics of formation.

The formation of the anhydrous magnesite phase is strongly limited by the kinetics of the
precipitation process Eq.(2-6) [134-136]. However, anhydrous carbonates are much more
favorable compared to hydrous ones owing to their higher storage capability (a lower
molecular weight) and thermodynamic stability. So, it is very important to stimulate the
kinetics of anhydrous carbonates formation to improve a total carbonation performance. Thus,
directing the precipitation toward the formation of anhydrous carbonate phases is desirable,
and is referred to as “directed precipitation” in this work.

A number of researchers have investigated the kinetics and mechanism of magnesite
(MgCO:s) precipitation during aqueous carbonation of Mg(OH)2 Their main focus has been on
predicting most likely carbonate precipitates to be formed as a function of applied conditions
such as temperature and pressure [37-41, 44].

The enhancement of precipitation kinetics was studied in [42-45]. For example, the effect of
heterogeneous nucleation on precipitation of calcium carbonate in an aqueous solution was

studied by Chevalier et al. [42], considering two different hydrophobic and hydrophilic
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nucleation sites. Similarly, Swanson et al. [45], studied the effect of seeding precipitation on
the aqueous carbonation of Mg(OH)2 using magnesite and alumina seeds. They attributed the
effect of their seeding materials to the crystal orientation of the seeds and magnesite
precipitates during precipitation, but ignored other critical factors such as their surface
properties [45].

More thorough investigation is required to determine the effects of temperature and pressure
on the magnesite content of precipitated carbonates and the corresponding influence on the
efficiency of carbonation. To fill this gap, the first phase of this study thoroughly explored the
effects of temperature and pressure on the most sensitive, quantitative factors associated with
anhydrous magnesite formation (magnesite content and carbonation conversion percentage) in
order to understand the path of directed carbonation of Mg(OH). toward favorable anhydrous
carbonates.

In the second phase, a heterogeneous precipitation through seeding to enhance the rate of
magnesite formation, was studied. Two different seeding materials with varying wettability
properties were used with the objective of enhancing the kinetics of precipitation using the
general effect of heterogeneous nucleation sites. The possible effects of different precipitation
sites with varying surface chemistry and wettability properties on the water content of

precipitated carbonates were examined.

In summary, the main objectives of this study are as follows:

1. Quantitative evaluation of the effect of carbonation temperature and pressure on the
directed precipitation of MgCO3z during the aqueous carbonation of Mg(OH)., by
investigating the variation in the magnesite concentration and the total extent of
carbonation conversion.

2. Assessment of the general effect of heterogeneous nucleation on the kinetics enhancement

of the anhydrous magnesite formation, under varying temperature and pressure conditions.
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3. The study of possible effects of dissimilar surface properties of heterogeneous nucleation
sites on directed precipitation, under different temperature and pressure conditions, during

aqueous carbonation.

5.3 Experimental

Magnesium hydroxide (Mg(OH)2) powders (Alfa Aesar 1039-42-8; 95-100% assay) were used
in this research as a Mg-bearing source during aqueous carbonation. In each carbonation test,
3 g of Mg(OH). was added to 100 cc distilled water (a concentration of around 0.5 molar).

Carbonation reactions were performed in a 4650 Parr high-temperature, high-pressure
reaction vessel. The vessel was evacuated and purged with CO. gas prior to setting the desired
carbonation pressure and temperature. In all cases, the reactor was heated from room
temperature to the desired carbonation temperature, at a rate of about 10 deg.min, and then
was kept under adjusted constant temperature for 60 min. In all cases the carbonation pressure
was adjusted to the desired value through opening the valve connected to inlet CO> bottle.
Figure 5-1 shows a schematic of the carbonation setup. A combination of reaction temperatures
and pressures was selected based on the saturated water thermodynamic table [179], such as to
ensure that the solvent water would not evaporate under applied conditions and the gas phase
remained pure CO,. Carbonation temperatures of 100, 150 and 200 ‘C and CO; pressure of 10,
20, 25 and 30 bar were tested.

The experimental occur under either seedless or seeding conditions. The alpha alumina
(Al203) particles (Alfa Aesar 1344-21-1; 99.9% assay; <1.0 um APS; 2-4 m?/g SSA) were
used as hydrophilic seeding materials. Activated carbon powders (MTI TF-B-520; 5 um APS;
2000 m?/g SSA) were applied as hydrophobic seeding sources. To supply an equal surface area
of heterogeneous nucleation sites during carbonation, 1.0 g of alumina or 1.5 mg of activated
carbon powders was added to the carbonation solution.

After carbonation process, the reactor was cooled to room temperature, and the carbonation

solution, including the carbonated precipitates, was filtered using 2.5 um pore size filtering
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papers (Whatman 1442-055; grade 42). To evaporate adsorbed moisture from the powders, the

recovered precipitates were oven dried for two hours at 200 C, after filtration.

G: Pressure gage

R: Pressure regulator

TC: Temperature controller
VP: Vacuum pump

BPV: Back pressure valve
RD: Rupture disk

Figure 5-1. Mg(OH)2 aqueous carbonation apparatus. a) Schematic overview (the drawing

is not on scale), b) Actual carbonation reactor.

Thermal analyses were performed in a combined DSC/TGA thermal analyzer device
(NETZSCH STA 449F3A-0918-M Jupiter), under argon atmosphere. An alumina crucible was
used as a sample container. In all cases, the specimens were heated from room temperature to
750 °C at a rate of 10 deg.min-1. SEM micrographs were obtained via the secondary electron
detector of LEO 1550 Zeiss SEM at 10 kV. To promote the conductivity of samples for SEM
imaging, samples were gold coated prior to SEM analysis using a UHV spotter system for 139
seconds, with a current of 20 mA. XRD phase analysis was performed using an INEL XRG
3000 Powder Diffractometer, via monochromic Cu Kal radiation with the wavelength of
0.15406 nm, generated by the accelerating voltage and current of 30 kV and 30 mA,
respectively.
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5.4 Results and Discussion

5.4.1 Effect of Temperature and Pressure on Directed Magnesite Precipitation in

Seedless Aqueous Carbonation of Mg(OH)2

The effects of temperature and pressure on the kinetics of magnesite formation, as a potential
favorable anhydrous carbonation product during Mg(OH). carbonation, were characterized.
Seedless Mg(OH)2 aqueous carbonation was evaluated at temperatures of 100, 150 and 200 C.
Pressure was adjusted to 10, 20, 25 and 30 bar. The carbonation products were then filtered,
dried and analyzed to track the presence and relative concentration of brucite (Mg(OH).),
hydromagnesite (Mgs(COs3)4(OH)2-4H20) and magnesite (Mg(COz)). These phases are the
typical products of aqueous carbonation of Mg(OH): in the applied range of temperatures and
pressures in this research, in accordance with the available literature data that were evaluated
from a standpoint of the thermodynamic stability of possible carbonated precipitates [37, 40,
45, 135, 136]. Figure 5-2 presents the SEM micrograph of carbonated products (magnesite and
hydromagnesite), showing the rhombohedral structure of magnesite (Figure 5-2-a) vs. the sheet
like morphology of hydromagnesite (Figure 5-2-b). In the initial stage, carbonation products
were analyzed using XRD method for qualitative evaluation of possibly formed crystalline
carbonation precipitates. Figure 5-3 shows the XRD patterns of precipitated phases, at the
varying applied temperature and pressure conditions. Comparing the XRD patterns illustrated
in Figure 5-3, it seems that temperature exerts a significant effect in a direct precipitation of
Mg(OH)., so that no obvious diffraction peak of hydrous magnesites is observed at the
carbonation cases at 200 C, and favorable anhydrous magnesite was shown to be the sole
crystalline carbonated product during aqueous carbonation of Mg(OH)2 under 200 C.
Knowing that an XRD method is not capable of detecting the possibly amorphous phases
during carbonation, thermal analysis was performed as a complimentary technique to evaluate
both crystalline and amorphous phases. Also, a quantitative investigation of the percent

fraction of possible carbonation products was carried on through thermal decomposition of
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dried carbonated products in a thermogravimetric (TG) apparatus under an inert argon

atmosphere.

Figure 5-2. SEM micrograph of hydrous and anhydrous precipitated carbonate compounds

in Mg(OH). aqueous carbonation process. a) Magnesite (MgCOs), b) hydromagnesite
((Mgs(CO3)4(OH)2-4H20)).

Figure 5-4 presents the thermogravimetric analysis (TGA) results attributed to the
decomposition of different carbonated products at a temperature range from room temperature
to 750 C. Different chemical compounds are characterized by a varying temperature range of
decomposition related to the specific type of chemical bonding in their structure. Hence, the
mass fraction of each carbonated product (brucite, magnesite and hydromagnesite) can be
calculated based on the TGA mass percentage variations at a specific temperature range,
attributed to the decomposition of that particular compound. Eq. (5-2) presents the
decomposition (dehydroxylation) reaction of brucite which was reported to take place at the
range of around 400-450C [45, 140, 180].

Mg(OH),, — MgO,+H,0, (~400-450°C) 5-2
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Hollingbery [180] performed a comprehensive study of a decomposition mechanism of
hydromagnesite through reviewing and evaluating the previously-suggested mechanisms and
theories [180-185] and presented a three stage dissociation mechanism during the thermal

decomposition of hydromagnesite.

@ Hydro-magnesite (Mgs(CO,),(OH),.4H,0)
B Magnesite (MgCO,)
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Figure 5-3. XRD patterns of precipitated phases, formed during aqueous Mg(OH)2 aqueous

carbonation.

Based on the proposed mechanism, hydromagnesite decomposes through three separate
stages of dehydration (release of structural water) Eq. (5-3) , dehydroxylation (repealing the
hydroxyl group) Eq.(5-4), and the final decarbonation stage Eq.(5-5) [37, 38, 45, 140].

89



Mg, (CO;), (OH), -4H,0,, — Mg, (CO;), (OH),  +4H,0,, (~220-350°C)

2(s)

Mg, (CO,), (OH),, = (M), (CO;),, +MgO, +H,0, (~350-460 °C)

(Mg), (CO,),, = 4MgO +4CO, ,  (>515°C)
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Figure 5-4. TGA thermal decomposition graph of precipitated phases, formed during

aqueous carbonation of Mg(OH):.

Subsequently magnesite, as the most favorable product of Mg(OH). aqueous carbonation,

decomposes at the temperature higher than 460C based on Eq. (2-27). Considering the

decomposition reactions and corresponding temperature ranges, TGA curves were sectioned

into three separate ranges in Figure 5-4, representing the first section of hydromagnesite

dehydration in the approximate range of 220-350 C, the second section of hydromagnesite and
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brucite dehydroxylation in the approximate range of 350- 460C, and the third section of
hydromagnesite and magnesite decarbonation over 460°C. Since there is a clear overlap
between the dehydroxylation of brucite (Eq. (5-2)) and hydro-magnesite (Eq. (5-4), as well as
de-carbonation range of magnesite (Eg. (2-27)) and hydro-magnesite (Eq. (5-5)), the isolated
dehydration temperature range of hydromagnesite (220-3507C) has been considered as a
separate stage in estimating the mass percentage of hydromagnesite (Eqg. (5-3)). The mass
percentage of hydro-magnesite can be calculated using Eq. (5-6), based on the stoichiometry

of the hydro-magnesite dehydration reaction (Eq. (5-3)).

TGA mass change (%) in the range of hydromagnesite dehydration (~ 220-350°C)
molar number of water(4)xmolar mass of water (18 g.mol™)

Hydromagnesite (mol %)= 5-6

Although in a similar study by Swanson et al. [45], a thermal decomposition range of over
460°C has been specifically addressed to magnesite decarbonation, the present authors believe
that considering the previously suggested mechanisms and dissociation models of
hydromagnesite [37, 38, 45, 140, 186], there would be a strong overlap between the
decarbonation range of magnesite and hydromagnesite. Hence, this temperature range would
not result in a concentration of pure magnesite and the initial dehydration range of
hydromagnesite has been addressed as a unique decomposition range when calculating the
hydromagnesite concentration in a magnesite- brucite- hydromagnesite mixture as given by
Eq.(5-6).

Since the decarbonation of both magnesite (Eq. (2-27)) and hydro-magnesite (Eq. (5-5)) is
possible at the thermal range of over 460C (at the third stage, shown in Figure 5-4), the
corresponding mass reduction owing to a decomposition at this temperature range has been
attributed to the combined decarbonation of magnesite and hydromagnesite compounds. The
pure concentration of magnesite can then be estimated upon deduction of the hydromagnesite
portion which can be calculated based on Egq. (5-6). Subsequently, considering the

stoichiometry of hydromagnesite decomposition reactions (Eq. (5-3) to Eq. (5-5)), the
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contribution of mass reduction as a result of hydromagnesite decarbonation can be calculated
and deduced in the thermal range of over 460 C, to estimate the net concentration of the
magnesite phase (Eqg. (5-7)). Hydromagnesite mol % was calculated using Eq.(5-6). Obviously,
the balanced value over 100 presents the molar percentage of brucite in the analyzed
compound. It needs to be mentioned here that the ranges of mass change variation in TGA
graphs were set and justified based on the corresponding TGA first derivative curve (dTGA)

for an accurate mass change period selection in each section.

TGA mass change (%) in the thermal range of over 460°C

Magnesite (mol %) = - (hydromagnesite (mol %)x4)  §5-7

molar mass of CO,, (44g.mol™*)

A ternary diagram presented in Figure 5-5 is plotted based on the relative molar percentage
of each component, under different applied conditions. As shown in Figure 5-5, no
hydromagnesite phase forms under 200 C, and anhydrous magnesite is the only carbonated
product formed at the highest temperature of 200 C. This result was also confirmed by the
XRD diffraction patterns (Figure 5-3), which shows no evidence of crystalline hydromagnesite
diffraction peaks for 200 C carbonation cases.

Also, as shown in Figure 5-5, the molar percentage of the magnesite compound, as the
intended carbonated phase in the directed carbonation of Mg(OH)2, increases as a function of
both temperature and pressure. As shown in Figure 5-6, the magnesite molar percentage (M%),
which was analyzed based on the thermal decomposition in TGA curves as explained earlier,
increases as a function of both temperature and pressure. However, the effect of temperature
increase on the increment of M% is more profound than that of the pressure.

To further clarify the effect of temperature and pressure on the magnesite percentage value,
the mechanism of carbonate precipitate formation during the Mg(OH). carbonation process
must be taken into consideration. The mechanisms of the formation of magnesite in aqueous
carbonation solutions have been addressed and evaluated in the literature [3, 44, 45, 134-136].

According to the suggested mechanism, magnesite mainly precipitates through the
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transformation of pre-formed hydrous carbonates such as hydromagnesite [39, 40, 45, 134,
135, 187]. The transition stage of intermediate hydromagnesite to magnesite transformation
was considered as a bottle neck stage in the magnesite precipitation process.

At high temperatures, the liberation of water molecules from hydromagnesite structure is
facilitated, the transition of pre-formed hydromagnesite to magnesite is enhanced and
magnesite precipitation is enhanced [44]. This mechanism could reasonably explain why
during a certain precipitation period (60 min), the extent of precipitated magnesite increases as
a function of temperature. Therefore, no trace of hydromagnesite has been recorded in either
XRD (Figure 5-3) or TGA (Figure 5-4).

In regard with the reported zero concentration of hydromagnesite at 200 C, it needs to be
emphasized that, although XRD method is solely capable of crystalline phase detection, the
possibility of the presence of amorphous hydromagnesite phase is negligible, considering the
outcome of thermogravimetric analysis which is capable of detecting both amorphous and
crystalline phases. The extent of magnesite precipitation also increases as a function of pressure
as is also recorded in previous studies [37, 39, 135]. However, as presented in Figure 5-6, the
effect of pressure on increasing the magnesite content is more noticeable at higher
temperatures. This observation may be attributed to the fact that the rate of dissolution of CO>
gas in the aqueous solution as a first stage of Mg(OH)2 carbonation (Eq. (2-4)), decreases with
a temperature increase. Hence, at high temperatures, a CO> pressure increase can have a greater
effect through promoting CO. concentration in the solution.

In the next stage, the effect of temperature and pressure parameters on the total value of
conversion percentage was studied. The carbonation conversion percentage is defined as the
amount of CO2 which is stored in the material relative to the maximum theoretical capacity of

a considered material to store CO [6, 77].
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Figure 5-5. Phase diagram, representing the relative concentration of brucite (Mg(OH)z>),
magnesite (MgCOs) and hydromagnesite (Mgs(CO3)s.(OH)2.4H20) in the precipitated
phases, formed during aqueous carbonation of Mg(OH)a.

In order to calculate the extent of conversion percentage under each condition, the mass ratio
of actual CO: released during TGA thermal decomposition to the maximum theoretically
possible CO> release was calculated. The maximum theoretically possible CO> release was
considered as the amount of CO: gas that could be released during TGA thermal
decomposition, if the total product of Mg(OH). carbonation is anhydrous magnesite.
Magnesite was chosen as a reference material, with the maximum possible CO; release in
thermal decomposition, having the highest Mg to C ratio and lowest molecular weight. It
results in the highest density of CO: storage, among all the other possible products of
carbonation in proposed Mg(OH)2 carbonation [77]. With this definition, the total amount of

carbonation conversion percentage can be calculated from Eq. (5-8).
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Figure 5-6. Magnesite molar concentration variation as a function of carbonation
temperature and pressure, in precipitates formed during seedless aqueous carbonation of
Mg(OH)a.

Figure 5-7 shows the trend of Mg(OH)2 carbonation conversion percentage as a function of
temperature and pressure. The trend of conversion percentage variation as a function of
temperature and pressure is very close to that presented for the molar percentage of magnesite
in Figure 5-6. The similarity between in Figure 5-7 and Figure 5-6, points out towards the
important role of the directed precipitation of anhydrous magnesite on improving carbonation
efficiency. Adding the great thermodynamic stability of magnesite to the scenario, the

importance of directed precipitation is even more significant.
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5.4.2 Effect of Heterogeneous Seeding on Directed Precipitation of Anhydrous Magnesite
under Varied Temperature and Pressure Conditions, During Aqueous Carbonation of
Mg(OH)2

Because the kinetics of magnesite formation is the most important barrier to the directed
precipitation of MgCOz [45], heterogeneous nucleation was proposed and implemented in this
phase of research. As is well-known from the theory of precipitation processes, heterogeneous
nucleation is capable of enhancing the total kinetics of precipitation, through reducing the
activation energy barrier of nucleation [42, 43, 45, 53, 188-191]. This reduction has been
proven and explained through considering the geometry of nuclei and the changes in the acting
interfacial surfaces. Heterogeneous nucleation can successfully add a negative energy
contribution term (as a result of the destruction of the seed to liquid interface), to the general
terms of free energy variation during nucleation process and enhance the kinetics of nucleation
stage [53, 189, 190]. Knowing that heterogeneous seeding is fairly capable of enhancing the
rate of precipitation in Mg(OH)2 aqueous carbonation, seeding sites were added to the solution
with the goal of possible enhancement of directed precipitation. The effect of dissimilar
heterogeneous sites on kinetics of magnesium carbonate (MgCQOs3) formation was evaluated.
Alumina (Al20O3) and activated carbon seeds were examined as hydrophilic and hydrophobic
precipitation sites, respectively. The total surface area of these seeding materials was kept
constant in order to eliminate the effect of precipitation site availability. The effect of different
seeds’ surface properties on the carbonation conversion percentage and magnesite content was
evaluated under varying temperature and pressure conditions to track the performance of
seeding sites as a function of carbonation conditions. Aqueous carbonation of Mg(OH). was
performed at temperatures of 100, 150 and 200 C under the CO; pressures of 20 and 30 bar.

At each condition, seedless and heterogeneous precipitation was tested and compared.
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Figure 5-7. Carbonation conversion percentage variation as a function of carbonation
temperature and pressure in precipitates formed during seedless agueous carbonation of
Mg(OH)a.

In the first stage, crystalline carbonated products were analyzed using XRD method. The
results are included in Figure 5-3. Similar to the previous research stage explained in section.
(5.4.1), the brucite (Mg(OH)2), hydromagnesite (Mgs(COz3)s(OH)2-4H,0) and magnesite
(Mg(CO:3)) phases were identified in diffraction patterns to evaluate the qualitative effect of
the preferred nucleation process on the type of precipitated phases. Based on the XRD results
in Figure 5-3, the crystalline hydromagnesite phase was not found at high temperature
condition (200C). Again, TGA was performed as a complement to XRD analysis, to
compensate for the weakness of XRD method in analyzing the possible amorphous carbonation
products.

Figure 5-8 shows the TGA thermal decomposition plots of the carbonation products which
were utilized to calculate the total conversion percentage of carbonation process, as well as the
molar concentration of the possible hydromagnesite, magnesite and brucite phases, based on
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the method explained in section (5.4.1). The ternary diagram presented in Figure 5-5 includes
the data corresponding to heterogeneous carbonation as well as those recorded under seedless
condition. Similar to the results of seedless precipitation, the effect of temperature increase on
directing the Mg(OH)2 carbonation process through the formation of anhydrous magnesium
carbonate (magnesite) is clearly shown. The molar percentage of magnesite increases with
increasing temperature. Thus, hydromagnesite content is not significant at the high temperature
of 200 C, neither as an amorphous phase monitored with TGA (Figure 5-9) nor as a crystalline
phase detected by XRD (Figure 5-3). The noticeable effect of temperature on the formation of
MgCOz can be explained based on the previously discussed mechanism of magnesite
formation, from the intermediate hydromagnesite phase, since high temperature speeds up the
rate of hydromagnesite to magnesite transition through facilitating the liberation of water
molecules [44]. Comparing the data points attributed to the activated carbon and alumina seeds
in the ternary carbonation diagram presented in Figure 5-5, under similar temperature and
pressure conditions, the magnesite molar concentration is higher for activated carbon.

Figure 5-9 shows that the magnesite concentration increases as a function of temperature
and pressure in both seeding conditions, owing to the enhanced kinetics of hydromagnesite to
magnesite transition or promoting the dissolution of CO> in aqueous solution as a first stage of
carbonation (Eg. (2-4)). The trend in Figure 5-9 shows that the concentration of anhydrous
magnesite phase is higher using activated carbon carbonation, compared to both alumina and
seedless carbonations under similar applied temperature and pressure conditions. This result
may be attributed, firstly, to the role of activated carbon as a heterogeneous site of nucleation,
which decreases the energy barrier to nucleation [42, 43, 45, 53, 188-191]. On the other hand,
unlike the alumina seed, activated carbon shows a water repelling effect, known as
hydrophobic property, and so tends to repel water molecules. Because of this intrinsic
hydrophobic property of activated carbon, the kinetics of the water-repellent process during
hydromagnesite to magnesite transition can be enhanced, resulting in a higher concentration

of magnesite precipitation, compared to hydrophilic alumina seeds.
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Interestingly, the amount of magnesite concentration is the lowest with the alumina seeding,
even lower than that for a seedless carbonation under 100 and 150, despite that
heterogeneous seeding nucleation sites should, at least, in theory, enhance the kinetics of
nucleation. This interesting finding can be explained considering the polar structure and
hydrophilic property of alumina seeds which result in the hydrogen bond formation on the
surface of alumina when it comes into contact with water [188, 192-195]. This, in turn, impedes
the liberation of water molecules during the transition of hydromagnesite into magnesite phase
and totally reduces the rate of magnesite phase formation, causing a reduction of magnesite
quantity during carbonation.

In contrast to the 100 and 150 C cases, at the applied carbonation temperature of 200 C and
a pressure of 20 bar (Figure 5-9), the concentration of magnesite phase is higher for the alumina
seeding compared to the seedless carbonation, indicating clearly the dominant effect of high
temperature and pressure on the hydromagnesite to magnesite transition through enhanced
water liberation [188, 192-195]. However, at 200°C and a high pressure of 30 bar the magnesite
content (Figure 5-9) reaches, within the experimental error, nearly the same quantity for the
alumina (bar # 18 in Figure 5-9) and activated carbon (bar # 17 in Figure 5-9) seeding.
Apparently, the effects of high temperature and pressure overcome the transition barrier and
the influence of heterogeneous seeding, either hydrophobic or hydrophilic, becomes less
important although the activated carbon seeding still results in the highest magnesite content
in Figure 5-9 (bar # 17).

The total conversion percentage of the carbonation process was calculated based on the
thermal method explained in section (5.4.1). The results are presented in Figure 5-10, and show
a very similar trend to that of the magnesite molar percentage (Figure 5-9). This result shows
a primary effect of anhydrous phase formation on the total efficiency of the carbonation process

as discussed earlier.
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Figure 5-8. TGA thermal decomposition graph of precipitated phases, formed during
aqueous carbonation of Mg(OH): in heterogeneous carbonation using different seeding sites.
a) Activated carbon and b) alumina.
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Figure 5-9. Magnesite molar concentration under varying carbonation temperature and
pressure conditions, in precipitates formed during aqueous carbonation of Mg(OH)2, under

heterogeneous and seedless carbonation conditions.

Quantitative assessment of the outcomes of this research shows that simultaneously
controlling the applied temperature and pressure and the effective implementation of seeds can
increase the efficiency of carbonation for a specific period of time. It is found that under the
carbonation conditions of 200°C, CO; pressure of 30 bar and with activated carbon seeding,
the molar percentage of favorable anhydrous magnesite phase in the carbonation products
reaches about 60% (Figure 5-9), with the corresponding carbonation conversion of about 72%
(Figure 5-10).

Furthermore, the proposed carbonation approach has shown a successful outcome, even
under moderate temperature conditions of 100 and 150 C. The molar percentage of magnesite
in Figure 5-10 shows an increase of about 200% under the controlled conditions of 100 ‘C and
COz pressure of 20 bar and about 23%, at 150 C and CO. pressure of 30 bar, using the activated

carbon seeding, compared to similar conditions under seedless precipitation.

101



By comparison, in similar research on aqueous carbonation of Mg(OH)2, Swanson et al. [45],
reported the maximum magnesite concentration of about 98% which was achieved in one hour
of carbonation at the carbonation temperature of 150 C and CO: pressure of 15 atm, through
injecting magnesite sites in the solution. Their reported concentration is much larger than 60%
obtained in this work (150 'C, about 30 bar CO2 and with activated carbon seeds) (Figure 5-10).
One reason for a larger concentration in [45] might be that their reactor was equipped with
stirrer device which could facilitate the kinetics of mass transfer which was not employed in
the present work. However, there is also a possibility that Swanson et al. [45] overestimated
their results by not taking into account a separation issue between the quantity of the magnesite
phase formed as an anhydrous precipitate during carbonation and the pre-injected magnesite
seeds added to the solution intentionally, to form a preferred site of nucleation. The whole
amount of mass change during decomposition of products in the decarbonation range of
magnesite was attributed in [45] to the precipitated magnesite decomposition, neglecting
whether the decomposed magnesite in that region was the product of carbonation or was a pre-
injected seed. Furthermore, the portion of magnesite formed during thermal analysis as a
consequence of previously decomposed hydromagnesite (through sequenced dehydration
(Eq.(5-5)) and dehydroxylation (Eg. (5-4)) was not differentiated from magnesite formed
during carbonation. In other words, the overlap in thermal decomposition range between the
third stage of hydromagnesite decomposition (Eg.(5-5)) and the magnesite decarbonation (Eq.
(2-27)) has not been considered by Swanson et al. [45]. Hence, the whole TGA mass change
during decarbonation was ascribed to precipitated anhydrous magnesite. Attributing the whole
mass change reduction in the thermal range of decarbonation to magnesite as a carbonation
product might have been the cause of noticeable differences between the results of this research

and those reported in [45].
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Figure 5-10. Carbonation conversion percentage under varying carbonation temperature
and pressure conditions, in precipitates formed during aqueous carbonation of Mg(OH)z,

under heterogeneous and seedless carbonation conditions.

5.5 Summary

Directed precipitation of anhydrous magnesium carbonate (MgCO3)/magnesite was evaluated
and studied in this work. Although the formation of magnesite is thermodynamically favorable,
the slow rate of precipitation is a limiting factor. Kinetics of precipitate nucleation and
anhydrous magnesite formation (transition of hydromagnesite to magnesite) are enhanced
through controlling the carbonation parameters and approaching heterogeneous carbonation.
Controlling the carbonation temperature and pressure during seedless carbonation of
Mg(OH). was the initial approach to enhance the kinetics of magnesite formation. In addition,
implementation of seeding (heterogeneous) nucleation sites, including alumina and activated
carbon, has been suggested, in order to accelerate the kinetics of anhydrous magnesite

precipitation. The research outcomes are summarized as follows:

1. The effect of temperature on the increment of magnesite phase concentration in the final

product of the carbonation process is noticeable. The enhancing effect of temperature on
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the directed carbonation of Mg(OH)2 is mostly attributed to the facilitating effect of
temperature on water liberation during hydromagnesite to magnesite transition.

. The role of preferred precipitation sites (heterogeneous seeding) on the directed
precipitation of anhydrous magnesium carbonate and carbonation conversion percentage
is significant. However, the influence of heterogeneous precipitation on directed
precipitation is found to be dependent upon the nature of the precipitation sites.

. The effect of heterogeneous nucleation sites (seeding materials) on the directed
precipitation of magnesite is related to the surface chemistry of seeds. Thus, hydrophobic
activated carbon enhances the kinetics of directed precipitation more efficiently than
hydrophilic alumina. This observation is explained by the mechanism of magnesite
formation through the transition of initially formed hydromagnesite to magnesite and their
dissimilar behavior in aqueous solution. A hydrophilic polar compound alumina, has a
great tendency to form a hydrogen bond with water molecules in an aqueous solution which
delays the liberation of water molecules as a critical stage of hydromagnesite to magnesite
transition. In contrast, hydrophobic activated carbon accelerates the Kkinetics of
hydromagnesite to magnesite transition as a result of its intrinsic water repelling effect.

. This approach shows that the simultaneous controlling of carbonation parameters
accompanied by the implementation of heterogeneous sites succeeds in forming up to 60%
magnesite molar concentration and a total conversion percentage of about 72%. Also, using
activated carbon precipitation sites, even at the moderate thermal condition of 100 and
150 C, the magnesite molar concentration was increased by 200% and 23%, respectively,

as compared to seedless condition.
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Chapter 6

Summary and Future Work

6.1 Research Summary

The outcomes of the current Ph.D. thesis are summarized in three sections, based on the main
research phases that are covered in chapters three to five.

6.1.1 Phase One- Investigation of Milling Energy Input on Structural Variation of

Processed Olivine Powders for CO2 Sequestration

6.1.1.1 Summary

In an attempt to find a correlation between structural parameters and milling energy input, the
modified structural properties of olivine powders were found to be directly controlled by the
amount of injected milling energy input. Based on the outcomes of this phase of study, the
optimal value of pre-activation milling energy input, resulting in the most appropriate micro-
structural properties for the purpose of permanent CO; storage, is about 55 kJ/g.

The trend of micro-structural parameter variation as a function of milling energy input,
supplied by the high energy magneto ball mill in this research, was compared with previously
reported trends which were gained with other types of milling devices. Addressing the
similarity of recorded trends observed by different milling devices, the achieved amount of
optimal milling energy input (about 55 kJ/g) was claimed to be a unique value, regardless of
the type of implemented milling device.

6.1.1.2 Limitations and Suggestions

In this phase of research, the optimal amount of milling energy input is suggested, which ends

up with the most suggested microstructure for CO> storage purposes.
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A quantitative energy balance and economy efficiency analysis of the process must be
evaluated. This should be done in order to evaluate the practical feasibility of the suggested
pre-activation energy level, when integrated to a whole structure of mineral carbonation
system. Different CO. emitters and varied sources of energy could be tried and compared, in
order to suggest a feasible carbonation system, integrating the suggested level of pre-activation

energy.

6.1.2 Phase Two- Optimizing Milling Energy for The Enhancement of Solid State
Magnesium Sulfate (MgSO4) Thermal Extraction for Permanent CO2 Storage

6.1.2.1 Summary

A study on the kinetic enhancement of AAU solid-state extraction approach for Mg(OH)2
production was performed as the second stage of the current Ph.D. work. The kinetics of solid-
state extraction was enhanced via the pre-mechanical activation of reactant materials, including
ammonium sulfate and olivine.

The pre-activation energy level of 27.6 kJ/g was found to be capable of forming the most
suitable microstructure for the mineral carbonation process. Also, the suggested optimal pre-
activation milling energy input was found to reduce the activation energy of solid-state
extraction process, up to 34%.

Again, referring to the previous claim in section (6.1.1.1), about the generality of optimal
milling energy input, regardless of milling device, the calculated amount of optimal pre-
activation milling energy input, could be generalized to every mechanical pre-activation
process, regardless of the device that is utilized for pre-activation purposes.

6.1.2.2 Limitations and Suggestions

Similar to the previous suggestion in section (6.1.1.2), the optimized level of energy that is

calculated for the purpose of enhancing the kinetics of aforementioned solid-state reaction, is
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calculated based on materials properties. Hence, a quantitative energy balance and economy
efficiency analysis of the process must be investigated. Different CO, emitters and energy
producers needs to be assessed, to estimate the practical feasibility of estimated pre-activation
energy level.

The suggested methodology for the calculation of optimal pre-activation milling energy level
could be examined and expanded to other carbonation feedstock and extraction techniques,

upon application and industrial requirements.

6.1.3 Phase Three- Directed precipitation of anhydrous magnesite for improved

performance of permanent CO2 storage

6.1.3.1 Summary

This study was aiming to direct the process of Mg(OH)2 aqueous mineral carbonation, through
the formation of anhydrous Mg-carbonates.

The results of temperature and pressure control confirmed that temperature has a more
noticeable effect on the formation of anhydrous Mg-carbonates, as compared to pressure.
Therefore, anhydrous magnesite was found to be the sole precipitated carbonate under high
temperature condition of 200 °C during the one-hour carbonation process, ran at CO> pressure
range of 10 to 30 bars. So, utilization of high temperature carbonation conditions was shown
to enhance the process of directed anhydrous carbonation, and this effect was found to occur
independent of carbonation pressure in the studied pressure range.

On the other hand, implementation of heterogeneous precipitation condition was shown to
control the process of directed mineral carbonation. The efficiency of the heterogeneous
approach was attributed to the type and surficial properties of implemented seeding materials.
In this regard, the comparison of the behavior of hydrophilic alumina seeds and hydrophobic
activated carbon confirmed the superior performance of activated carbon to end up with
anhydrous precipitates. This behavior was mostly ascribed to the water repellant property of

hydrophobic activated carbon, which stimulates the formation of favorable anhydrous
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carbonates. Hence, the carbonation efficiency of Mg(OH). aqueous carbonation process
improved to about 72%, through implementation of activated carbon precipitation sites, under
200 °C and CO- pressure of 30 bars.

6.1.3.2 Limitation and Suggestions

This study compares the efficiency of carbonation processes, under the implementation of two
different seeding materials. The amount of SSA, as one of the most determinant parameters in
mineral carbonation was designed to be kept constant and the hydrophobicity and surficial
properties were discussed logically in accordance to the previously offered mechanisms of
precipitates’ formation. However, still there might be other surficial and structural differences
between the implemented seeds that could be responsible for the different reported behaviors
and performances. In this research the difference in behavior and performance of implemented
seeding materials was mostly attributed to surface properties and specifically, to the
hydrophobicity of considered materials. Hence, comprehensive investigation of the other
possible causes of difference, in addition to surficial effect would be remained essential in
order to come up with the most appropriate seeds, where the Kinetics of precipitation is a
limiting barrier.

Also, the carbonation apparatus used in this research phase was not equipped with
mechanical agitation system. This practical limitation can lead to mass transfer Kinetics barrier.

This experimental barrier is also suggested to be addressed in future works.
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Appendix A

Particle Size Measurement from SEM Micrographs

Particle size is measured using SEM micrographs, obtained by secondary electron detector.
The SEM magnification is adjusted to assure that the image shot contains reasonable statistical
population for measurement. The SEM images are then analyzed using image analyzer
software for size measurement. Image J, version 1.47 V, developed at the National Institutes
of Health, USA, [146] is used in current research for the particle size analysis. The diameter
size of each particle is measured using image analyzer software in different directions, to find
an approximate equivalent spherical diameter size of the considered powder. And finally, the
arithmetic average of measured lengths is considered as mean particle size (Eq. (A-1)), and is
reported with valid standard deviation. Figure A-1 represents the schematic procedure of

particle size measurement, using SEM micrographs.

,,,,,,,,,,,,,,,, Measured lengths

Figure A-1 Schematic overview of particle size measurement using SEM micrographs.
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1
D = Z?=1 L;

n

n is total number of measured lengths, L is measured length and D is mean particle size.
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Appendix B
The Johnson-Mehl- Avrami- Kohnogorov (JMAK) Kinetics
Model

B.1 Assumptions

The kinetics of the phase transformation process can be modelled using the JMAK Kinetics

model, considering the following assumptions:
1. Nucleation starts randomly in the bulk and at the surface
2. The sample size is much greater than any individual transformed region

3. Nucleation growth occurs homogeneously.

4. Nucleation rate is constant [145].

B.2 Kinetics of Phase Transformation

Assuming phase a IS transferring to 3 under isothermal condition, radial length of growth

nuclei can be written as Eq. (B-1).
rt)=ro+vt B-1
ro is initial radius of nuclei, v is radial growth velocity (length/time), and t is growth time.

Assuming n as number of nuclei per unit volume, the number of nuclei that are isolated at

time t can be shown as Eq. (B-2).

nt)=n[l-x(t)] B-2
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Where, Xx(t) is volume fraction transformation.

At time t, the volume fraction for the growth of an isolated nuclei from radius r to r+dr is
as Eq. (B-3).

d X(t) = n(t). dv = 4mnv3r2dt [1- x(1)] B-3

Knowing that r(t) = vt and dr = v dt, x(t) can be rewritten as Eq. (B-4) and Eqg. (B-5).

dx() _ 342
e Anvtedt B-4

4mnv3t3
]

X(t) = 1-exp [— .

Assuming the time constant (x) is [-——1"%, x(t) will be as Eq.(B-6).

X(t)= 1-exp [=] ¥

Taking m as the Avrami order and kinetics constant (k) as 1/, the JMAK kinetics model is
derived as Eq. (B-7) [196].

x(t)= 1-exp [-(kt)™] B-7
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Appendix C
Evaluation of The Effect of Steam Concentration in Flue Gas, on
Carbonation of Magnesium Hydroxide for Mineral CO>

Sequestration'*

C.1 Overview

In order to improve the efficiency of indirect carbonation processes, Mg(OH). carbonation
needs to be well-controlled, and the energy release should be quantified. Carbonation
efficiency of Mg(OH)2 can be greatly enhanced by water steam. In this study, an investigation
on the effects of steam concentration on Mg(OH). carbonation was performed, and the
determinant effect of Mg(OH)2 dehydroxylation was discussed. Carbonation reactions were
evaluated in the isothermal conditions of 200 C, 250 C and 325C, under the atmosphere of an
Ar-CO2-H>O mixture. H.O concentrations of 0, 10 and 15% were tested, and the effective
concentration range of H20 was suggested based on the proposed carbonation mechanisms.
The results clearly supported the enhancing effect of water steam on the kinetics of Mg(OH)>
dry carbonation process. However, the exact effect of water steam on kinetics of Mg(OH)2 dry
carbonation is strongly dependant upon the dehydroxylation ability of Mg(OH)2 powders.
Finally, with the careful consideration of water steam effect on dehydroxylation and
carbonation of Mg(OH)2, the concentration of 10% water steam is determined as an optimal
concentration among those tried, resulting in the enhanced kinetics of Mg(OH). dry

carbonation.

14 The content of this chapter is published as:
Atashin, S., Kandasamy, J., Gokalpand, I., Wen, J.Z., Varin. R.A. (2016). Evaluation of the effect of
steam concentration in flue gas, on carbonation of magnesium hydroxide for mineral CO;
sequestration. Proceedings of 2016 8th International Conference on Chemical, Biological and
Environmental Engineering (ICBEE 2016), Toronto, Ontario, Canada, September 24-26.

134



C.2 Experimental

Magnesium hydroxide (Mg(OH)2) powder, produced by Fluka analytical (purity > 99%) and
supplied by Sigma Aldrich (Germany), was utilized. The carbonation process and
thermogravimetry analysis were performed in a NETZSCH STA 429 thermal analyzer coupled
with a water vapor generation furnace. To evaluate the effects of water steam concentration on
the carbonation process of Mg(OH)2, carbonation was run under three different gas mixture
concentrations, namely, (100%CO3), (80%C0O2-10%H20-10%Ar) and (80%C0O2-15%H>0-
5%Ar). The total gas pressure was 1atm, and isothermal conditions of 200, 250 and 325 C were
applied for the duration of 600 min.

C. 3 Results and Discussion

The Carbonation of Mg(OH). powders was investigated under three different steam
concentrations of 0, 10 and 15%, under varying isothermal conditions. Thermodynamic
stability was considered prior to any kinetic investigation, to predict the possible carbonation
products. Thermodynamics stability was evaluated using Geochemists Work Bench software
(Release11.0.2, 2016), which indicated that MgCOs is the only stable phase under all applied
temperature and steam concentrations.

The variation of samples’ mass vs. reaction time is recorded by a TGA device. The amount
of mass change during the Mg(OH). to MgCOs carbonation process (Eg. (2-12)) was
considered as the upper limit of mass change (44% mass gain). On the other hand, the
maximum amount of mass loss during Mg(OH). dehydroxylation (Eq. (5-2)) was addressed as
the lower mass change limit (31% mass loss). In all cases, the amount of carbonation
conversion was calculated considering these upper and lower mass change limits, using lever
rule, to address carbonation contribution, during a combined dehydroxylation/carbonation
process. Table C-1 presents carbonation conversions achieved under varying temperature and

steam concentration conditions.
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Table C-1. Carbonation conversion achieved during atmospheric pressure dry carbonation

of Mg(OH)., under different temperature and steam concentration conditions.

Temperature (°C) 200 250 325
Steam concentration (%) 0 10 | 15 0 10 | 15 0 10 | 15
Carbonation conversion 26 | 39 | 39 | 28 | 35 | 39 | 36 | 59 | 44

As is presented in Table C-1, carbonation conversion increases with temperature, under pure
CO2 atmosphere. In order to evaluate the possible mechanism involved in the carbonation
process of Mg(OH)., dehydroxylation of Mg(OH): is addressed under different temperature
and steam concentration conditions. In all considered temperatures, Mg(OH). will be
dehydroxylated to MgO under pure CO> atmosphere. Referring to the mechanism suggested
by Fricker et al. [19], the carbonation and dehydroxylation processes can occur simultaneously
during the carbonation of Mg(OH)2 [19, 20]. Although, MgO formed as a product of Mg(OH)>
dehydroxylation is known as an unreactive compound, the dehydroxylation process of
Mg(OH) is suggested to enhance the carbonation process through couple dynamic mechanism
[19, 20]. The observed increase in carbonation conversion, as a function of temperature in pure
CO:> conditions, can be explainedusing the so far proposed mechanisms of Mg(OH):
carbonation by Fagerlund et al. [105], saying that the dehydroxylation of Mg(OH)2 results in
the outward transfer of water molecules from the inner Mg(OH): structure to the surface. So,
the carbonation reaction occurs on the surface, by surficial dissolution of Mg in the formed
surficial layer, and later reacts with CO2 [105]. The formed surficial MgCOs layer acts as a
diffusion barrier and prohibits further carbonation reactions. And, dehydroxylation of
Mg(OH)>, and the consequent outward transfer of water steam, can be referred to as enhancing
factors. These produce fresh reactive carbonation surfaces through the breakage of MgCOs
barrier layer. With this hypothesis, higher temperature can enhance the kinetics of Mg(OH)2
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carbonation under pure CO2 atmosphere by enhancing the dehydroxylation reaction of
Mg(OH)s..

As the water steam concentration increases to 10%, the carbonation conversion increases
dramatically, as presented in Table C-1. The enhancing effect of water steam on the
carbonation of Mg(OH)2 is mostly attributed to the preparation of a denser water layer to cover
the reactive compounds for Mg dissolution and subsequent carbonation [105, 118]. However,
the dehydroxylation process of Mg(OH)2 to MgO is still an effective process through the
breakage of the MgCOs barrier layer and, hence, carbonation conversion increases as a
function of temperature.

Increasing the amount of water steam to 15%, cannot promote the Mg(OH). carbonation
conversion %, as presented in Table C-1. This outcome is also observed by Kerisit et al [114]
through studying the dynamics of a forsterite surface in a steam-involved carbonation process.
As they proposed, the thick layer of water which forms under high steam concentrations can
hinder the carbonation process by limiting CO> access to the surface. However, in this
condition, carbonation could be still promoted by increasing temperature through enhancement
of Mg(OH). dehydroxylation and breakage of surficial MgCOs. But, the effect of temperature
on carbonation conversion enhancement is much lower than that of 10% steam condition since,
in this case (15% steam system), the availability of CO> on the surface is more limiting, as
compared to dehydroxylation speed.

C. 4 Summary

In this research task the effect of water steam on enhancing the carbonation process of
Mg(OH). was evaluated. The effective concentration of water steam in flue gas for Mg(OH):
carbonation was estimated through TGA analysis, and the results are discussed based on
previously suggested carbonation mechanisms. As the results show, availability of external
water steam can promote the carbonation conversion of Mg(OH). through formation of
external water shells for Mg dissolution. On the other hand, the considerable effect of Mg(OH):

dehydroxylation on the breakage of theMgCOg diffusion barrier layer was discussed. Finally,
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the suggested amount of water steam for and enhanced Mg(OH)2 carbonation process was

addressed to be around 10%, among the evaluated steam concentration range.
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