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Abstract

A b stract
Successful geological sequestration of carbon in deep saline aquifers as a
technological strategy to reduce CO2 emissions and combat climate change
requires accurate predictive models of rock-brine-C0 2 interactions, which need
to be validated and refined through comparisons with laboratory experiments.

The main objective of this Thesis is to study, experimentally and theoretically,
whether iron oxides-containing subsurface formations would be potential
reservoirs for sequestering CO2-SO2 gas mixtures derived from fossil fuel
combustion processes. Benefits could be then derived of co-injecting sulfur
with C0 2 -dominated gas streams.

Experiments were conducted with two natural samples, hematite (aT ^C ^) and
goethite (a-FeOOH), using a high pressure-high temperature system designed
to simulate conditions in geologic formations deeper than 800 m, where the
supercritical state of CO2 can be taken advantage of. Solid samples were
allowed to react with a NaCl-NaOH brine and S0 2 -bearing CC^-dominated gas
mixtures. Reacted solids were examined for mineralogical changes and
collected fluids analysed to provide data on the fate of dissolved species.

Experimentally, brine composition and SO2 content of the gas stream greatly
influenced the pH of the system as well as mineralogical changes. Increasing
reaction times, fine powders (< 38 pm), low values of solids concentration
(lOg/L) and reaction temperatures up to 100°C enhanced minerals dissolution
and precipitation of secondary phases. Carbonates precipitates, siderite
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(FeCCh) and dawsonite (NaAl(0 H)2C0 3 ), were observed as a result of the
experiments along with some S-bearing phases and some residual salt.
Reaction pressure was seen to have a major effect on availability of dissolved
SO2 and CO2.

m

Affirmation

A ffirm ation
The work reported in this thesis is solely the work of the author and has not
been published elsewhere except for the following publications.

Conference Proceedings

Garcia S., Maroto-Valer M.M., Rosenbauer R J. and Palandri J. CO2 -SO2
mixtures as feed to co-sequestration processes in geological formations. CD
rom International Symposium about Capture and Storage of CO2, Seville,
Spain, 2008.

Garcia S., Maroto-Valer M.M., Rosenbauer RJ.and Palandri J. Ferric iron
bearing sediments as potential repositories for geological carbon dioxide
storage. Book of Abstracts of the 7th European Conference on Coal Research
and its Applications, pg 58-59, Cardiff, UK, 2008.

Garcia S., Rosenbauer R.J., Palandri J. and Maroto-Valer M.M. Sequestration
o f non-pure carbon dioxide streams in geological formations. CD rom 7th
Annual Conference on Carbon Capture & Sequestration, Pittsburgh, USA,
2008.

Garcia

S.

and

Maroto-Valer

M.M.

Understanding

the

chemical

transformations in ferric iron containing sediments during carbon dioxide
sequestration. Book of Abstracts of the “Future energy: Chemical solutions”
Conference, pg O10, Nottingham, UK, 2007.

IV

Affirmation

Garcia

S.

and

Maroto-Valer

M.M.

Ferric

iron-bearing sediments:

Experimental assessment o f their potential usage as a CO2 mitigation option.
Proceedings

of CHEMRAWN-XVII

and

ICCDU-IX

Conference

on

Greenhouse Gases - Mitigation and Utilization, Kingston, Canada, 2007.

Refereed Conference Proceedings

Garcia S., Maroto-Valer M.M., Rosenbauer R. and Palandri J., Injection o f
CO2 -SO2 mixtures in geological formations as a potential approach for CO2
storage, Prep. Pap. - Am. Chem. Soc., Div. Fuel Chem. 2008, 53(2), 735-736.

Garcia S. and Maroto-Valer M.M., Carbon sequestration in sediments
containing ferric iron, International Conference on Coal Science and
Technology (ICCS&T) 2007, Nottingham, UK. ISBN 978-92-9029-438-2.

Journal Publications

Garcia S., Kaminska A. and Maroto-Valer M.M., Underground carbon dioxide
storage in saline formations, Waste and Resource Management, 2010,
accepted.

Journal Publications in preparation

Garcia S., Maroto-Valer M.M., Rosenbauer R.J. and Palandri J. Sequestration
o f non-pure carbon dioxide streams in geological formations: CO2-SO2
reaction with goethite. Applied Geochemistry.

v

Affirmation

Garcia S., Maroto-Valer M.M., Rosenbauer R.J. and Palandri J. Evaluation of
reaction variables in the geochemical trapping o f CO2 -SO2 gas mixtures with
hematite. Applied Geochemistry.

Garcia S., Maroto-Valer M.M., Rosenbauer R.J. and Palandri J. Experimental
and simulation studies o f goethite-containing repositories as a novel concept
for CO2 sequestration. International Journal of Greenhouse Gas Control.

vi

A cknowledgments

Acknowledgments
Firstly, I would like to acknowledge and thank my supervisor Professor
Mercedes Maroto-Valer for her support, continuous guidance and excellent
supervision throughout my PhD. Thank you for giving me the chance to be part
of a fantastic research group and for having faith in me. I also would like to
thank Bob Rosenbauer from the United States Geological Survey (USGS) and
Dr. Jim Palandri from the University of Oregon. They welcomed me and made
of my stay in the US a great experience. Thank you for all I learnt with you and
for your continuous support ever since.

The financial support of the Centre for Innovation in Carbon Capture and
Storage (CICCS) through the Engineering and Physical Sciences Research
Council, EPSRC (EP/FO12098/1), as well as the Department of Chemical and
Environmental Engineering at the University of Nottingham are gratefully
acknowledged. Also, thank you to the University of Nottingham BusinessEngineering and Science Travel Scholarships (BESTS) Programme for
financial support to carry out my work in US.

I would also like to thank Mick Fletcher, Jim Oswin and Phil Bennett for their
great job in building up my experimental rig. I couldn’t have done it without
them. Thank you for your patience. Thank you also to Fred Anderton for his
help with the electronical part of the rig and for his patience. Also, I would
like to extend my gratitude to the rest of technicians who keep the place
running and take care of the postgraduate labs, and to all the staff in the
Department of Chemical and Environmental Engineering.

Vll

Acknowledgments

I would like to deeply acknowledge Dr. Ignacio Villar for his time, expertise
and help with XPS analyses. But above all, thank you for been such a good
friend. I would also like to extend a special thanks to: Dave Clift for his help
with XRD analyses; Ron Perry for his help with ICP-AES analysis; Junfeng
Qin, Larry Miller and Gil Ambats at USGS for their help and assistance in the
lab, IC analyses and spectrophotometric analyses respectively.

I’m very grateful to all those postgraduates who I have shared office and labs
with during my PhD. Thank you for a great office and lab atmosphere. Special
thanks go to my dear friends and colleagues who supported me during this
time: George, Silvy, Mari, Cova, Nacho, Ilich, Edu, Mark, Fabiola, Andy,
Marian, Vale, Rob, John, Johnny, Trev, Will, Karl, Manu, Rich, Mara, Marta...
Thank you for all the laughs, good moments, pub crawls and friendship. A
special mention goes to George Alexander for his great help when I first
started, Mark Kennedy for his support and help at all times and especially in
my writing-up period, and Cova for her great support during the office hours
we shared together in my writing-up period. Thank you also to the chemistry
crew and those I met outside the University for contributing to this great
experience.

I would love to thank my family, who I missed a lot and means everything to
me in my life and I also missed Mery and our coffee times.

Of course, THANK YOU Mamel for just being you and being so incredibly
special. Thank you for been always there for me.

vm

Abbreviations

Abbreviations
BE

Binding Energy

CCGT

Combined Cycle Gas Turbine

CCJ

Carbon Capture Journal

CCP

CO2 capture project

CCS

Carbon Capture and Storage

C02CRC

Cooperative Research Centre for Greenhouse Gas Technologies

EGR

Enhanced Gas Recovery

ELVs

Emission Limit Values

EOR

Enhanced oil recovery

EU

European Union

f

fugacity

. IEA

International Energy Agency

IGCC

Integrated Gasification Combined Cycle

IPCC

Intergovernmental Panel on Climate Change

LCPD

Large Combustion Plants Directive

Ln

Litres under normal conditions

LNG

Liquefied Natural Gas

IX

Abbreviations

m

molality (mol/kg solvent)

M

Molarity (mol/L)

MFC

Mass Flow Controller

OJ

Official Journal (of the European Communities)

RCSPs

Regional Carbon Sequestration Partnerships

rpm

revolutions per minute

sees

Scottish Centre for Carbon Storage

TDS

Total Dissolved Solids

UN

United Nations

US-DOE

United States Department of Energy

WEO

World Energy Outlook

x

Table o f contents

T ab le o f contents

CHAPTER 1. Introduction..............................................................................2
1.1.

Iron presence in geological formations...............................................3

1.2.

Reaction of CO2-SO2 gas mixtures with ferric iron and water........... 5

1.3.

Contributions of this research work....................................................9

1.4.
Implementation of geological storage of CO2-SO2 gas streams: legal
and regulatory aspects................................................................................... 11
1.5.

Aim and obj ectives........................................................................... 13

1.6. References............................................................................................ 16
CHAPTER 2. Literature review.................................................................... 19
2.1.

CO2 emissions and carbon management........................................... 19

2.2.

Carbon capture and storage (CCS)...................................................23

2.2.1.

Impurities from different CO2 capture processes...................... 24

2.2.2.

Available options for CO2 storage............................................. 26

2.2.3.

Economics of carbon capture and geological storage.................28

2.3.

Geological storage of CO2 ................................................................29

2.3.1.

CO2 storage mechanisms in geological formations....................31

2.3.1.1.

Physical trapping................................................................. 32

2.3.1.2.

Geochemical trapping...........................................................34

2.3.2.

Geological media for CO2 storage............................................. 38

2.3.2.1.

Oil and gas reservoirs..........................................................39

2.3.2.2.

Deep coal seams...................................................................40

2.3.2.3.

Saline aquifers......................................................................42

2.3.3. Status of CO2 injection into saline formations: experience from
existing storage operations........................................................................45
2.3.4.

Experimental work on mineral trapping in saline formations.... 54

2.3.4.1.

Experimental work with pure CO2 streams.......................... 55

2.3.4.2.

Experimental and modeling work with non-pure CO2 streams
............................................................................................. 60

2.4.

References......................................................................................... 65

CHAPTER 3. Methodology.......................................................................... 74
3.1

Characterisation of parent solid samples and reaction products.......74

3.1.1

Characterisation of solid samples............................................... 74

xi

Table o f contents

3.1.1.1 Particle size analysis/grain-size distribution.......................... 75
3.1.1.2 Surface area analysis..............................................................76
3.1.1.3 Inductively Coupled Plasma - Atomic Emission Spectroscopy
(ICP-AES) analysis...............................................................................76
3.1.1.4 X-ray diffraction (XRD) analysis...........................................77
3.1.1.5 Thermo-gravimetric analysis (TGA)......................................78
3.1.1.6 X-ray Photoelectron Spectroscopy (XPS) analysis................ 79
3.1.2

Characterization of liquid samples............................................... 80

3.1.2.1 pH measurements....................................................................80
3.1.2.2 Salinity measurements............................................................81
3.1.2.3 Molecular absorption spectroscopy analysis...........................81
3.1.2.4 Ion chromatography analysis..................................................82
3.1.2.5 Total inorganic carbon analysis..............................................83
3.2

Thermodynamic/Modelling studies................................................. 84

3.3
Study of high pressure-high temperature carbonation reactions: short
term experiments...........................................................................................85
3.3.1

Experimental apparatus............................................................... 85

3.3.2

System operation.........................................................................87

3.3.2.1 Sample preparation..................................................................87
3.3.2.2 Reactor setup and monitoring................................................. 8 8
33.23 Experiment shutdown..............................................................89
3.4
Study of a high pressure-high temperature long-term carbonation
reaction in a flexible gold-titanium reaction cell..........................................90
3.4.1

Experimental apparatus...............................................................91

3.4.2

System operation.........................................................................92

3.4.2.1 Pre-loading procedure.............................................................92
3.4.2.2 Sample loading procedure and system setup..........................92
3.4.2.3 Sampling of fluids...... ............................................................ 93
3.4.2.4 Experiment shutdown.............................................................. 95
3.5

References........................................................................................97

CHAPTER 4.Development of a high pressure-high temperature system for
gas-rock-brine reactions with CO2-SO2 mixtures................................99
4.1.

The flexible reaction-cell system.................................................... 100

4.2.
Development of a high pressure - high temperature experimental
system for gas-brine-rock reactions with CO2-SO2 mixtures..................... 105
4.2.1. Gas cylinders...............................................................................107

xii

Table o f contents

4.2.2.

Digital mass flow controllers (MFC).......................................107

4.2.3.

Gas booster..............................................................................108

4.2.4.

Autoclave..................................................................................109

4.2.5.

Safety aspects............................................................................112

4.2.5.1.
4.2.5.2.

Rupture disc........................................................................ 113
Check valves....................................................................... 114

4.2.5.3.

Pressure and temperature limiting system......................... 114

4.2.5.4.

Safety screen....................................................................... 115

4.2.6.

Design optimization.................................................................. 115

4.2.6.1.

Pressurization process........................................................116

4.2.6.2.

Depressurization system.....................................................117

4.2.6.3.

Corrosion........................................................................... 119

4.2.6.4.

Other fittings, sampling and venting systems.................... 120

4.2.6.5.

Data display modules and data logging..............................124

4.2.6 .6 .

Reproducibility evaluation.................................................125

4.3.

Summary......................................................................................... 127

4.4.

References...................................................................................... 129

CHAPTER 5. Modelling mineralogical changes....................................... 132
5.1.

Theory of computedmulti-component equilibrium......................... 132

5.1.1.

Limitations of the method......................................................... 134

5.1.2.

Thermodynamic relations and system calculations.................. 136

5.2.

Results and discussion.................................................................... 137

5.2.1.

Reactions in a hematite-brine-C0 2 -S0 2 system........................ 137

5.2.1.1.

Results for the baseline case............................................... 138

5.2.1.2.

Effect of gas composition................................................... 145

5.2.1.3.

Effect of reaction temperature and pressure....................... 148

5.2.1.4.

Effect of solids concentration............................................. 148

5.2.1.5.

Effect of a pH buffer........................................................... 150

5.2.2.

Reactions in a goethite-brine-C0 2 -S0 2 system........................ 153

5.2.2.1. Results in a goethite-brine-C0 2-S0 2 system at 150°C and
300bar................................................................................................153
5.2.2.2. Results in a goethite-brine-C0 2 -S0 2 system at 100°C and
250 b a r............................................................................................... 156
5.3.

References....................................................................................... 159

XUl

Table o f contents

CHAPTER 6 .Characterisation of parent samples......................................162
6 .1.

Particle size analysis/ grain-size distribution................................... 162

6.2.

X-ray diffraction (XRD) analysis...................................................166

6.3.

Surface area analysis.......................................................................167

6.4.

Thermogravimetric characterization...............................................168

6.4.1.

Hematite analysis....................................................................... 168

6.4.2.

Goethite analysis........................................................................170

6.5.

X-ray Photoelectron Spectroscopy (XPS)analysis......................... 171

6 .6 .

References.......................................................................................... 173

CHAPTER 7. Results and discussion: hematite analysis........................... 175
7.1. Study of an iron oxide, hematite, as a potential repository for CO2
storage by mineral trapping........................................................................ 175
7.1.1. Effect of particle size.................................................................179
7.1.1.1. Analysis of fluid chemistry and solids weight uptake.......179
7.1.1.2.

Characterisation of solid products...................................... 181

7.1.1.3.

Summary............................................................................. 183

7.1.2.

Effect of reaction tim e.............................................................. 186

7.1.2.1.

Analysis of fluid chemistry and solids weight uptake....... 186

7.1.2.2.

Characterisation of solid products......................................187

7.1.2.2. a. Thermogravimetric analysis.........................................187
7.1.2.2. b. X-ray diffraction analysis.............................................189
7.1.2.2. c. XPS analysis.................................................................190
7.1.2.3.
7.1.3.

Summary............................................................................195

Effect of gas composition.........................................................198

7.1.3.1.

Analysis of fluid chemistry and solids weight uptake........ 199

7 .1.3.2.

Characterisation of solid products......................................202

7.1.3.2. a. Thermogravimetric analysis........................................ 202
7.1.3.2. b. XPS analysis................................................................ 205
7.1.3.3.
7.1.4.

Summary............................................................................. 208

Effect of reaction temperature and reaction pressure.............. 209

7.1.4.1.

Analysis of fluid chemistry and solids weight uptake........210

7.1.4.2.

Characterisation of solid products......................................215

7.1.4.3.

Summary............................................................................. 216

7.1.5.

Effect of solids concentration..................................................218

7.1.5.1.

Analysis of fluid chemistry and solids weight uptake........219

xiv

Table o f contents

7.1.5.2.

Characterisation of solid products................................... 221

7.1.5.3.

Summary............................................................................ 222

7.1.6.

Effect of a pH buffer............................................................... 223

7.1.6 .1. Analysis of fluid chemistry and solids weight uptake...... 223
7.1.6.2.

Characterisation of solid products..................................... 226

7.1.6.3.

Summary.............................................................................227

7.2.

Implications for geological storage of CO2 .................................. 228

7.3.

References..................................................................................... 235

CHAPTER 8 . Results and discussion: goethite analysis.......................... 239
8 .1.

Reaction in a goethite-brine-C0 2 -S0 2 system at 150°C and 300 bar
........................................................................................................240

8.1.1.

Analysis of fluid chemistry.....................................................240

8.1.2.

Solid samples analyses............................................................243

8.1.3.

Summary..................................................................................249

8.2.

Reaction in a goethite-brine-C0 2 -S0 2 system at 100°C and 250 bar
........................................................................................................250

8.2.1. Effect of particle size............................................................... 252
8.2.1.1. Analysis of fluid chemistry and solids weight uptake...... 252
8.2.1.2. Characterisation of solid products......................................253
8.2.1.3.
8.2.2.

Summary........................................................................... 255

Effect of reaction tim e............................................................ 256

8.2.2.1.

Analysis of fluid chemistry and solids weight uptake...... 256

8.2.2.2.

Characterisation of solid products....................................257

8.2.2.2. a.

Thermogravimetric analysis.....................................257

8.2.2.2. b. XPS analysis.............................................................261
8.2.2.3.
8.2.3.

Summary............................................................................263

Effect of gas composition.......................................................265

8.2.3.1.

Analysis of fluid chemistry and solids weight uptake...... 266

8.2.3.2.

Characterisation of reaction products............. ..................268

8.2.3.2. a.

Thermogravimetric analysis.................................... 268

8.2.3.2. b. XPS analysis............................................................ 269
8.2.3.3.
8.3.

Summary............................................................................271

Implications for geological storage of CO2 .................................. 273

8.4.
Comparison of hematite and goethite as potential reservoirs for CO2
mineral trapping......................................................................................... 275
8.5.

References.....................................................................................282

xv

Table o f contents

CHAPTER 9. Conclusions and future work..............................................285
9.1.

Conclusions....................................................................................285

9.2.

Suggestions for future work ........................................................291

APPENDIX. Reactions in a hematite-kaolinite-brine-C0 2 -SC>2 system.... 295

xvi

CHAPTER 1

INTRODUCTION

Chapter 1 - Introduction

1. Introduction

Carbon dioxide capture and storage (CCS) is one of the climate change
mitigation strategies considered for stabilization of carbon dioxide (CO2)
concentrations in the atmosphere. It involves capturing CO2 arising from
industrial and energy-related sources, transport to a storage site and isolation
there from the atmosphere for a very long period of time (IPCC, 2005).

Amongst the different mechanisms by which CO2 can be trapped underground,
mineral trapping is believed to be comparatively slow (hundreds to thousands
of years) but is also considered the safest and most permanent one because CO2
is converted to stable carbonate minerals (Bergman and Winter, 1995, Reichle
et al., 1999, IPCC, 2005). To date, studies have focused on Ca-, Mg- and Fe11bearing sediments to precipitate aqueous CO2 as calcite (CaC0 3 ), magnesite
(MgCC>3), siderite (FeCOs) or ankerite (CaFe(CC>3)2) (Pruess et al., 2001,
Rosenbauer et al., 2005). Recent studies have considered the injection into
Fein-bearing sediments, provided that a reducing agent is available for Fe111
reduction to Fe11, and therefore, precipitation of CO2 as siderite (FeCCh). Sulfur
dioxide (SO2) gas is a potential reductant since it is a component of the flue
gas and could be co-injected with CO2 instead of separated from the gas
stream at great expense (Palandri and Kharaka, 2005, Palandri et al., 2005).

Most of existing coal-fired power plants remove SOx from exit gases but, in the
future, plants may simultaneously treat CO2 and other gas constituents derived
from fossil fuel combustion (SOx, NOx...). Then, the novel concept of co
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disposal of flue gas-derived CO2-SO2 gas streams could become of high
interest for a full-scale CCS project.

1.1.

Iron presence in geological formations

Iron, with an average concentration of 51 g/kg, is the third most abundant
cationic element in the earth’s crust after Si (269 g/kg) and Al (81 g/kg)
(Brownlow, 1979, Cornell and Schwertmann, 2003). Therefore, there is hardly
any rock completely free from iron. It occurs in nature in a variety of rocks and
soil minerals in oxidation states II and III.

By convention, rocks are divided into three groups: magmatic, metamorphic
and sedimentary rocks. Iron ores are also rocks and are common in all three
groups, containing iron oxide minerals of varying nature and abundance. There
are three different types of sedimentary rocks: mudrocks (65%), sandstones
(20-25%) and carbonate rocks (10-15%) (Cornell and Schwertmann, 2003).
The iron content of sediments varies greatly with the type of rock: total iron in
red sandstone and mudstones averages 1.7 to 3.5%; an average range for all
kinds of sandstones is 2.35% to 2.9% total iron. Free (extractable) iron in the
ferric oxide pigment averages about 0.67%. Normally both, total iron and free
iron, increase with decreasing grain size; mudstones and matrix-rich sandstones
have more of their iron in the clay fraction. Nevertheless, the amount of iron in
the pigment is very small compared with that in opaque grains, dark silicates,
and iron-bearing clay minerals (Van Houten, 1973). In addition, Fe is a
common impurity in other sedimentary minerals.

3
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Red beds and sedimentary iron ores are groups of Fe-containing sediments
whose iron oxides have attracted a lot of interest. Red beds are widespread all
over the world and sedimentary iron ores worth mining comprise about 80% of
the world’s iron-ore production and ca. 90% of the world reserves. Both types
of sediments contain iron-rich deposits, which are defined as those of at least
15% Fe. This amount is much greater than the average for mudrocks,
sandstones or limestones but all these three groups of rock can, however, grade
laterally into an iron-rich deposit (Blatt, 1982). Some iron formations consist
largely of iron oxide. Of these hematite, a-Fe2 0 3 , is the most important.
Sedimentary hematities are found throughout the Appalachian region and form
important deposits of iron ore in the Birmingham district of Alabama. The
oolites consist of a nucleus of quartz which may be very minute or a not so
small quartz sand grain, around which successive layers of iron oxides, and in
many cases silica, were deposited (Pettijohn, 1957).

The “red beds“ are shales and sandstones with a red coloration owed to
disseminated hematite. In the sandstones the hematite forms a thin film on the
sand grains, although in a few cases it may constitute the cement. Less
commonly the iron oxides occur as an alteration product of siderite or other
ferrous iron compounds (Pettijohn, 1957). Nonmarine desert sandy red beds are
found in Colorado, eastern Canada, central Europe, Great Britain, southern and
Baja California and in the central Sahara. Extensive, well-sorted and fine
grained red beds include those ones in Texas, New Mexico and Wyoming. Red
beds can also be found in India and northern Spain (Van Houten, 1973).
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Hematite and goethite (a-FeOOII) are the main Fe-bearing minerals in
sedimentary red beds. Hematite is abundant in ancient red beds whereas
goethite is abundant in younger yellow-brown colored deposits (Gualtieri and
Venturelli, 1999). Goethite in iron stones may have formed primarily in
oxygenated coastal zones; formation may also be secondary, resulting from
oxidation of siderite or other Fell minerals. Ferriferous spherules largely of
u

goethite are forming at the present time in Lake Chad, West Africa, and Fe rich oolitic grains occur on the Amazon inner shelf. Sub-recent coated grains
(oncoids) of goethite occur on the Cameroon shelf. Goethite “ooids” and
pisoids are forming in lateritic soils of tropical regions (Tucker, 2001).

Therefore, the CO2 sequestering potential of Fe-bearing sediments is worthy of
research studies. Furthermore, Fe(III) - bearing sediments, including red beds,
generally present great thickness and high porosity and permeability values as
well as a widespread geographic distribution (Palandri et al., 2005), making
them potential sites for underground CO2 sequestration in carbonate form.

1.2.

Reaction of CO2-SO2 gas mixtures with ferric iron and water

In this section several geochemical reactions are explained in order to get an
understanding of the chemical aspects behind the reaction of CO2-SO2 gas
mixtures with ferric iron and water. The overall reaction would lead to iron
carbonate and sulfuric acid formation (reaction [ 1 - 1 ] for hematite and [ 1 -2 ] for
goethite). Hematite (a-Fe2C>3) and goethite (a-FeOOH) were used as a proxy
for Fe (III) in sediments. The thermodynamics associated with reactions below
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(Table 1-1) show they are both spontaneous (AGr° < 0) and exothermic (AHr°
< 0).

Fe2C>3 (hematite) + 2 CO2 + SO2 + H2O <-» 2 FeC0 3 (siderite) + H2SO4

[1-1]

2 FeOOH

[1-2]

(goethite) + 2CQ2 + S0 2

2FeC0 3 + H2S0 4

T able 1-1. G ibbs Energy o f reaction (A G R°) and H eat o f reaction (A H R°) for reactions [1 -1 ] and
[1-2]. Therm odynam ic data w as taken from (Stum m and M organ, 1996) and (W east, 1984).

AGRu(KJ/mol)* AHR (KJ/mol) *

Iron m in eral

Hematite (a-Fe2C>3)
Goethite (a-FeOOH)

-16.31

-1 9 6 .6 1

-1 8 .6 8

-1 8 8 .7 2

♦The valu es o f therm odynam ic properties are calculated at lbar and 25°C .

The first step in reactions [1-1] and [1-2] is the dissolution of the gases and
their conversion to their respective aqueous forms, eg., HCO3', CO3 ’, H2CO3,
HS' and H2S (reactions [1-3] to [1-7]). Upon injection, the SO2 would partition
into the pore waters, as SO2 is extremely soluble in the aqueous phase,
according to a disproportionation reaction (reaction [1-3]) that yields dissolved
sulfide (H2S) and sulfuric acid (H2SO4). CO2 would also dissolve in the pore
waters to form bicarbonate and carbonate ions (reactions [1-4] to [1-7]).

4 S 0 2 (g) + 4 H20 ^ H2S + 3 H 2 SO 4

[1-3]

CO 2 (g) O C 0 2 (aq)

[1-4]

C02(aq) + H 2 O O H 2 CO 3

[1-5]

H 2 CO 3

[ 1 -6 ]

HCO 3* + H+
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HCXV o CO32- + H+

[1-7]

After this initial step, dissolved sulfide will reduce Fe111 to Fe11 as the sulfide is
oxidized to sulfate (reaction [1-8]), and Fe11 would be then available for further
precipitation as iron carbonate, i.e. siderite (reaction [1-9]).

8

Fe3+ + HS’ + 4 H20 <-> 8 Fe2+ + S042' + 9 H+

H2CO3 + Fe2+ <-> FeC0 3 + 2H+

[1-8]

[1 -9]

In natural environments, reductive dissolution is by far the most important
dissolution mechanism (protonation and complexation are the others) (Cornell
and Schwertmann, 2003). In the reductive dissolution of iron oxides (reaction
[1-8]), the detachment of Fe is likely to be rate determining, but it can not be
ruled out that, as suggested for Mn oxides, electron transfer is, in some cases,
rate limiting (Cornell and Schwertmann, 2003). Reduction of Fe111 to Fe11
destabilises the coordination sphere of the iron both, as a result of the loss of
charge and because of the larger size of the bivalent Fe11 (0,078 vs 0.064 run),
and thus induces detachment of iron as Fe2+ from the structure. Thereby,
reductive dissolution involves the transfer of electrons from the environment,
through a reducing ligand or reductant, to an oxide surface, followed by
dissolution (Biber et al., 1994, Cornell and Schwertmann, 2003). Because the
reducing ligand is (usually) a charged species, pH will, through its effect on
extent of ligand adsorption, have a strong effect on the rate of reductive
dissolution. This will be a function of both pH and the concentration of ligand
in solution (Cornell and Schwertmann, 2003).
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If the only sink to trap CO2 is the ferric iron contained in the sediments, then
reactions [1-1] and [1-2] show the gas composition required is 2/3 CO2 and 1/3
of SO2 . The flue gas derived from the combustion of fossil fuel typically
contains between 0.15 and 2 vol.% of SO2, when deliberately recovered and
incorporated with CO2 in the injectate (Apps, 2006). This amount would not
be high enough to trap all the ferric iron in siderite, provided that sufficient
Fe111 is present. Hence, one of the following options could be undertaken in
order to effectively trap CO2 in carbonate minerals using ferric-iron bearing
sediments:

a) Usage of sediments containing additional divalent metals (e.g., Ca, Mg, etc)
for further precipitation of their respective carbonates.

b) Addition of sulfur-bearing gas to the waste gas stream, like H2S from sour
natural gas processing.

c) Burning of coals with higher sulfur concentrations: nowadays coals with
high sulfur content are not prone to be used due to the Emission Limit Values
(ELVs) for SO2 being lowered down since the Large Combustion Plants
Directive (LCPD). The latter one aims to reduce acidification, ground level
ozone, and particles throughout Europe by controlling emissions of SO2,
nitrogen oxides (NOx), and dust (particulate matter) from large (above 50MW
thermal) combustion plants (OJ, 2001).
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1.3.

Contributions of this research work

Mineral trapping experimental studies with CO2-SO2 gas mixtures are very
scarce (Summers et al., 2004, Palandri et al., 2005, Mandalaparty et al., 2009)
and only one has been found that targeted ferric iron-bearing sediments as
potential host repositories for underground CO2 storage (Palandri et al., 2005).
Thereby, no extensive laboratory studies directed at the sequestration of CO2 in
iron oxides-brine-C0 2 -S0 2 systems have been conducted so far. This novel
concept could also be applied to a new range of technologies currently under
study to develop integrated pollutant removal systems for coal combustion
(Chiesa et al., 2005, IPCC, 2005).

The previous experimental study with iron-bearing sediments was carried out
with hematite at 150°C and 300 bar (Palandri et al., 2005). In that work,
hematite was reacted in a 1.0m NaCl, 0.5m NaOH brine with a CO2-SO2 gas
stream containing 88.9 and

1 1 . 1%

(by volume) of CO2 and SO2 respectively,

and 66.7 g/L as the tested value of solids concentration. The addition of NaOH
aimed to mimic the natural mineral buffering of pH, thereby increasing the
degree of siderite supersaturation and its precipitation rate.

This work expands Palandri and co-workers’ one (Palandri et al., 2005) by the
systematic, theoretical and experimental, study of the influence of reaction
variables in the same reactive system, i.e. hematite, brine and gases. In this
case, the baseline experiment for the hematite analysis was chosen to be more
representative of a real-case scenario, i.e. 100°C and 250 bar vs 150°C and 300
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bar. Although the pressure (250 bar) is within the range typically found in
sedimentary formations, the temperature (100°C) is at the high end of the
common range. However, it was selected to increase reaction rates in the
experiment.

Solids particle size, reaction time, gas composition (CO2/SO2), reactor pressure
and temperature, concentration of solids and brine composition are the reaction
variables experimentally assessed in the hematite-brine-C0 2 -S0 2 system.

Selection of three fine fractions (-38, 38-150 and 150-300 pm) for the
experimental work aimed to speed up the carbonation reaction as well as to
study the influence of the particle size of the solids in the reaction. Reaction
time ranged from 24 to 264 h and longer experiments were excluded due to
time constraints. Three different C0 2 :S0 2 gas concentrations,

more

representative of real-case scenarios than the one tested before (Palandri et al.,
2005), were tested in laboratory experiments: the common one in a flue gas
stream derived from the combustion of fossil fuels (99.6:0.4) and two
additional ones with increasing amounts of SO2 (99.1:0.9 and 98.8:1.2). The
former ones were chosen because they are still representative of real-case
scenarios (for instance, in flue gas derived from oxyfuel combustion) and, at
the same time, increasing amounts of SO2 would favour siderite
supersaturation and its precipitation in the experiments. Reaction conditions of
temperature (75,100,125 and 150°C) and pressure (120,180,250 and 320 bar)
were selected in order to cover a whole range of depths within sedimentary
basins. In some experiments, for instance those at temperatures relatively high
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for injection sites (125 and 150°C), conditions were an attempt to enhance
reaction kinetics. The values of solids concentration to be tested (10, 25, 50 and
100 g/L) were arbitrary chosen, aiming to cover a broad range of rock-to-brine
ratios. However, in a real-case scenario a high rock-to-brine ratio is expected.

Adittionally, this work evaluates for first time whether goethite could be a
potential repository for CO2 storage by mineral trapping. The experiment
reported by Palandri and co-workers (Palandri et al., 2005) is duplicated with
goethite under the same experimental conditions and in the same experimental
set-up in order to compare the sensitivity of the reaction to the host rock.

The influence of reaction variables (solids particle size, reaction time and gas
composition) in the carbonation reaction is also evaluated for goethite. The
chosen values for reaction variables are the same ones as for the hematite case,
following criteria explained above. Reaction pressure, temperature, solids-toliquid ratio and buffering effect have not been evaluated for the goethite
specimen because of time constraints, but are expected to have similar effects
as reported ones for hematite.

1.4.

Implementation of geological storage of CO2-SO2 gas streams: legal
and regulatory aspects

The legal framework needed for the implementation of long-term geological
storage of CO2 is one of the most challenging areas. Important developments
have taken place in recent years like the amendment to the London Protocol
(Anon., 2006), which entered into force on February 2007, by which “CO2
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streams from CO2 capture processes” could be stored beneath the seabed in
certain circumstances1. The OSPAR (Oslo-Paris) Convention for the protection
of the marine environment of the North-East Atlantic against pollution is
another international marine treaty that was amended in June 2007 to allow the
storage of CO2 in geological formations under the seabed (Haszeldine et al.,
2007, de Coninck et al., 2009).

Like the amendments to the London Protocol and the OSPAR Convention, a
European Union Directive on the geological storage of CO2 (2009/31 /EC) was
published on 23 April 2009 (OJ, 2009). Some issues are addressed in the
Directive, for instance, the right of Member States to determine the areas
within their territory from which storage sites may be selected. It also states
that the responsibility for the long-term management of storage sites post
closure is transferred to the competent authorities of Member States. The
Directive entered into force on May 13 2009; Member States have until June
25 2011 for its transposition into national legislation. In the European scenario,
there are also a few directives that could influence national legislation with
regards to CCS: the framework directive on water (2000/60/EC), the
framework directive on waste materials (2008/98/EC) and the landfill directive
(1999/31/EG) (Lenstra and van Engelenburg, 2002).

Schemes where emissions of SO2 are included within the CO2 stream may
require a review of existing legislation. The amendment to the London Protocol
1 “C 0 2 streams from C 0 2 capture processes for sequestration are permitted: 1) only if these are
injected into a sub seabed geological formation; 2) only if these consist overwhelmingly o f C 0 2,
although these may contain incidental associated substances derived from the source material and
capture and sequestration processes used; 3) only if no wastes or other matter are added for the
purpose o f disposal”.
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states that only CO2 streams consisting overwhelmingly of CO2 could be
considered for disposal. Likewise, the European Directive defines a CO2
stream acceptance criteria and procedure. According to this criterion “a CO2
stream may contain incidental associated substances from the source, capture
or injection process and trace substances added to assist in monitoring and
verifying CO2 migrations”. Based on that statement, SO2 could be considered a
legitimate associate substance derived from the source material in a fossil fuelfired power plant. Hence, this work and its suggested use would not be in
conflict with that Directive since the CO2 stream would consist mainly of CO2,
and SO2 would be only present as an incidental substance derived from the
source material. However, further clarification of the “overwhelmingly”
concept as well as the concentration and type of impurities allowed in the CO2
streams would be helpful to address co-injection of contaminants along with
CO2 in a CCS system.

1.5.

Aim and objectives

The overall aim of this research project is to assess both, theoretically and
experimentally, the conditions under which mineral trapping would take place
in iron oxides, provided that the injected stream is a CO2-SO2 gas mixture, and
how this concept could be considered as a geological storage option to be
pursued in order to meet greenhouse emissions reductions.

The specific objectives of this research project are:
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1- To develop a high pressure-high temperature system adequate for short
term (< 24 h) as well as long-term carbonation experiments and
reaction with CO2-SO2 gas mixtures.

2- To predict, by geochemical modelling, which phases (gaseous, liquid
and solid) would be present at equilibrium in C02-S02-brine-iron oxide
systems reacted under different conditions of temperature, pressure, gas
composition, solids-to-liquid ratio and brine composition.

3- To empirically study the mineral trapping capacity of iron oxides for
underground CO2 storage over a wide range of operating conditions
including particle size of the solids, pressure, temperature, reaction
time, gas composition, solids-to-liquid ratio and brine composition.

4- To assess whether the empirical system is moving towards the predicted
equilibrium through the validation of geochemical modeling results
against the observed experimental trends.

An off-the-shelf geochemical code, CHILLER, will be used to compute the
equilibrium distribution of thermodynamic components among aqueous
species, minerals and gases under different reaction conditions. The
equilibrium is computed by changing one of the systems variables
incrementally with re-calculation of the equilibrium phase assemblage, mineral
and aqueous composition at each step.
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A stirred-high pressure-high temperature reactor will be used to allow CO2SO2 gas mixtures, brine and hematite samples react with each other. Series of
experiments will be conducted with increasing values of one of the following
variables: solids particle size, pressure, temperature, reaction time, SO2 content
and solids concentration. The buffering effect of the brine will be also
investigated. For experiments with goethite the variables that will be studied
are particle size of the solids, reaction time and SO2 content. The rest of
variables are expected to play a similar role as for experiments with hematite
and will not be studied here. The reacted brine and collected solids from the
experiments will be characterised and compared to the unreacted brine and
parent samples using various analytical techniques. The initial and final pH
values will also be measured to determine changes in pH after reactions. The
geochemical model will be then validated through comparison with empirical
results from laboratory experiments.
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2. L iteratu re review

2.1.

CO2 emissions and carbon management

Steady increases in world carbon dioxide emissions (Solomon et al., 2007)
have raised legitimate concerns about global warming and imbalances in the
terrestrial carbon cycle. The global atmospheric concentration of CO2 has
increased by 37.1% from a pre-industrial value of about 280 ppm to 384 ppm
in 2009 (NOAA-ESRL, 2009). New and strong evidences attribute most of the
warming observed over the past fifty years to human activities and those will
continue affecting the atmospheric composition throughout the

2 1 st

century

(Metz et al., 2007).

A number of gases (water vapour (H2O), carbon dioxide (CO2), methane
(CH4), nitrous oxide (N2O), chlorofluorocarbons (CFXC1X) and tropospheric
ozone (O3)) are involved in the anthropogenic enhancement of the greenhouse
effect (Houghton et al., 2001, Metz et al., 2007). Of these gases, the single
most important gas is CO2, which accounts for about 55% of the change in the
intensity of the earth’s greenhouse effect (Pidwimy, 2006). Greenhouse gas
(GHG) emissions are reported as volume of C0 2 -equivalent (C0 2 -eq)
emissions in order to have a common unit that enables comparison between the
different GHG. C0 2 -eq is defined as the amount of CO2 emission that would
cause the same radiative forcing1 (RF) as an emitted amount of a well mixed
GHG or a mixture of well mixed GHG, all multiplied with their respective
' RF is a m easure o f the in flu en ce that a factor has in altering the balance o f in com in g and
ou tcom in g energy in the Earth-atm osphere system . P o sitiv e forcin g tends to warm the surface
w h ile n egative forcin g tends to c o o l it.
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global warming potential (GWP) to take into account the different times they
remain in the atmosphere (Metz et al., 2007). GHG have different GWP that
are calculated by a given time horizon (Solomon et al., 2007). Anthropogenic
CO2 emissions have grown between 1970 and 2004 by about 80% and
represented 77% of total anthropogenic GHG emissions in 2004 (Metz et al.,
2007). CO2 can be released into the atmosphere by combustion of fossil fuels
and other carbon-containing materials, burning of forests during land clearance
and from certain industrial and resource extraction processes.

The primary source of the increased atmospheric concentration of CO2 since
the pre-industrial period results from fossil fuel use (Figure 2-1); they provide
about 80 % of global primary energy

and this leads to anthropogenic

emissions from combustion of fossil fuels of about 26 GtCCVyear (Holloway,
2001. Dooley et al., 2006), with land-use change providing another significant
but smaller contribution (Solomon et al., 2007).

G t C 0 2 eq/yr

1970

1980

1990

2000 2004

Figure 2-1. Atmospheric concentrations of carbon dioxide over the last 10,000 years (large
panel) and since 1750 (inset panel) (left): modified from (Solomon et al., 2007); C 02 emissions
from energy production and others (right): modified from (Metz et al., 2007).

It has been asserted by the UN Framework Convention on Climate Change that
a reduction on CO2 emissions needs to be addressed in order to prevent
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dangerous interferences with the climate system although the specific target
level of concentration in the atmosphere has not yet been quantified (IPCC,
2005). The global economy is set to grow four-fold between now and 2050 and
a ten-fold growth could be approached in developing countries like India and
China, which will involve much more use of energy (IEA, 2008b). Although as
a result of current financial and economic crisis the global energy use is set to
fall in 2009 (for the first time since 1981 on a significant scale), if current
energy policies are maintained, it would quickly resume its long-term upward
trend once economic recovery is underway (IEA, 2009). Hence, the global
energy economy will need to be transformed over the coming decades. The
way energy is supplied and used needs a global revolution; it seems clear that a
single option is not the solution to tackle the problem and a broad portfolio of
options should be taken into account in order to properly address the issue and
meet the reduction requirements.

A wide variety of mitigation options include energy efficiency improvements,
reducing the use of fossil fuels, by switching to less carbon intensive fuels
(renewable energies sources, nuclear power), enhancement of biological sinks
and carbon dioxide capture and storage (CCS). The “blue scenario” set by the
International Energy Agency (IEA, 2008b) targets a 50% reduction in CO2
emissions (from current levels) by 2050. Sources of CO2 savings in the “blue
map scenario” are compared to a “baseline scenario” where the CO2
atmospheric concentration stabilises at a “safe” value of 450 ppm (Figure 2-2):
energy efficiency improvements represent the largest and least costly savings.
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g CCS industry and
transformation (9%)
■ CCS pow er generation(10%)
Nuclear
Renewables (21%)
Power generation efficiency
and fuel switching (7% )
End use fuel switching (11%)
g End use electricity efficiency
( 12 % )

■
1 ----- 1----- 1----- r
2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

End use fuel efficiency (24%)

Figure 2-2. Comparison of the BLUE map scenario with the baseline 450 ppm case scenario,
2005-2050 (IEA, 2008b).

Decarbonising power generation and energy from fossil fuels (i.e., nuclear
power, renewables and use of CCS at fossil fuel plants) comes next in the
hierarchy of importance and it will be imperiously needed since fossil fuels are
projected to maintain their dominant position in the global energy mix to 2030
and beyond (Metz et al., 2007). The IEA stabilisation scenario is based on the
stabilisation wedges proposed by Pacala and Socolow (Pacala and Socolow,
2004). They claimed fossil fuel emissions could be stabilised at 7 GtC/year2
over 50 years (2004-2054) by selecting seven wedges out of 15 potential ones.
Each wedge represents a strategy to reduce the carbon emission rate by 1
GtC/year so the total avoided emissions per wedge are 25 GtC over the 50years period. CCS technologies were proposed as 3 out of the 15 wedges.
Whichever the final target in CCU emissions, action in all the areas indicated in
Figure 2-2 is urgent and necessary.

The feasibility of CCS compared to the other options will depend on several
factors such as time that CO2 will remain stored, possibility of leakages, means
of transport to the storage site, cost, rate at which the technology can be
2 To convert Gt of carbon to Gt of C 02, multiply by 3.67
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introduced, environmental and safety concerns and social factors such as public
acceptance (Bachu, 2000, Bachu, 2008). Also, it should be pointed out that
different technologies are very site-specific depending on the availability of
energy sources, geographic location, etc.

2.2.

Carbon capture and storage (CCS)

Carbon capture and storage (CCS) has the potential to reduce overall
mitigation costs and maintain the use of fossil fuels as an energy source in the
short-term whilst future non- fossil based fuel energy systems are developed
and implemented (Lackner et al., 1998, IPCC, 2005, Mazzotti et al., 2009).
CCS as a mitigation approach can be applied to large point sources and it will
imply capturing the C 0 2 (separation from the flue gas and further
compression), transport to a storage site and isolation there from the
atmosphere. Some of the risks associated with C 0 2 capture and geological
storage are similar to, and comparable with, any other industrial activity for
which extensive safety and regulatory frameworks are in place. Specific risks
associated with C 0 2 storage relate to the operational (injection) phase and to
post-operational phase, of which the risks of most concern are those posed by
the potential for acute or chronic C0 2 leakage from the storage site. Hence,
local risks to health and safety, environment and equity need to be properly
assessed and managed (Bachu, 2008).
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2.2.1. Impurities from different CO2 capture processes

Flue gases from combustion of fossil fuels contain a wide variety of
compounds, mainly CO2, NOx and volatile organic compounds. Typical flue
gas composition from coal-fired (PC) and gas-fired power plants (CCGT) is
shown in Table 2-1 (CCP, 2007). CO2 concentration by volume is much higher
in the flue gas coming from the stack of a PC power plant than from a CCGT
one.

T able 2 -1 . T ypical flue gas constituents (m ajor) for coal and gas fired pow er plants. A dapted
from (C C P , 2 0 0 7 ).
F lu e g a s c o n stitu e n t

P C (% v o l)

C C G T (% v o l)

Carbon dio x id e ( C 0 2)

14

4

N itrous o x id es(N O x)

80 -8 5

8 5 -9 5

Sulphur o x id es (S O x)

1-3

< 0 .1

1-3

1-3

-

-

E lem ental o x y g en ( 0 2)

1-3

1-3

E lem ental nitrogen (N )

< 1%

< 1%

1-2

1-2

Carbon m on oxid e (C O )
*
H ydrogen sulphide (H 2S)

M oisture (H 20 )

m ay b e present in reducing con d ition s under poor operating con d ition s

Three main capture processes are considered currently to separate CO2 from
the flue gas stream:

-

Post-combustion: CO2 is separated from the flue gases derived of
combustion of a primary fuel in air.
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Oxyfuel combustion: O2 is used in the combustion instead of air and the
gas stream will contain mainly CO2 and II2O.

-

Pre-combustion: the primary fuel is processed in a reactor where two
separate streams of CO2 (captured for storage) and H2 (which will be
used as the fuel) are generated.

Hence, the composition of the CO2 stream to be compressed, transported and
stored is dependant upon several factors such as source, capture technologies
and detailed plant design. The main impurities in the gas stream after the
different capture processes are shown in Table 2-2.

T able 2 -2 . Concentration o f im purities in dried C 0 2, % b y volu m e (IPC C, 2 0 0 5 ).

S02

NO

H 2S

<0.01

<0.01

0

h

2

CO

ch

4

N /A r /O ,

T o ta l

C o a l F ire d P la n ts
P o st-co m b u stio n cap tu re
P re -co m b u stio n ca p tu re (IG C C )
O x y fu el

0

0

0

0.01

0.01

0 .0 1 -0 .6

0.8 -2 .0

0 .0 3 -0 .4

0.01

0 .0 3 -0 .6

2 .1 -2 .7

0

0

0

0

3.7

4 .2

<0.01

0

0

0

0

0.01

0.01

0

0

<0.01

1.0

0 .04

2 .0

1.3

4.4

<0.01

<0.01

0

0

0

0

4.1

4.1

0

0

0.5

0.01

<0.01

G a s F ire d P la n ts
P o st-co m b u stio n cap tu re
P re -co m b u stio n c ap tu re
O x y -fu el

♦C oal w ith a sulphur content o f 0.86% . S 0 2 concentration for o x y -fu e l and the m axim um H 2S
concentration for pre-com bustion capture are for cases w here th ese im purities are deliberately
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In post-combustion capture, absorption technologies using amines are
considered to be the ones more likely to be used in a near future, with a very
pure CO2 stream produced. Typically, the content of impurities is around 1-2%

25

Chapter 2 - Literature review

U2, CO, traces of H2S and other sulfur compounds from pre-combustion
physical solvent scrubbing processes, whereas a combined stream of CO2 and
sulfur compounds could be generated in a IGCC plant with pre-combustion
capture (IPCC, 2005). For oxyfuel combustion, the possible ranges of
impurities mole fraction (dry basis) for the case when no purification of the
CO2 stream has been undertaken are: Ar (0-5%), N2 (0-15%), O2 (0 - 7%) and
S0 2 (0-1.5%) (Li et al., 2009).

Most of existing coal-fired power plants remove SOx from exit gases, but nextgeneration plants may simultaneously treat CO2, SOx and other flue gas
components. If these can be tolerated, then the potential to simultaneously
remove multiple pollutants from the flue gas within the mineral-trapping
process needs to be investigated.

2.2.2. Available options for CO2 storage

Following the capture and transport of CO2, its storage can be performed in a
variety of scenarios: ocean, mineral carbonates, for use in industrial processes
or in geological formations. Regardless of the chosen technology, this should
be able to permanently store amounts of CO2 significantly high, i.e., orders of
magnitude similar to the fluxes currently emitted in the atmosphere (~ 26
GtCCVyear from fossil fuel use) (Holloway, 2001, Dooley et al., 2006, Metz et
al., 2007).

Ocean storage provides a means of avoiding CO2 emissions to the atmosphere
by injecting the captured CO2 directly into the ocean where it is expected to
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remain isolated for centuries. However, ocean storage is still in the research
phase. Besides, some adverse effects are fairly predictable in the long-term
scene such as gradual trend of the ocean to reach equilibrium with the
atmosphere over time and different hazards to marine organisms and associated
ecosystems (Adams et al., 1997, IPCC, 2005).

Mineral sequestration was first mentioned by Seifritz in 1990 (Seifritz, 1990)
and refers to the fixation of the CO2 using binary oxides such as magnesium
oxide (MgO) and calcium oxide (CaO). However, calcium and magnesium are
rarely available as binary oxides in nature and they are present in silicate rocks
such as serpentine (Mg3Si2 0 5(0 H)4) and olivine (Mg2Si0 4 ). Chemical
reactions between these minerals and CO2 lead to formation of different
carbonates that store CO2 in a stable, benign and immobile form. This
technology is currently in the research stage (Lackner et al., 1997, Lackner et
al., 1998, Teir et al., 2005, Teir et al., 2009) and the key technical challenge is
how to speed up the reaction (extremely slow in nature) in order to be able to
design an economically feasible process (Herzog, 2002).

Industrial uses of captured CO2 as gas or liquid or as a feedstock in chemical
processes are possible and contribute to keeping CO2 out of the atmosphere by
storing it in the “carbon chemical pool” (i.e. the stock of carbon-bearing
manufactured products). The contribution of this approach to climate change
mitigation is expected to be small since the magnitude of anthropogenic CO2
emissions from fossil fuel use (~ 26 GtCCVyear) is significantly higher than
the scale of CO2 utilization (approximately 115 Mt/year). Moreover, the stored
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carbon will be later on degraded to CO2 and emitted back to the atmosphere
(IPCC, 2005).

Geological storage of CO2 is applicable in a variety of geological settings,
such as depleted oil and gas fields, deep un-mineable coal seams and deep
saline formations. Geological storage of CO2 is covered in detail in section 2.3.

2.2.3. Economics of carbon capture and geological storage

The cost of employing a full CCS system is dominated by the cost of capture,
that ranges from 15-75 US$/tC0 2 net captured for coal- or gas-fired power
plants (including the cost of compression). Typical costs for transportation
would range from
8

1 -8

US$/tC0 2 transported3 and geological storage from 0.5-

US$/tCC>2 net injected, plus 0.1-0.3 US$/tCC>2 injected for monitoring and

verification (IPCC, 2005). The storage cost varies for the different storage
options. Storage in saline formations is less attractive compared to EOR and
ECBM because the former ones provide an economic benefit (see sections
2 .3.2.1,

2.3.2.2 and 2.3.2.3 for further details). Representative estimates of the

cost for storage in saline formations typically falls between 0.5-7.7 US$/tCC>2
stored, with higher costs for offshore storage options compared to the onshore
ones (Allinson and Nguyen, 2002, Allinson et al., 2003, Bock et al., 2003,
IPCC, 2005).

3 Per 2 5 0 km p ip elin e or shipping for m ass flo w rates o f 5 to 4 0 M tC 0 2/year
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2.3.

Geological storage of CO:

Geological storage of CO2 provides a way to avoid emitting CO2 into the
atmosphere by injecting it into suitable deep rock formations. The main
geological settings (sedimentary basins) considered so far as suitable for the
underground CO: storage are oil fields, depleted gas fields, deep coal seams
and saline formations (Figure 2-3)(Holloway, 2001, IPCC, 2005). Geological
sinks for CO2 are immediately available and do not really need any major
technological development because the injection process uses off-the-shelf
technology from the hydrocarbon industry and can be deployed at a useful
scale (Friedmann, 2007).

Figure 2-3. Options for the geological storage of carbon dioxide (VGB, 2007).

Prior to understanding the different carbon geological sequestration options it
is important to know the physical properties of CO2 because they are relevant
to its underground storage. CO2 is an odourless and colourless gas at normal
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temperature and pressure and occurs naturally in the atmosphere. Figure 2-4
(left) shows how CO2 can be present on three separate phases depending on
pressure and temperature. At a temperature of 31.1 °C and a pressure of 7.38
MPa (73.8 bar) CO2 reaches what is so-called its supercritical state (dense
phase condition). A supercritical fluid behaves as a gas but it has liquid-like
densities (IPCC, 2005).
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-20
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100

Figure 2-4. Carbon dioxide phase diagram (Bachu, 2008) (left) and variation of C 02 density
(right) as a function of temperature and pressure (IPCC, 2005).

The high supercritical CO2 densities (Figure 2-4, right) are critical to successful
storage such that a large volume of CO2 can be injected into a limited pore
volume. For most geological settings, CO2 would be sequestered at densities of
600-800 kg/m3 (Bachu, 2003, Friedmann, 2007). Sedimentary basins have
average geothermal gradients that typically vary from 15 to 30°C/km, with an
average value of 25°C/km (Pruess, 2005). However, in some instances, the
geothermal gradient can vary significantly from site to site and even within a
single reservoir (Bachu, 2003). Fluid pressure also increases with depth
according to a typical hydrostatic gradient of ~ 100 bar/km (Pruess, 2005).
Based on average gradients, injection depths are expected to be approximately
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800 m below the surface in order to take advantage of CCVs supercritical state
and high density at those depths.

2.3.1. C O 2 storage mechanisms in geological formations

Upon injection of CO2 into deep geological formations (well-drilling and
injection technologies would be similar to those ones developed previously by
oil and gas companies), it can remain trapped underground by virtue of a
number of different mechanisms as a result of several physical and
geochemical processes that are described in this section (IPCC, 2005). Over
time the contribution of each trapping mechanism changes (Figure 2-5).
Initially, physical trapping (structural, stratigraphic and hydrodynamic) is the
dominant mechanism for retaining CO2 in aquifers.

10

100

1,000

10,000

Tim e since Injection stops (years)

Figure 2-5. Contribution of different C 02 trapping mechanisms in geological media to storage
security (IPCC, 2005).

As CO2 migrates through aquifers, residual gas (physical) and solubility
trapping (geochemical) tend to be significant mechanisms. Over longer time
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scales (hundreds to thousand of years), mineral trapping (geochemical) will
lock the CO2 in carbonate minerals. Geochemical trapping mechanisms
enhance storage security because the risk of CO2 leakage does not depend
directly on the integrity of the cap rock on which physical trapping relies
(Suekane et al., 2008).

2 3 .1 .1 .

Physical trapping

Physical trapping allows underground storage of CO2 by confining it below an
impermeable or very-low-permeability seal defined as a caprock (structural
and stratigraphic trapping). CO2 injected into saline aquifers migrates upwards
unevenly, until it reaches the cap rock, as a result of buoyancy caused by the
density differences between CO2 and formation water (30 - 50%). The caprock
acts as a barrier and causes the buoyant CO2 to migrate laterally along the
inclination of the layer, filling any structural or stratigraphic traps it encounters
(Flett et ah, 2005, Holloway, 2005, IPCC, 2005, Suekane et ah, 2008). Two
categories of caprocks have been identified:

1)

aquicludes: essentially

impermeable strata such as thick salt layers and 2 ) aquitards: those with a verylow-permeability such as shales and mudstones through which fluids can
migrate albeit extremely slow (Bachu et ah, 1996). Some of these traps are
formed by folded or fractured rocks that could cause them to leak so special
care must be taken in order to avoid exceeding the allowable pressure that
would lead to fracturing the caprock or reactivating the faults (Streit et ah,
2005, Bachu, 2008).
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Another means of physical trapping can be hydrodynamic trapping, whereby
CO2 is captured in saline formations as a fluid that can migrate very slowly
with the natural flow regime once outside the injection-well radius of
influence. Thus, hydrodynamic trapping depends on the hydrodynamic regime
of the formation waters. Some studies performed in the Alberta Basin show
regional-scale velocities of the order of

1

to

10

cm/year and calculations

predict that in a timeframe of millions of years, the CO2 will still be found
within tens of kilometres of the injection site (Bachu et al., 1994, Gunter et al.,
1997). The most critical issue concerning hydrodynamic trapping is the
potential for CO2 leakage due to imperfect confinement.

Additionally, at the pore scale, capillary forces will immobilize a substantial
fraction of a CO2 bubble {residual trapping); this fraction is determined by the
interfacial tension angle, the wettability angle of the pore surfaces, and the
effective diameter of the pore throat (Gladkikh and Bryant, 2003, Kovscek and
Radke, 2003). CO2 in then trapped as a residual phase in the pores of the solid
(Kovscek and Radke, 2003, Juanes et al., 2006).

In the case of organic mineral frameworks such as coals, the CO2 can
physically adsorb onto the rock surface, sometimes displacing other gases (e.g.
methane, nitrogen), so adsorption would be another means of physical trapping
(Friedmann, 2007).
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2.3.1.2.

G eochem ical trapping

Two different mechanisms are included within geochemical trapping: 1)
solubility trapping and 2) mineral trapping. Firstly, solubility trapping occurs
when CO2 dissolves in formation water, being trapped as an aqueous
component (C0 2 (aq), H2CO3, HCO3', C0 3 2‘) (Hitchon et al., 1999, Xu et al.,
2004a, IPCC, 2005, Bachu, 2008). The major benefit of solubility trapping is
that once the CO2 is in its aqueous form, the buoyant forces that drive it
upwards are eliminated but the most critical concern is the limited CO2
solubility in brine.

Reactions of the following type occur when CO2 dissolves in formation waters:

CO 2 (g)

[2 - 1 ]

C02(aq)

C02(aq) + H 2O «-» H 2 CO 3

[2 -2 ]

H 2CO 3 ^

[2-3]

KCL2

H C O f + H+
1

H C 0 3' < - > C 0 32' + H

1

[2-4]

Firstly, CO2 gas dissolves in water (reaction [2-1]). Once it reaches its aqueous
form, it can react with water to form carbonic acid (reaction [2 -2 ]) that will
further dissociate to bicarbonate (reaction [2-3]) and carbonate ions (reaction
[2-4]). Kai and Ka2 are the acid dissociation constants for reactions [2-3] and
[2-4] respectively. For a closed system they can be easily calculated if the total
carbon concentration is known. For example, Kaj and Ka2 values at standard

34

Chapter 2 - Literature review

conditions4 are 10' 6 35 and 10' 10 33 respectively for a system containing 0.001M
of total carbon (Hill, 2006). Reaction [2-2] has been reported as the ratelimiting step of the above series of reactions for solutions with low to mid pH
values (pH<pKa2 and pKa=-log Ka) (Dreybrodt et al., 1996, Stumm and
Morgan, 1996, Liu et al., 2005). The rate of dissolution depends on how well
the CO2 mixes with the formation water once it is injected into the reservoir
(Holloway, 2005). Carbon dioxide may mix with, and then dissolve in,
formation water through three different processes: diffusion (an extremely slow
process), dispersion and convection (Bachu, 2008).

The CO2 solubility in formation water decreases as temperature and salinity
increase and conversely, increases as pressure increases (Holloway, 2005,
Bachu, 2008). Many experimental and theoretical studies have focused on the
influence of those parameters in CO2 solubility (Drummond,

1981,

Nighswander et al., 1989, Enick and Klara, 1990, Nicolaisen, 1994, Rumpf et
al., 1994, Suto et al., 2000, Duan and Sun, 2003, Portier and Rochelle, 2005,
Bahadori et al., 2009). There is a range of temperatures and pressures (Figure
2 -6 )

at which the solubility of CO2 in water is not so low at high temperatures

(> 1 0 0 °C). Deep host rocks could be then suitable for underground CO2
injection despite the high temperatures because of the enhanced solubility of
CO2 at high pressures (Suto et al., 2007).

4 Standard con d ition s are 1 atm and 25°C .
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Figure 2-6. Solubility of C 02 in distilled water. Solid lines are based on data from previous
studies (Suto et al., 2007).

In mineral trapping CO2 is converted to stable carbonate minerals by a series
of reactions with aqueous ions found in the saline aquifer. These carbonate
minerals, such as calcite (calcium carbonate), magnesite (magnesium
carbonate), dolomite (calcium-magnesium carbonate) and siderite (iron
carbonate), can be stored underground for millions of years (Bergman and
Winter, 1995, Hitchon et al., 1999, Reichle et al., 1999).

The reactions that take place underground and will further lead to carbonates
formation can be described as follows: after CO2 dissolution in the aqueous
phase, it will react with water to form carbonic acid (reaction [2 -2 ]) and some
of the CO2 , after dissociation of the acid, will be held in aqueous phase as
bicarbonate (reaction [2-3]) and carbonate ions (reaction [2-4]). An acidity
increase in the water is observed as a result of protons generation (reactions [2 3] and [2-4]) and therefore dissolution of silicate minerals present in the aquifer
is favoured. The dissolution of silicate minerals is considered to be the ratelimiting step of the entire mineral trapping process. Following the attack on the
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silicate minerals, free ions of elements such as calcium (Ca), magnesium (Mg)
and iron (Fe) will be released and will further react with either bicarbonate or
carbonate ions to form various carbonates (Soong et al., 2003, Xu et al., 2004a,
Bachu, 2008):

C 0 32'(aq) +Ca2+—►
CaC03(S) (calcite)

[2-5]

C 0 32"(aq) + Mg2+ = MgC03(S) (magnesite)

[2-6]

C 0 32'(aq) + Fe2+ =

FeC03(s) (siderite)

[2-7]

C 0 32'(aq) + Ca2++

Mg2+ = CaMg(C03)2(S) (dolomite)

[2-8]

Thus, C 02 is permanently fixed as a mineral. However, conversion of C 02 to
stable carbonate minerals is expected to be slow (hundreds to thousands of
years). This fact suggests that mineral trapping may contribute significantly to
C 02 sequestration within saline aquifers but only in the very long term (Bachu
et al., 1996). Carbon dioxide mineral traps are most effective when the aquifer
contains minerals that are proton sinks, that is, the basic silicate minerals such
as the feldspars and clay minerals. Consequently, mineral trapping of C 02 is
favoured in aquifers containing an abundance of clay minerals; typically,
siliciclastic (sandstone) aquifers are favoured over carbonate aquifers (Hitchon
et al., 1999).

In a similar way as the pH of the brine affects solubility, it affects precipitation
of secondary carbonate minerals. Since HC03* (bicarbonate) and C 032'
(carbonate) dominates at mid pH (pKai<pH<pKa2) and high pH (pH>pKa2)
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respectively, carbonate precipitation is favoured under more basic conditions
and solubility is favoured under acidic conditions (Soong et al., 2003).
Like solubility trapping, mineral trapping is very dependent on the chemical
composition of formation waters and of the rock matrix, and on temperature
and pressure. In addition, it depends on the contact surface between the mineral
grains and the formation water containing dissolved CO2, and on the flow rate
of fluids past the interface. The flow rate depends on rock permeability,
hydraulic gradients and water viscosity, which itself depends on water
temperature and salinity, and much less so on pressure (IPCC, 2005).

2.3.2. Geological media for CO2 storage

Three main characteristics need to be present in geological media to be suitable
for CO2 storage (Figure 2-7): a) the porosity needed to provide a capacity large
enough to accept the intended volume of CO2 ; b) the permeability required for
injectivity, to take in CO2 at the rate that is supplied by the CO2 emitters; and
c) confinement, to prevent the migration and/or leakage of the buoyant and
mobile CO2 out of the intended storage unit (Bachu, 2008).
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Figure 2-7. Cartoon illustrating porosity, permeability and confinement within the reservoir
volume (SCCS, 2009).

Three different types of reservoirs are potential candidates for CO2 storage: oil
and gas reservoirs, deep coal seams and saline aquifers. They are explained in
detail below.

2.3.2.1.

Oil and gas reservoirs

Both depleted and active fossil fuel reservoirs are potential sites for CO2 in
underground formations for several reasons: reservoir integrity and safety are
demonstrated after secure accumulations of oil and gas, in some cases for many
millions of years; very well known and characterised geological structures and
physical properties; the development of computer models in the oil and gas
industry has made possible to predict the movement, displacement behaviour
and trapping of hydrocarbons and finally, some of the current structure and
technology may be used for handling CO2 storage operations (1PCC, 2005).
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Figure 2-8. Simplified diagram of a CCT-enhanced oil recovery (EOR) operation (1PCC, 2005).

Injection into depleted or inactive reservoirs does not aim to get any further oil
or gas production, whereas injection into producing oil and gas reservoirs
(Figure 2-8), commonly known as enhanced oil recovery, EOR. and enhanced
gas recovery, EGR. respectively, will provide an additional economic benefit
that would help to offset the costs of capturing, processing and transporting of
anthropogenic CO2 (Voormeij and Simandl, 2002). CO2 injected into suitable,
depleted oil reservoirs could enhance oil recovery by typically 10-15% of the
original oil in place in the reservoir (IPCC, 2005). Injection of substantial
quantities of both natural and anthropogenic CO2 already occurs in the U.S.
The storage potential of oil and gas fields is from 675-900 GtCC>2 (IPCC,
2005).

2.3.2.2.

Deep coal seams

Also called unmineable coal seams, these are composed of organic materials
and are potential media for CO2 underground storage since they can physically
adsorb many gases. Coalbeds contain both primary (coal matrix) and secondary
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(cleats) porosity systems. The coal matrix contains mesopores 20-500 A, that
account for most of the pore volume, and micropores to 20 A diameter, that
account for the majority of internal surface area. A natural system of
orthogonal fractures known as a cleat is also found in a coal bed and provides
some permeability to it and the conduit for mass transfer to production wells
(Holloway, 2001).

A natural gas commonly known as coalbed methane is formed during the
process of coalification and adsorbed onto the surfaces of the micropores in the
coal. Small amounts of higher hydrocarbons, CO2 and nitrogen (N2) are also
present. Figure 2-9 shows that coal has a higher affinity to adsorb gaseous CO2
than methane.

Figure 2-9. Adsorption isotherms for carbon dioxide (C02), methane (CH4) and nitrogen (N2)
on coal (Voormeij and Simandl, 2002).

If CO2 is injected into coal seams, it will flow through the cleat system of the
coal, diffuse into the coal matrix and be adsorbed onto the coal micropore
surfaces, displacing methane and thereby enhancing coal bed methane (CBM)
recovery (Bachu, 2008, Mazzotti et al., 2009). Therefore, CO2 injected into
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coal seams preferentially displaces methane that exists in the coal, which might
then be recovered as free gas.

Carbon dioxide-ECBM will potentially increase the amount of methane
produced to nearly 90% of the gas, compared to conventional recovery of only
50% by reservoir-pressure depletion alone (Stevens et al., 1996). This will help
to offset the costs of the process as well as a trapping media for CO2 . However,
critical factors to bear in mind in order to develop an economic feasible
technology are the permeability of the coal seams (only high permeability ones
appear to be appropriate for injection), suitable coal geometry (a few, thick
seams rather than multiple, thin seams), simple structure (minimal faulting and
folding), homogeneity and confinement of coal seams, adequate depth, suitable
gas saturation conditions and ability to dewater the formation (IPCC, 2005).
Unminable coal seams are estimated to have a smaller, but still significant,
potential for CO2 storage than other geological formations with an estimated
capacity of 3 to 200 GtCC>2 (IPCC, 2005, Mazzotti et al., 2009). This figure
varies depending on the different assessments, which can be based upon
different assumptions. Global capacity estimates are commonly calculated by
simplifying assumptions and using very simplistic methods so there is a high
degree of uncertainty in reported values.

2.3.2.3.

Saline aquifers

CO2 injection into saline aquifer formations is one of the most promising
geologic CO2 sequestration options. Saline formations are deep porous
sedimentary rocks saturated with formation waters that contain a total
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dissolved solids (TDS) concentration greater than 10,000 mg/L (DOE, 2007),
and are considered unsuitably for human consumption or agricultural or
industrial use.

Deep saline aquifers are found worldwide in most of the sedimentary basins
and they have the highest potential capacity globally for CO2 storage, up to
10,000 Gt of CO2 (IPCC, 2005), which is equivalent to many centuries of CO2
emissions at the current rate of 26 Gt/year (Obi and Blunt, 2006). Additionally,
they underlie most existing large CO2 point sources making CO2 transportation
costs minimal (IPCC, 2005). An schematic of an integrated CCS system with
deep (> 800m) CO2 injection is depicted in Figure 2-10. A CO2 capture system,
ancillary systems like CO2 compressors, booster pumps, surge tanks, etc.,
transport, injection and measuring, monitoring and verification (MMV)
technologies are crucial elements of a complete CCS system. However,
although the component technologies work well independently, they need to
work well within an integrated CCS system. Furthermore, they need to work at
a scale far larger than any of the systems in operation today.

Some sedimentary rocks have up to 35% porosity. Porosity in rocks can be
filled with different fluids depending on the depth of the rock within the
formation. Thus, if the rock is very shallow or very close to the ground surface,
its porosity is commonly filled with air. However, at greater depths (of a few
centimetres to several tens of meters in most cases) rocks usually contain fresh
water, being known as fresh or potable water aquifers that are generally used
for water supply. Saline water aquifers are present at greater depths or beneath
the sea, in which the pore space is filled by saline water. These can show
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varying salinity which tends to increase with depth. Less commonly, the pore
space at high depth is occupied by oil or natural gas (Holloway, 2001)
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Figure 2-10. Schematic of an integrated CCS system with geologic C 02 sequestration (Dooley
et al., 2006).

Not all the deep aquifers are suitable for CO2 disposal. They need to meet some
basic requirements such as an overlying caprock, which should not contain any
fractures or uncompleted wells (Bachu et ah, 1994), and a minimum depth for
the top of the aquifer of 800 m, ensuring in that way that injected C 0 2 will be
stored in supercritical state. Ideally, near-well permeability of the formation
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should be high for injection purposes versus regional-scale permeability that
should be low to ensure long-term disposal of CO2 (Bachu et al., 1994).

2.3.3. Status of CO2 injection into saline formations: experience from
existing storage operations

The first operations injecting CO2 into saline aquifers were acid-gas (H2S and
CO2) disposal projects in Canada in the early 1990’s for both, economic and
geologic reasons. Acid gas is a mixture of H2S and CO2 with minor amounts of
hydrocarbon gases than can result from petroleum production or processing. It
is also co-produced with natural gas in a number of large fields throughout the
world (Brosse et al., 2005). Although the purpose of acid gas injection
operations is to dispose of H2S, significant quantities of CO2 (14-98% of the
total volume) are also co-injected because it results uneconomic a separation of
the two gases. Acid gas injection occurs at 44 different locations across the
Alberta Basin in the provinces of Alberta and British Columbia and over a
wide range of formation and reservoir types, acid gas compositions and
operating conditions (IPCC, 2005). However, injection rates are relatively low
and very limited subsurface monitoring is done (Michael et al., 2009a).

A selection of other pilot, demo and commercial CO2 storage projects in saline
aquifers are currently underway or proposed (Table 2-3). The most popular and
well known is that undertaken in Norway (Sleipner). The Sleipner project,
operated by Statoil (currently StatoilHydro since both companies, Statoil and
Hydro’s oil and energy business merged in October 2007) in the North Sea, is
the first commercial-scale project dedicated to store CO2 in a saline formation
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in the world. CO2 injection started in 1996 and will continue for the life of the
field in order to avoid payment of taxes due to CO2 emissions. The Sleipner
West gas field is situated right in the middle of the North Sea, near the border
between Norway and United Kingdom and more than 200 km from land. The
natural gas is produced with 9% CO2 and this is removed offshore by an amine
process since the CO2 content needs to be 2.5% for marketable purposes. The
CO2 (~1 Mt/year) is then injected into a large, deep sandstone reservoir (Utsira
formation), approximately 150-200 m thick, 2.5 km away from the Sleipner
field and about 800-1000 m below the sea floor. 4D seismic monitoring of the
Utsira formation is mapping the behaviour of the CO2 and has shown that CO2
appears to stay in place. A theoretical model has been developed by Bickle and
co-workers to analyse growing accumulations of CO2 imaged by seismic
reflection surveys at the Sleipner field (Bickle et al., 2007). The Saline Aquifer
CO2 Storage (SACS) project jointly funded by the EU, industry, and national
governments was established to monitor and research the storage of CO2
(Kongsjorden et al., 1997, Kongsjorden et al., 1998, Lindeberg et al., 2000,
Torp and Gale, 2004, Laate, 2008).

Table 2-3. A selection of current and planned geological storage projects in saline aquifers.
C u r r e n t P ro je c ts

Injection start
P roject

C ountry

S cale o f p ro ject

Total storage
date

Alberta Basin (Acid
Canada

Commercial

1990

NA**

Norway

Commercial

1996

20 Mt planned

Gas)
Sleipner
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In Salah

Algeria

Commercial

2004

17 Mt

Snohvit

Norway

Commercial

2008

23 Mt

Ketzin

Germany

Demo

2008

60,000 t

Nagaoka

Japan

Pilot

2003

10,000t
planned
4-13 Oct
USA

Frio

Pilot

1600 t
2004

Otway

Australia

Demo

2008

1 Mt

2009

125 Mt

2012-2017

NA

NA

NA

P la n n ed P ro jects

Gorgon*

Australia

Zerogen*

Australia

Commercial
Demo &
Commercial

Vattenfall

Germany

Pilot & Demo

* more advanced projects on the storage side in Australia ( for others refer to text)
** Not Available

The In Salah Gas Project started injection in 2004 of CO2 obtained from
natural gas production. In Salah Gas is a joint venture project between BP
(33%), Sonatrach (35%) and Statoil (32%). The Krechba Field at In Salah
produces natural gas containing CO2 concentrations ranging between 1 to 9%
of CO2 and delivers it to markets in Europe, after processing and stripping the
CO2 to meet commercial specifications (0.3%). The C 02 stream is re-injected
back into the aquifer zone (a sandstone reservoir) of one of the shallow gas
producing reservoirs, at a depth of 1800 m. The top seal is a succession of
mudstones up to 950 m thick. The project includes a comprehensive
monitoring programme that involves a range of technologies, including noble
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gas tracers, pressure surveys, tomography, etc (IPCC, 2005, Riddiford et al.,
2005).

Carbon storage in Snohvit field is StatoilHydro’s second largest carbon storage
project in Norway. This is the first of its kind in an arctic climate; injection and
storage started in April 2008 (Laate, 2008, Statoil, 2008). The gas is produced
subsea and then transported to an onshore gas processing and Liquefied
Natural Gas (LNG) facility in Melkoya, outside Hammerfest, where CO2
content in the gas is reduced from 5-8% to 50 ppm by amine absorption. The
CO2 is dried, transported in a pipeline and stored in a saline aquifer that
underlies the gas-bearing formation in the Snohvit field, 2600 m beneath the
seabed. At full capacity, 0.7 Mt/year of dry CO2 can be stored in the field. The
liquid CO2 transportation by pipeline (152 km length and 0.2 m diameter) to
the subsea aquifer is one of the most challenging tasks in the project due to the
multhiphase fluid character of CO2 when it is close to its supercritical point,
requiring extensive process control training of the operators.

The EU CO2SINK project, which was officially started in April 2004, aimed to
develop an “in-situ” laboratory for CO2 storage in Europe (Juhlin et al., 2008).
As part of the project, injection into and storage of CO2 in a deep saline aquifer
at Ketzin, located just outside Berlin (Germany), will be examined for first
time in Europe. The aim of the project is to store up to 60,0001 of CO2 and will
continue for a period of two years. One injection well and two observation
wells have been drilled to depths of 800 m and the CO2 will be pumped at a
rate of about 100 t/day. Injection started in June 2008 and intensive monitoring
is involved to try to develop a better understanding of the fate of underground
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CO2 and evaluate reservoir’s stability and integrity (CCJ, 2008b, Juhlin et al.,
2008). Also in Europe, the Swedish state-owned company Vattenfall has
constructed a 30 MW thermal oxyfuel combustion pilot plant as part of a CCS
project at Schwarze Pumpe, in Germany. The plant has been operational from
the middle of 2008, with an initial testing programme of three years, after
which it will eventually become a backup test for the future demonstration
plant testing programme. Sequestered CO2 will be stored underground upon
identification of a suitable storage site. A 250-350 MW electricity
demonstration plant is planned to be commissioned by 2015, after a pre
feasibility stage which started in 2006. The location for the power plant and
storage site are being studied, with both onshore and offshore storage options
being considered and pipelines and/or shipping considered as the main
transport alternatives (Vattenfall, 2008).

An on-shore pilot scale C 02 injection project in Nagaoka, 200 km north of
Tokio (Japan) was agreed in 2000. Experimental injection and monitoring of
CO2 started in July 2003 and finished in January 2005 with a total of 10,400 t
of purchased CO2 (99.9 % purity) injected in a supercritical state and a
maximum injection rate of 20 to 4 0 1 per day. The saline aquifer was situated at
a depth of 1.1 km and a 20 m thick layer was selected as the injection target
because of its favourable values of porosity and permeability and its horizontal
homogeneity. A series of geophysical techniques were chosen to monitor the
CO2 at both the surface and within three observation wells; geochemical
reactions between the injected CO2, the formation water and the aquifer rocks
were also studied. Fluid samples were collected at three different depths (1109,
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1114, 1118 m); at the depth of 1118 m an increase in the concentration of
HC03' was observed due to the dissolution process of the injected CO2.
Concentrations of several cations (Ca, Mg, Fe and Mn) also increased probably
as a result of the dissolution of different components of the host rock: calcite,
gypsum, plagioclase, pyroxenes, chlorite and biotite. Batch experimental tests
were performed using rock and water samples obtained from the test site that
supported the above inferred geochemical reactions (Mito et al., 2007, IEA,
2008a).

In the Frio Brine pilot test (Texas, US) 1,600 t of CO2 were injected for 10
days ( in 2004) at ~1,500 m depth into a 24 m well characterized as a relatively
homogeneous high permeability sandstone section of the Frio Formation - a
regional reservoir in the U. S. Gulf Coast. Saturation and transport properties
were measured horizontally, vertically and through time using multiple tools
(Doughty et al., 2008). Chemical analysis of formation water and gas samples
obtained from the injection and observation well were performed during and
after C 02 injection. The outcomes of the study also improved conceptual
models and numerical inputs.

The C02CRC Otway Project is Australia’s most advanced storage
demonstration project, located in the southeast (Victoria). C02-rich gas (80%
CO2, 20% methane) is extracted from an existing well, compressed and
processed for further injection, originally into a depleted gas field (Waarre C
formation) located at a depth of 2050 m. CO2 is expected to migrate up-dip
within a 31 m thick reservoir sandstone that is capped by Belfast mudstone.
Injection began in April 2008 and 100,0001 are the injection target for a period
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of over two years. An extensive monitoring and verification programme has
also been implemented (CCJ, 2008a, C02CRC, 2008b). Several other CCS
demonstration projects targeting injection into a saline aquifer are planned in
Australia such as the Callide Oxyfuel Project (Queensland), Coolimba Power
Project (Western Australia), FuturGas Project (South Australia), Gorgon
Project (Western Australia), Monash CTL Project (Victoria) and ZeroGen
Project (Queensland) (C02CRC, 2008a). Amongst them, the Gorgon and
ZeroGen Projects are the most advanced in the storage side.

In the Gorgon Project, it is planned that CO2 will be injected on the central
eastern coast of Barrow Island, located 60km offshore north Western Australia
to a depth of about 2.3 km after being separated from the proposed LNG
processing plant. The storage site was selected to limit the environmental
impact on areas nearby as well as to maximise the migration distance from the
major faults. The project is planned to commence around 2009 with injection
of 3.3 Mt of CO2 per year and a target of 125 Mt over the life of the project. A
major study of the subsurface is underway (CCJ, 2008c, Chevron-Australia,
2008).

The Zerogen is a two-stage project aiming to integrate the low-emission
technologies of Integrated Gasification Combined Cycle (IGCC) with CCS.
Stage 1 (demonstration) will be a 120 MW (gross) power plant located near
Rockhampton in central Queensland, where up to 75% of the CO2 will be
captured for partial sequestration in deep underground reservoirs in the
Northern Denison Trough, an on-shore sedimentary basin located 220 km west
of the facility. This demonstration plant is expected to be operational by 2012.
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In stage 2, a commercial IGCC-CCS plant is proposed to be deployed by 2017,
where a 400MW (gross) power plant will capture up to 90% of CO2 for full
sequestration. The specific location in Queensland has not been determined yet
and is subject to pre-feasibility studies of all suitable sites (Zerogen, 2008).

The seven Regional Carbon Sequestration Partnerships (RCSPs) is an initiative
of the US Department of Energy (DOE) to determine the most suitable
technologies, regulations and infrastructure needs for CO2 carbon capture and
storage in different regions of US and Canada. State agencies, universities and
private companies are part of this programme to place carbon sequestration
technologies on the path to commercialization. Three different phases,
characterization (2003-2005), validation (2005-2009) and deployment (20082017), are to be accomplished by 2017 and will provide the data needed for
sequestration knowledge in each of the regions as well as large-scale field-test
experience within the CO2 geological storage scenario. After accomplishment
of the characterization phase, validation has taken place, when the partnerships
have implement a portfolio of small scale geologic sequestration projects (Ball
and Gupta, 2008, Finley, 2008, Hill, 2008, McPherson, 2008, Myer, 2008,
Steadman, 2008). Table 2-4 shows a summary of the geologic field tests
carried out during the validation phase.
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Table 2-4. Validation Phase Geologic Field Tests performed by the RCSPs in saline
formations. Adapted from the “Carbon Sequestration Atlas of the US and Canada” (DOE,
2007).
T o ta l

in jectio n

G e o lo g ic

P a rtn ersh ip

C 02

(to n s

p r o v in c e

A p p r o x im a te

C 0 2)

d ep th (feet)

MGSC

Illinois Basin

10,000

7,000-8,600

MRCSP

Cincinnati Arch

1,000-3,000

3,200-3,500

MRCSP

Michigan Basin

3,000-20,000

3,200-3,500

MRCSP

Appalachian Basin

1,000-3,000

5,900-8,300

SECARB

Gulf Coast

30,000

10,300

Big Sky

Columbia Basin

3,000

3,255-3,335 & 3,600-3,755

SECARB

Missisipi Salt Basin

3,000

8,600

Paradox

Basin,

Aneth

SWP

Field

20,000

6,900

WESTCARB

Thorton Gas Field

1,000

3,400-3,500

WESTCARB

Colorado Plateau

2,000

5,000

The last phase of this government/industry effort will consist of several largevolume sequestration tests in different formation types, including saline
formations, to demonstrate the possibility that CCS of over 1 Mt of CO2 can be
done in an economic, safe and permanent manner. Currently, six out of the
seven large-volume field tests have been awarded by the DOE. Undoubtedly,
the experience to be gained from all the above sequestration tests will help to
develop a “template” for future commercial-scale sequestration as well as
demonstrate meaningful and effective monitoring, risk and mitigation
protocols.
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The European Commision announced in January 2007 the development of up
to 12 flagship CCS demonstration projects in the EU, which will be operational
by 2015 (Gibbins and Chalmers, 2008, EU, 2009). UK has recently been
awarded £266 million from the EU to build its first CCS demonstration plant at
Hatfield, Yorkshire. A 900 MW coal-fired electricity plant with the use of pre
combustion CCS technology to capture the CO2, piping of captured CO2 and
its storage in an offshore gas field 100 miles away could be operating as early
as 2014 (CCJ, 2009). Arrangements for the remaining projects are yet to be
agreed.

The experience gained from CO2 injection at pilot and existing commercial
projects described above shows that CO2 geological storage in saline aquifers
is technologically feasible although some needs still remain: storage projects
covering a wide range of subsurface environments as well as different
monitoring strategies, regulation requirements and economics are needed to
successfully deploy CCS in saline aquifers (Michael et al., 2009a).

2.3.4. Experimental work on mineral trapping in saline formations

Experimental work addressing specific aspects of geochemical trapping is
considered one of the remaining knowledge gaps to be addressed by the
research community to improve the quantification of CO2 stored by the
different storage mechanisms as well as numerical simulations (Michael et al.,
2009b). Some researchers have reported experimental data on a laboratory-
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scale for mineral trapping studies and a review of the main findings is
presented below.

2.3.4.1.

E xperim ental work with p u re CO 2 stream s

Assessment of rock/water/CCh interactions under a range of temperatures from
100 to 350 °C (which constitutes the range of reservoir temperatures common
to many active hydrothermal systems) using two different types of rocks
(granite and sandstone) indicated that acid conditions (pH < 5) increases
dissolution rate of the rock, that will further lead the solution to be
supersaturated and further deposition of secondary minerals (Suto et al., 2001,
Liu et al., 2003, Suto et al., 2007). The temperature range of 150-250°C was
suggested as the most suitable for CO2 injection into granite rock masses due to
kinetics of the overall granite reaction, which were not too slow within that
temperature range. Potential calcite precipitation was also suggested but no
carbonates were observed in their experimental tests (Suto et al., 2007).
Glauconite (iron-rich clay) and anorthite (calcium-rich plagioclase feldspar)
were also tested for 30 or 34 days as potential host rocks for CO2 injection.
They were allowed to react with synthetic brine solutions at two different
temperatures, 50 and 150°C and two different CO2 partial pressures, 600 and
2000 psi. Surface spectroscopic techniques (e.g. XPS) indicated that elemental
composition at mineral surfaces was modified as a result of the experiments,
showing progress towards carbonate precipitation. Those changes agreed with
equilibrium modeling calculations, although carbonate precipitation was not
observed in laboratory experiments due to time constraints, which prevented
the system from reaching equilibrium (Sass et al., 2001).
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A system comprised of arkose (consisting of a mixture of quartz and silicate
minerals), shale and a synthetic brine was reacted at 200°C (selected to
enhanced kinetic rates of silicate reactions) and 200 bars (chosen for
consistency with and accessibility for sequestration scenarios) for 59 days to
approach steady-state and then, injected with CO2 and allowed to react for
another 80 days. Shale was used as an aquitard, representing the confining
layer of the repository. The experimental setup used therein was a flexible
gold-titanium reaction cell contained within a hydrothermal apparatus. Upon
conclusion of the experiment magnesite precipitation was observed when
reacted sample was analysed through Scanning Electron Microscopy (SEM).
Iron carbonate, i.e. siderite, was seen growing on the shale surface; halite
(NaCl) and analcime (NaAlSi206-H20) crystals were also identified and
changes in brine chemistry indicated significant reaction of silicate minerals in
the system (Kaszuba et al., 2003).

Several authors (Bruant Jr. et al., 2002, Giammar et al., 2005) have studied the
high pressure-high temperature interaction between supercritical CO2, brine
and forsteritic olivine (Mg2SiC>4). Two different systems were used for the
study: a flow-through system where the effect of pressure on forsterite olivine
dissolution rate was investigated, and a batch system where the effect of
temperature and surface area was studied. The average olivine dissolution rate
was ~ 1.8 times greater at 100 bar than at atmospheric pressure. The extent of
olivine dissolution was also enhanced at increasing temperatures and olivine
surface area. Five ten-day experiments were also conducted at 100 bar and
95°C with increasing initial magnesite (MgCCh) saturation indices. A
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minimum value of 1.64 for the saturation index was needed to precipitate
magnesite on reacted olivine (Bruant Jr. et al., 2002). Giammar et al. (Giammar
et al., 2005) also identified the rate of nucleation as a barrier for magnesite
precipitation. Thus, when solution compositions were manipulated in order to
simulate conditions resulting from extensive forsterite dissolution, magnesite
precipitation did occur. When forsterite is present, magnesite nucleation
appeared to occur heterogeneously on the surface of forsterite particles but the
presence of forsterite did not significantly accelerate magnesite nucleation
relative to solid-free systems.

Experimental studies on mineral trapping of CO2 with brine samples collected
from the Oriskany Formation (Indiana County, PA) were reported by Soong
and co-workers (Soong et al., 2004). They studied the effects of pH (3.6-11),
reaction time (1-6 h), CO2 pressure (0.34-7.63 MPa) and temperature (50170°C) on brine carbonation in a 1/2 litre autoclave reactor manufactured in
Hastelloy C-276. The amount of calcite (C&CO3) precipitated as a result of the
hydrothermal reaction depended primarily on the pH of the brine. Mineral
trapping is also controlled by CO2 pressure and temperature but by a lesser
extent when compared to pH. An optimum reaction time between 4 and 6h was
also reported as the optimum one for calcite precipitation when reaction
conditions are set at 155°C, 6.87 MPa of CO2, pH 11.0 and stirring speed 800
rpm. The importance of pH to form carbonates was also reported by
Druckenmiller and co-workers (Druckenmiller et al., 2006). They induced and
characterized calcite formation by reacting natural gas brine with CO2 and
identified optimal initial pH conditions of at least 9.0 for carbonate
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precipitation in reactions of 18 h. The tested ranges of temperature and
pressure were 75-150°C and 600-1500 psi respectively. Temperature seemed to
have a greater influence on carbonate formation than pressure.

Rosenbauer et al. (Rosenbauer et al., 2005) carried out C02-brine-rock
experiments at 25 and 120°C from 100 to 600 bar and up to 80 days reaction
time. Experiments reacted supercritical CO2 with natural (shallow ground
water high-sulfate brine from Paradox Valley, Colorado, United States) and
synthetic low-sulfate brines (synthetic solution of a deep-aquifer brine also
from Paradox Valley and a predominantly NaCl solution equivalent in ionic
strength to the natural brine) in the presence and absence of limestone
(carbonate rock) and plagioclase-rich arkose sandstone (silicate rock).
Precipitation of anhydrite (CaS0 4 ) and dolomitization of limestone was the
result of the interaction of limestone with the high-sulfate brine, with a final
decrease in porosity of 4.5%. However, the reaction between CCVsaturated
low-sulfate brine and limestone increased rock porosity by 2.6% because of
dissolution of 10% of the original calcite. Solubility of CO2 is reported to be
enhanced in the presence of both rocks but in limestone formations storage of
CO2 is limited to ionic and hydrodynamic trapping whereas mineral trapping
occurs in brine-supercritical C02-arkose systems.

Bateman et al. (Bateman et al., 2005) provided a long-term (7.5 months)
laboratory experiment reacting known quantities of minerals (a prepared
mixture based on that of the Utsira sand and containing mainly quartz, 80%,
and minor amounts of labradorite, k-feldspar, albite, calcite, dolomite,
muscovite and chlorite) with CC^-rich fluid at 70°C and 100 bar. Their aim
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was to use the experimental results as a test case with which to help validate
predictive geochemical computer models. Samples of the reactant fluid were
collected at interim times. Changes were seen on the carbonates present in the
starting material, which matched well with observed trends in fluid chemistry.
That was not the case for changes in silica concentration, which did not
correlate to any pitting or etching in the silica-bearing phases. They reported a
clear overestimation of the degree of reaction according to model predictions
compared to experimental results. For instance, dawsonite was predicted to
form in large quantities and it was not detected at all in the experiments.
Differences between simulations and experimental results were thought to be a
reflection of the data quality (equilibrium and kinetic constants) used for the
predictions rather than failure of the models themselves.

Recent studies on in-situ carbonation of peridotite (composed largely of the
minerals olivine, (Mg,Fe)2Si04, and pyroxene, (Ca,Mg,Fe)2Si20 6), a type of
rock found at or near the surface in Oman and other areas around the world,
suggest that the process could be speeded up by multiple orders of magnitude
with simple drilling and injection methods (Kelemen and Matter, 2008). Initial
injection of heated water containing pressurized C 02 would trigger the
carbonation process, which naturally generates heat that would in turn hasten
and self-sustain the reaction. Rapid reaction rates could be then attained at
depth with little expenditure of energy.
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2.3.4.2.

E xperim ental an d m odeling work with non-pure CO 2 stream s

The effect of gas impurities derived from the C 02 gas stream in the
rock/water/gas interactions upon co-injection deep underground is attracting a
lot of interest, because there might be cost savings in co-storage of C 02 and
other flue gas constituents (the C 02 capture process is by far the most
expensive part of the whole carbon capture and storage system - see section
2.2.3).

Acid gas (C02+H2S) injection activities into deep geological formations have
been taking place over the last decade (see section 2.3.3). Although the purpose
of acid gas injection operations is the disposal of H2S so the produced natural
gas meets the pipeline and market specifications, significant quantities of C 02
(14-98% of the total volume) are also co-injected because it is costly to
separate the two gases. Actually, a higher amount of C02 than H2S has been
injected to date into deep geological formations. In the context of current
efforts to reduce anthropogenic C 02 emissions, these acid-gas injection
operations represent a commercial-scale analogue for large-scale C 02
geological sequestration (Bachu, 2008). Hence, the necessary technology for
underground C02 storage already exists; the high cost of C 02 capture and the
identification of geological sinks of C 02 are the main barriers for its large-scale
implementation (Bachu et al., 2003).

Several reaction transport simulations and geochemical modeling studies on
injection of C 02, together with H2S and/or S02 have been reported previously
(Gunter et al., 2000, Bachu et al., 2003, Xu et al., 2004b, Knauss et al., 2005,
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Palandri and Kharaka, 2005, Xu et al., 2007). Results show that co-injection of
H2S with C02 would not negatively impact injectivity or sequestration
compared to injection of C 02 alone. However, co-injection of S 02 could
produce significantly different results: pH appears to be a key factor to
determine a zonal distribution of mineral alteration and formation of carbon
and sulfur trapping minerals (Xu et al., 2004b). Precipitation of carbonates
would occur within a higher pH (> 5) peripheral zone, whereas secondary
sulfates would precipitate within the acidified zone (pH < 5) adjacent to the
injection well (Xu et al., 2007). Siliciclastic aquifers seem to be better host
rocks for mineral trapping than carbonate aquifers, especially with regard to
C 02 (Gunter et al., 2000).

Experimental studies on the reactivity of H2S+C02-brine-solid systems under
high pressure and high temperature (500 bar and 200°C) were reported by
Jacquemet and co-workers (Jacquemet et al., 2005). The experiments tried to
simulate the interactions that occur at reservoirs-well interfaces of acid gas
geological storage. They run two experiments for 15 days each: reactants of the
first experiment were cement+steel+brine and reactants of the second one were
cement+steel+brine+C02+H2S. The presence of the C 02-H2S gas mixture
induced a pH decrease and a reductive environment. As a result of the former
conditions, partial cement carbonation (calcite formation around the cement)
and sulfidation of iron-bearing phases (steel), i.e. formation of pyrites within
the cement and around the steel, was also observed.

Very few experimental studies have been reported on co-injection of non-pure
C 02 streams (C02-S02 gas mixtures) into different host rocks (Summers et al.,
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2004, Palandri et al., 2005, Mandalaparty et al., 2009) because to date, C 02 is
expected to be separated from the flue gas prior to its underground injection.

Mineral carbonation tests were performed at 10 atm, 185°C and for 1 and 6 h
with olivine from the Twin Sisters deposit (Washington State) and basalt from
an outcrop of the Columbia River Basalt Group, Oregon (Summers et al.,
2004). Minerals were combined with a 0.64M NaHC0 3 and 1M NaCl carrier
solution in a 15% solids slurry and fed to a high pressure-high temperature
autoclave. Experiments were conducted with pure C 02 gas and with a C 02-S02
gas stream. Results showed that 1.5% (by volume) of S 02 in the mixed gas did
not hinder the carbonation reaction when compared with the experiment with
pure C 02; S02 may actually have enhanced slightly the carbonation process by
probably increasing the solubility of magnesium from the rock. In this case,
solid sulfates precipitation was not observed.

A long-term experiment (-1400 h) was conducted with hematite (a-Fe2C>3), a
lmNaCl, 0.5mNaOH brine and a C 02-S02 gas mixture at 150°C and 300 bar to
validate siderite (FeC03) precipitation predicted by geochemical modeling
(Palandri et al., 2005). The concentration of S 02 in the gas mixture was of 11%
(by volume). The experiment aimed to proof the concept that iron-bearing
minerals could be considered as potential repositories for underground C 02
storage, provided that the injected gas stream is a C 02-S02 mixture. S02 acts
as a reductant to reduce Fe3+ from hematite and convert it to Fe2+, which will
further precipitate as iron carbonate and, at the same time, S 02 can be trapped
along with C 02. Precipitation of siderite (FeC03) was verified, although to a
much lesser extent than the predicted one by geochemical modeling, and the
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presence of other metastable phases such as pyrite and elemental sulfur was
also observed. The former ones were expected to re-dissolve if given sufficient
time for the reaction to reach equilibrium.

An experimental investigation was conducted with brine and a prepared arkose
(comprised of equal proportions of calcite, CaCC>3, dolomite, CaMg(C0 3 )2,
quartz, Si02, microcline, KAlSi30 8, andesine, NaxCayAlSi2Og, and chlorite,
(Fe,Mg,Al)6(Si,Al)4Oio(OH)8) at temperatures ranging from 50 to 200°C,
pressures from 600 to 2000 psia and reaction times up to 134

days

(Mandalaparty et al., 2009). Baseline experiments were carried out with only
C 02 and compared with experiments carried out with gas mixtures containing
10% (by volume) of S02. The base case C 02 experiments showed layers of
calcite growing on the surface of the arkose, and analcime (NaAlSi206-H20)
deposits occuring either as large connected aggregates or as deposits on the
surfaces of other minerals. When S 02 was present in the gas, continued
dissolution of calcite and growth of anhydrite (CaS04) crystals was observed.
However, numerical simulations did not show significant differences in
injectivity between the C 02 and C 02+S02 case.

Should the approach of treating multiple pollutants in the C 02 capture process
become implemented in the future, thermodynamic and kinetic data will need
to be available in order to accurately predict the gas-rock-brine behaviour in a
geological C 02 storage scenario. Moreover, those data need to be obtained
under appropiate conditions of pH, chemical composition of the brine,
temperature, pressure, etc. Thus, it is very important to have laboratory or test
cases against which models can be validated; hence, a broad field is open ahead
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for further research. If conducted, that research will undoubtely resolve many
unknowns regarding the geochemistry of trapping mechanisms and would also
help in acquisition of enhanced storage capacity estimates.
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3.

M ethodology

Two solid samples were utilised in this research project: an iron oxide,
hematite (a-Fe2 0 3 ), and an iron oxyhydroxide, goethite (a-FeOOH). The
hematite sample proceeds from South Africa and was kindly donated by Prof.
Sam Kingman of the National Centre for Industrial Microwave Processing
(NCIMP), at the University of Nottingham (NCIMP, 2009). The goethite
sample is original from El Paso County (Colorado) and was purchased from
Ward’s Natural Science Establishment (Ward's, 2009).

This chapter describes: a) the procedures and analytical methods employed to
characterise the parent solid samples and reaction products (section 3.1); b) the
procedure followed in modelling studies (section 3.2); c) the experimental
procedure followed in the short-term (< 264 h)1 experiments conducted in the
high pressure-high temperature system designed at the University of
Nottingham (section 3.3); d) finally, the long-term (24 days) experiment
conducted in the flexible gold-titanium reaction cell at the United Stated
Geological Survey (USGS) is described in section 3.4.

3.1 Characterisation of parent solid samples and reaction products

3.1.1

Characterisation of solid samples

1 For the purpose o f this th esis short-term experim ents are d efin ed as th ose o n e s con d u cted for
reaction tim es < 2 6 4 h, and long-term experim ents are those conducted for reaction tim es
> 264h .
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3.1.1.1 Particle size analysis/grain-size distribution

Particle size analysis for the individual size fractions was performed by laser
diffraction to verify the composition of the parent samples obtained for the
experimentation. The technique relies on the fact that the diffraction angle is
inversely proportional to particle size. A Malvern Mastersizer instrument uses
this principle to provide completely accurate results over a large size range
(typically 0.02 -2000 pm). Particles are measured in suspension by
recirculation of the sample in front of the laser beam. In a cell, particles of the
sample (~ 40-60 mg) are suspended in water (dispersion medium) and stirring
is used to facilitate proper dispersion of particles in the liquid. Liquid level in
the sample cell should be approximately 2 cm below the top edge of the cell.
The particles concentration in the dispersion should be above a minimum level
(~ 5% obscuration) in order to produce an acceptable signal-to-noise ratio in
the detector. Likewise, it should be below a maximum level (~ 35%
obscuration) in order to avoid multiple scattering. The measurement starts with
the proper alignment of the optical part of the instrument, followed by a blank
measurement with water (particle-free dispersion medium) which will be
further subtracted from data obtained with the sample. A measuring time of
approximately 3 s is used to allow for a large number of detector scans or
sweeps at short time intervals, and an average signal is calculated. For each
sample, results were averaged over four to six measurements (BS, 1999).
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3.1.1.2 Surface area analysis

Surface area measurements of parent solid samples were carried out using a
standard ASAP 2010 (Micromeritrics, USA), which utilises N 2 adsorption at
-196°C as a standard method. Prior to the analysis, samples (~ 0.2 g) were
degassed at 115°C under vacuum. Isotherms are recorded by the stepwise
introduction of known amounts of adsorbate, i.e. N2, and the recording of the
equilibrium pressure; from the isotherm produced, the BET (Brunauer, Emmett
and Teller) surface area can be calculated using the BET equation (Brunauer et
al., 1938, Brunauer et a l, 1940, Gregg and Sing, 1982). The former equation is
applied in the region of relative pressures near completed monolayers (0.05 <
P/Po < 0.35)2 because it is where the BET theory and experimental isotherms
agree very well, leading to a powerful and extremely useful method of surface
area determination.

3.1.1.3 Inductively Coupled Plasm a -A to m ic Em ission Spectroscopy (ICPA E S ) analysis

Elemental analysis of parent solid samples was performed using a Perkin
Elmer Optima® 3300 DV inductively coupled plasma - atomic emission
spectrometer (ICP-AES). ICP-AES is a technique for analysing the
concentration of metallic elements in solid and liquid samples. The analyte is
excited and some of the excitation energy is released in the form of
electromagnetic radiation, of a wavelength that is characteristic of the emitting

2 P0 is the saturation pressure o f the adsorbate at the temperature o f the an alysis.
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species (Giinzler and Williams, 2001). The intensities of these characteristic
wavelengths are detected, measured and compared to intensities for known
standards to provide quantitative analysis (Settle, 1997). Detection limits of the
instrument vary for each cation between 0.0001 and 0.5 pg/L. Each parent
solid sample was analysed for the following elements: Fe, Al, Mg, Mn, Ti, Ca,
S, P, Na, K and Si.

The ICP-AES was equipped with autosampler (AS-90 Plus®) and controlled
with the Perkin Elmer Winlab software. The solids (~ 0.2 g) were prepared for
analysis via a three-stage digestion procedure: a) 10 ml nitric acid (69%) are
added to the weighed sample, which is further heated up to 190°C over 20 min
and hold there for 30 min, followed by cooling to < 50°C; b) 3 ml of
concentrated HC1 + 5 ml 40% HF are added; the sample is heated up to 190°C
over 20 min and hold there for 20 min, followed by cooling to < 50°C; c) 30 ml
of 4% boric acid solution are added, the sample is heated up to 180°C over 20
min and hold there for 10 min, followed by cooling to < 50°C. Finally, the
digestate solution is transferred to a 100 ml volumetric flask and diluted to
mark with Milli-Q water, shaked and transferred to a prepared polythene bottle
for the analysis. In the analysis, three replicate readings are taken for each
sample.

3.1.1.4 X -ray diffraction (XRD) analysis

XRD analyses of unreacted and selected reacted samples were carried out on a
1050 XRD (Philips Analytical, Netherlands) attached to a 3 kW X-ray
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generator (Hilton Brooks, UK) producing copper Ka radiation at a wavelength
of 0.15418 nm. XRD is one of the most common analytical techniques used for
qualitative and quantitative analysis of crystalline compounds. Every crystalline
material will give a characteristic diffraction pattern (Warren, 1990, Shriver and
Atkins, 1999). Proper X-ray powder diffraction specimens should be flat,
densely packed and very fine-grained powders. This is achieved by pressing
the sample powder (~2 g) into a cavity without causing preferential orientation
of the crystallites. Each cavity mount can then be numbered and placed in the
relevant position inside a 36 position sample holder magazine, ready for XRD
analysis. The XRD analyses were conducted over an angle range of 5 to 65 or
80 degrees 20 with a scan speed of 2 degrees 20 per minute. A single crystalline
phase must have a concentration of approximately 5 wt% in order to be
detected.

3.1.1.5 Therm o-gravim etric analysis (TGA)

Thermogravimetric analysis (TGA) is the study of weight changes of a
specimen as a function of temperature; weight changes observed at specific
temperatures correlate to different reactions (oxidation/reduction, combustion,
etc.), volatilisation of sample components, decomposition or other changes
(Speyer, 1994, MEE, 2001). The TGA analyses of parent and reacted samples
were recorded in a Q500 Thermogravimetric Analyzer from TA Instruments.
Analyses were run under atmospheric pressure. Samples (~ 20-40 mg) placed in
Pt crucibles were first equilibrated at 30°C and then heated under a N2
atmosphere at 10°C/min from 30 to 900°C, with one stop at 105°C for 15 min.
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Reacted samples were ground in a pestle and mortar for the TGA analyses so
the effects derived from a different particle size of the samples will be
negligible.

3.1.1.6 X -ray Photoelectron Spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy (XPS) provides qualitative and quantitative
information on the surface of the samples (approximately the top 10 nm) and
can be very useful for looking for compositional changes at mineral surfaces
after the reactions of interest. Qualitatively, the detected binding energies of
core shell electrons ejected by X-rays are used to identify compositional
elements. Quantitatively, peak areas in the XPS spectrum are used to calculate
the relative abundance of the atoms present in the area analysed. Hydrogen and
helium are the only elements that can not be detected by XPS analysis
(Moulder et ah, 1995, Watts and Wolstenholme, 2003, Briggs and Beamson,
2006).

XPS spectra of parent and selected reacted samples were recorded using a
Kratos Axis Ultra spectrometer, employing a monochromatic A1 Ka X-ray
source (hv =

1486.6 eV), hybrid

(magnetic/electrostatic)

optics,

a

hemispherical analyzer, a multichannel plate, and a delay line detector (DLD)
with a collection angle of 30° and a takeoff angle of 90°. Kratos VISION II
software was used to record all XPS spectra and the data files were translated
to VAMAS format and processed using the CASAXPS software package
version 2.3.2. Typically, samples (~20 mg) were mounted on standard Kratos
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stainless steel bar holders using double sided sticky tape and presented like this
for analyses. Two points linear and Shirley background subtractions were used
depending upon the shape of the spectrum to account for inelastically scattered
electrons that contribute to the background. Peaks were fitted using GL(30)
lineshapes; a combination of a Gaussian (70%) and Lorentzian (30%) profiles.
The full width half maximum (FWHM) of each component was initially
constrained to be in between 0.8 and 1.5 eV. Typically, samples were run
under the charge neutralisation conditions (Kratos AXIS Nove charge
neutralisation system) and charge correction was normally achieved by setting
the aliphatic carbon peak to 285.0 eV (normally coming from adventitious
carbon surface contamination). A ± 0.1 eV error in the acquisition of binding
energies is quoted by the instruments manufacturer. The transmission corrected
Reference Sensitivity Factors (RSF) used to determine relative atomic
percentages were taken from the Kratos Library (Kratos, 2009) (RSF of F Is =
1). An atomic relative percentage error of 10 to 20% depending on signal to
noise ratio and a detection limit of 0.1 to 0.01 depending on the atom are
quoted by the instrument’s manufacturer. The reproducibility of the XPS
measurements is typically ± 10%.

3.1.2

Characterization of liquid samples

3.1.2.1 p H m easurem ents

The pH of brine samples is measured and recorded at ambient temperature
before

and

after

the

experiments.
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pH/mV/Temperature meter with a glass electrode probe is used for short-term
experiments at the University of Nottingham, and a Oakton 500 series pHmeter with an Orion 8103 Ross combination pH probe is used in the long-term
experiment at USGS. Prior to any pH measurements of the brines, the pHmeter is calibrated at ambient temperature using three pH buffer solutions with
pH values of 4.0,7.0, and 10.0. The pH-meters are accurate to + 0.01 pH units.

3.1.2.2 Salinity measurem ents

A VWR hand-held or portable refractometer (SW series) (VWR, 2009) is used
to measure the salt concentration (0-28%) of brine samples collected over the
duration of the long-term carbonation experiment conducted at USGS. Only a
couple of drops of the brine solution are needed for the measurement. The
instrument actually measures the refractive index of the solution, which is
defined as the ratio of the speed of light travelling through a vacuum to the
speed of light in the solution being tested. The refractive index varies with
salinity so any changes in salt concentration would be detected.

3.1.2.3 M olecular absorption spectroscopy analysis

Determination of dissolved iron in brine samples collected after the
experiments

was

performed

following

the

1-10

phenanthroline

spectrophotometric method. The method is based on the Beer’s law, a very
simple relationship by which the absorbance of a solution is linear with the
concentration of the absorbing substance, if the wavelength, the pathlength and

81

Chapter 3 - Methodology

other experimental conditions are kept constant (Skoog et ah, 2000, Harris,
2003). 1-10 phenanthroline is a tryciclic nitrogen heterocyclic compound that
reacts with iron to form a very stable and deeply coloured red complex. The
intensity of the colour is independent of pH in the range 2 to 9.

A computer controlled UV-VIS spectrophotometer from Shimadzu with an
accuracy of ± 1 nm was employed for the measurements, where a standard
cuvette is filled with the sample. Samples were prepared for analysis in 100 ml
volumetric flasks. To each flask reactives were pipetted in the following order:
0.8 ml of brine solution (it may vary depending on the dilution factor); 1 mL of
hydroxylamine hydrochloride solution (reducing agent); 10 mL of the 1-10
phenanthroline solution (complexing agent) and 8 mL of sodium acetate
solution (buffer). Then, each solution is diluted to 100 mL, mix thoroughly and
let stand for 10 min to fully develop the colour. This method proofed to be an
excellent and sensitive one (in the order of ppm) for determining iron
concentration in aqueous solution.

3.1.2.4 Ion chrom atography analysis

A Dionex (model DX500) Ion Chromatograph (IC) (Dionex, 2009) was used to
quantify sulfate, sulfite and thiosulfate concentration in brine samples collected
over the course of the long-term experiment conducted at the USGS. The IC is
comprised of a chromatographic column (IonPac AS9-HC, 4x250 mm) for
separation and a conductivity cell for detection, and allows the separation of
ions and polar molecules based on their charge properties (Settle, 1997,
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Gunzler and Williams, 2001). Samples were diluted to 1:500 with distilled
water so the ions concentration would fall within the range of the calibration
curves previously obtained for each of the anions.

3.1.2.5 Total inorganic carbon analysis

The concentration of dissolved CO2 in brine samples collected during the long
term experiment was measured with a UIC, Inc. Model 5014 CO2 Coulometer
(UIC, 2009). This total inorganic carbon analyser provides a highly accurate
(in the range of 0.01 pg to 100 mg) determination of carbon in any C 02containing gas stream. A relative standard deviation of better than 0.20% is
common for samples containing 1000 pg to 3000 pg of carbon. For smaller
carbon concentrations, an absolute deviation of ± 1 pgC is typical (UIC, 2007b,
UIC, 2009). This particular coulometer consists of two modules:

the

electrochemical coulometric cell and the UIC, Inc. CM5130 acidification
module.

The acidification module is capable of analysing either solid or liquid samples
and these are acidified in a heated reaction vessel to evolve forms of inorganic
carbon (including dissolved CO2, carbonate ion, bicarbonate ion and carbonic
acid) as carbon dioxide. A CC>2-free carrier gas sweeps the reaction products
through a scrubbing system, which removes H2S, SOx and other gases that may
result from the acidification of some materials, and into the C 02 coulometer for
detection (UIC, 2007a). As a C 02 gas stream passes into the coulometric cell,
the C 02 is quantitatively absorbed, reacting with a monoethanolamine
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(HOCH2CH2NH2) solution to form a titratable acid, which causes the color
indicator to fade. Photodetection monitors the change in color of the solution as
percent transmittance (%T) and a titration current is automatically activated.
The current (in coulombs) used to bring the solution back to its original acidity
level is then converted into a digital readout of micrograms of carbon - i.e.,
each electron used corresponds to one CO2 molecule within the gas stream,
which in turn corresponds to one atom of carbon in the original sample of
interest. A CaCC>3 standard was run in addition to the samples of interest to
verify the results generated by the instrument. The instrument is based on the
principles of Faraday’s Law, hence it requires no calibration (UIC, 2007b).

3.2 Thermodynamic/Modeling studies

Thermodynamic simulations were computed to predict how a system
containing either an iron oxyhydroxide, goethite (FeOOH), or an iron oxide,
hematite (Fe2C>3), CO2-SO2 gas mixtures and 1.0m NaCl, 0.5m NaOH brine,
behaves at equilibrium for a range of temperature, pressure, gas concentration,
brine composition and solids concentration conditions. Validation of the
obtained theoretical results would be further performed experimentally.

The computer program CHILLER was the modeling tool used for calculating
equilibria in aqueous systems. For a given temperature, pressure and total
composition of a chemical system, CHILLER computes multi-component
heterogeneous chemical equilibria among solids, gases and an aqueous phase
(Reed and Spycher, 2006). The mineral is first equilibrated with the fluids at
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the stated conditions and then, SO2 is incrementally added to the system so the
program recalculates equilibrium after each of these steps.

3.3 Study of high pressure-high temperature carbonation reactions: short
term experiments

A whole set of experiments at different temperature, pressure, varying amounts
of S 0 2 in the gas phase, particle size of solid material, solids concentration,
brine composition and reaction time were run for hematite and goethite in a
high pressure-high temperature apparatus designed and assembled at the
University of Nottingham.

3.3.1

Experimental apparatus.

Short-term (< 264 h) carbonation experiments were conducted in a 600mL
autoclave (Hastelloy C-276) manufactured by Parr Instrument Company. A
schematic and photo of the employed system are depicted in Figure 3-1 and
Figure 3-2 respectively, and the design and optimisation of the experimental
setup as well as its components is discussed in Chapter 4.
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Figure 3-1. Schematic of the high pressure-high temperature system designed for carbonation experiments.
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Figure 3-2. Laboratory photograph of the experimental setup showing the gas cylinders on the
right hand-side, gas booster at the bottom and autoclave, heater and control panel on the left
hand-side.

3.3.2

System operation

3.3.2.1 Sample preparation

The required weight of solid for a specific solids concentration value is
suspended in 400 ml of a 1.0m NaCl, 0.5m NaOH brine solution and
transferred into the reaction vessel. NaOH was used in the experiment to
simulate natural mineral buffering that occurs in deep saline aquifers. The
selection of NaOH as the pH buffer was based on previous studies with
hematite (Palandri et al., 2005), where NaOH was used, so further comparison
of results can be established. The pH of the aqueous solution is measured and
recorded at ambient temperature prior to the experiment.
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3.3.2.2 R eactor setup and m onitoring

The reaction vessel is place in the cradle and slide up to be assembled. The
stirrer is turned on and the aqueous solution-rock mixture is agitated at 750
rpm from this point on until the end of the experiment. The reactor is purged
with N 2 for 5 min and a predetermined amount of SO2 is then admitted into the
system via the digital SO2 mass flow controller at a rate of 1.5In/min3. Next and
to avoid any likely condensation of SO2 gas remaining in the inlet line of the
reactor, this latter one is purged with N2 for approximately 5 min. A
predetermined amount of CO2 is then pumped into the autoclave via the digital
CO2 mass flow controller and the compressed-air driven gas booster. The
injection rate is 10 In/min. The heating mantle is secured to the vessel and the
heating process takes place until the desired temperature is reached in the
system. At that point, pressure will reach a stable value and it is then when the
reaction is assumed to start.

Evolution of the reactor pressure in a representative experiment can be seen in
Figure 3-3, where segment 1 represents the purging of the system with N2 for ~
5-6 min (inner graph) followed by the pressurization and heating processes;
Segment 2 represents the reaction time considered for the experiment, and
segment 3 represents the depressurization process at the end of the experiment.

3 litres per m in at normal con d ition s o f tem perature (0 °C ) and pressure (lb a r ).
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Figure 3-3. Evolution of reactor pressure in a representative experiment.

Reaction temperature and pressure are monitored and recorded every 20 s with
two different softwares, Picolog Player and Calgrafix respectively, and the
safety mechanisms put in place allow the researcher to leave the system
unattended in the case of a long-term experiment (days or months).

3.3.2.3 Experiment shutdown

At the completion of each test, the agitation ceases and the slurry is cooled
down to a temperature of ~35°C via the cooling coil. The remaining gases in
the reactor are vented through the depressurization system and bubbled through
an alkaline solution; the slurry is then removed from the reaction vessel. The
pH of this slum' is measured and recorded, again at ambient temperature, and
the solution is vacuum-filtered to separate the solids from the aqueous solution.
A glass microfibre Whatman filter paper with a pore size of 0.7 pm is used for
the filtration process. After filtration, part of the filtrate (250 ml) is collected
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and transferred to a washing bottle for the rinsing process of the reactor, to
recover any solids left in the vessel; the rest, 150 ml of filtrate, is transferred
into a nalgene bottle and preserved for further analyses. The filter paper is
removed and kept aside till later on. The reason for using the filtrate for the
rinsing process instead of distilled water is to minimise the potential
dissolution of secondary minerals (carbonates), which may have precipitated
over the course of the experiment, during rinsing. A new filter paper is used for
rinsing the reactor, and again, both the filter paper and filtrate are properly
collected and saved for analyses. The iron in solution is measured immediately
by taking an aliquot of 0.8 ml from each of the filtrates and following an
established procedure for iron determination with 1.10-phenanthroline and
molecular absorption spectroscopy. The two collected filter papers are dried
overnight in an oven at 110°C, and then solids are collected, weighed and
saved for XRD, TGA and XPS analyses.

3.4 Study of a high pressure-high temperature long-term carbonation
reaction in a flexible gold-titanium reaction cell

Iron oxyhydroxide, goethite (a-FeOOH), was reacted with a 1.0m NaCl, 0.5m
NaOH solution and a CO2/SO2 gas mixture in a 24 day experiment at a
temperature of 150°C and pressure of 300 bar at the US Geological Survey
(USGS) in a flexible Au-Ti reaction cell with ~ 181 ml total volume. The
purpose of this experiment was to learn the technology and become familiar
with the operation of these well-known flexible reaction cells, used mostly in
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hydrothermal experiments, and to compare new results to those previously
published for the same experimental setup.

3.4.1

Experimental apparatus

A full description of the flexible gold-titanium reaction cell is discussed in
Chapter 4 but a schematic and photo of the experimental apparatus used to
carry out the high-pressure-high temperature experiment at USGS can be seen
in Figure 3-4 below.

Stainless Steel
>Sampling Valve
Titanium Inse
Pressurized Fluid
Gold-lined
Stainless-Steel
Capillary Tube
-Titanium Head
& Collar Assembly
- Sintered Gold
Filter
-Collapsible
Gold Bag

5 cm

HYDROTHERM AL

Distilled Water
Pressure Fluid

AUTOCLAVE

»

Figure 3-4. Schematic and photo of the gold-titanium flexible reaction-cell system used at
USGS.
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3.4.2

System operation

3.4.2.1 Pre-loading procedure

Prior to loading fluid and solid reactants into the flexible reaction cell for the
experiment, the cell must be assembled and leak tested by pressuring with N2
or Ar up to ~15 psi. One important aspect in determining the amount of
reactants to add to the cell is to take into account the thermal expansion and
volume increase from ambient conditions to experimental conditions of noncompressible fluids.

3.4.2.2 Sam ple loading procedure an d system setup

The reaction cell was loaded with a quantity of 10 g of goethite (75-150 pm)
suspended in 154.5 g of nitrogen-purged 1.0m NaCl, 0.5m NaOH solution. A
full description of the solid material, goethite, preparation and characterisation
will be presented in Chapter 5. The gold reaction cell was sealed and loaded
into the autoclave. The autoclave was then secured to a rocking furnace that
oscillates vertically 180° on axis. The furnace and autoclave containing the
reaction cell is rotated 1) to maintain temperature stability and homogeneity
and 2) to ensure that the reactants are well mixed and thus enhance reaction
kinetics. The pressure vessel was initially pressurized slowly to 200 bar by
adding water to its annular space via a compressed air-driven hydraulic pump,
causing the reaction cell to collapse gradually. The sampling valve is left open
during this operation to allow displacement of the remaining air or purge gas
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from the headspace of the reaction cell into a gas-tight syringe. The sampling
valve is closed at the first indication of fluid entering the syringe. 14 g of C 02
were then added through the sampling valve of the reaction cell with a syringe
pump (ISCO Corp.) to supersaturation, followed by the addition of 1 ml of
distilled water to ensure that all C 02 in the line entered the cell. The
assemblage was heated to 150°C and the pressure adjusted to 300 bar. Next,
S 02 was added to the experiment, again through the sampling valve of the
reaction cell, via syringe pump and further addition of 1 ml of distilled water
also followed to force the gas left behind in the line to enter the reaction cell.
However, the amount of S 02 gas is likely somewhat less than the intended
amount of 3 g due to an equipment failure. Temperature was maintained by a
proportional controller and measured with a type K thermocouple calibrated to
a platinum resistance temperature detector (RTD). Pressure was measured with
analogue gauges and digital transducers (Heise).

3.4.2.3 Sam pling o f fluids

Aqueous samples were withdrawn periodically during the course of the
experiment for chemical analyses to determine changes in fluid composition
over time. During sampling, the sampling-valve was opened gradually
allowing internally filtered clear fluid to pass from the reaction cell through the
chemically inert sampling-valve into an appropriate sample container, either a
plastic or gas-tight glass syringe. The pressure in the pressure vessel is
maintained via the hydraulic pump that adds enough fluid to accommodate the
decreasing volume of the flexible reaction-cell. Sampling and pressurizing of
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the pressure vessel can be performed simultaneously so sampling is both, an
isothermal and isobaric process. The employed analytical scheme involved
withdrawal of three separate fluid aliquots from the reaction cell at every
sample interval, with an average of ~ 3 g of withdrawn fluid per sample. The
first aliquot, around 0.2-1.0 g, is discarded since its only purpose was to flush
the high-pressure sample tube. The second one, approximately 0.5 g, was
withdrawn into ~ 1 ml of 17% NaOH solution and taken to a total-carbon
analyzer to measure the total dissolved CO2 . The third one, approximately 2 g,
is for pH, salinity and analyses of major cations and anions. Fluid pH and
salinity are measured immediately with a few drops from the aliquot. The rest
of it is filtered (0.2 pm) and preserved for batch analyses of sulfate, sulfite and
thiosulfate by ion chromatography as well as determination of iron by a
spectrophotometric method.

The analytical scheme used for sampling and analysing the aqueous samples
withdrawn over the course of the experiment is shown in Table 3-1.
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T able 3 -1 . Sum m ary o f the analytical sch em e u sed for sam pling and a n alysin g aqueous
sam ples.

S a m p le size
0 .2 -L 0 g in 20-m L plastic
syringe
0.5 g in 5-m l gas-tigh t glass
syringe

2 g in 20-mL p la stic syringe

P rocedu re fo r sam pling

R esults o btain ed

D iscard

C leanout ex it tube

Extract C 0 2 w ith
N aO H .
A liq u o t injected in a totalcarbon analyzer.
A co u p le o f drops are used to
determ ine the refraction index
(R I).

Total d isso lv e d C 0 2

pH m easured by pH -m eter.

pH (2 5 °C )

0.1
m L p rocessed w ith a
spectrophotom etric m ethod.

F e2+, total F e and F e3+ in
solution

0.01 m L o f sam ple diluted with
d istilled water and injected into
an ion chrom atograph (D io n ex
m o d el D X 5 0 0 ).

so 42\ s o 32\ s 2o 32-

Fluid salinity

Further an alyses i f needed
Save residual fluid in a vial.

3.4.2.4 E xperim ent shutdown

At the end of the experiment, pressure was lowered to 200 bar and the setpoint
on the temperature controller was lowered to 80°C in order to cool down the
reactor. A compressed air stream was directed within the annular space
between the reactor and the furnace to help cooling while the pressure was kept
constant at 200 bar. When temperature reached 80°C, the reactor was vented
again and taken under the water tap for quenching and venting of the remaining
gas inside. At T ~ 30°C and ambient pressure, the system was taken apart and
the solution was filtered with a Buchner funnel and Whatman paper filters
(fine) to separate and recover the solids. The filtrate and filter paper were
collected and the different aliquots explained in the previous section were
taken from the filtrate. Next, the reaction cell was rinsed with distilled water
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that was also filtered and collected until all the solids were removed from the
reaction cell. A 4ml aliquot was collected from the new filtrate to measure the
iron in solution due to quench effects related retrograde dissolution; the
remaining filtrate was also preserved for later analyses. The gold reaction cell
was then cleaned, by washing it with a heated and diluted nitric acid solution.
Both filter papers were dried overnight in an oven at 110°C, and then solids
were collected from the filter papers, weighed and saved for analyses.
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Chapter 4. Development o f a high pressure-high temperature system

4. Developm ent o f a high pressure-high tem perature
system for gas-rock-brine reactions with C O 2 -SO 2
m ixtures

Experimental investigation of mineral trapping reactions requires facilities that
must operate under extreme conditions of temperature and pressure in a routine
and reliable way. Each project has different objectives and tolerances and
therefore, the appropriate equipment needs to be designed to enable the
experimentalist to accurately assess the response of a particular chemical
system to a range of physical and chemical variables.

High pressure-high temperature reactors have been used in the past for mineral
carbonation studies (Druckenmiller et al., 2006, Huijgen et al., 2006,
Alexander et al., 2007) but very scarce experimental research can be found in
the literature concerning mineral trapping reactions. Most of the latter ones
have been carried out in rocking autoclaves for hydrothermal experiments
(Kaszuba et al., 2003, Rosenbauer and Koksalan, 2003, Palandri et al., 2005,
Rosenbauer et al., 2005) and in continuous stirred tank reactors (CSTR) (Sass
et al., 2001, Bruant Jr. et al., 2002, Soong et al., 2004); the flexible reaction
cell system (rocking autoclave) has been used in this research project, so a
description of the system and its background would be described in the first
section of this chapter.
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The high cost of a flexible reaction cell-system as well as the nature of the
experiments to be conducted in this research project, i.e. mostly short-term (24
h) tests, required the development of an appropriate apparatus for the
experimentation. The flexible reaction cell-system, although it is a widely used,
flexible, optimised and well-known set-up, is not convenient for short-term (24
h) experiments due to the long time (~12 h) required for its assemblage and
reaction conditions stabilisation. Therefore, in this work a novel high pressurehigh temperature system had to be developed in order to carry out mainly
short-term (24 h) experimental tests but also experiments for longer reaction
times than 24 h.

A second section will describe the novel high pressure-high temperature
system designed and optimised in this project for the experimental studies. The
main challenge of the design was the operation of the system with a mixture of
gases (C02 and S02) instead of a single gas (C02). Very little has been done
before on experimental co-injection of several gases for underground C 02
sequestration studies (Jacquemet et al., 2005, Palandri et al., 2005,
Mandalaparty et al., 2009). The challenge and complexity of integrating the co
injection of various gases in the experimental set-up is described in this chapter
as well as the system optimisation.

4.1.

The flexible reaction-cell system

Flexible reaction cells have been used with hydrothermal experimental
equipment to study high-temperature rock-water interactions (Rosenbauer et
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al., 1993). This apparatus, which was initially described by Dickson and co
workers (Dickson et al., 1963), is uniquely designed for serial on-line sampling
of complex liquid-vapor-solid systems under any conditions of temperature and
pressure up to 500°C and 600 bars pressure, without disturbing temperature or
pressure. This eliminates time-delays and other problems associated with
quenching. The equipment employs a collapsible reaction-cell of Teflon,
titanium, or gold, housed within a pressure vessel and rotating furnace, with
separate valves for sample and pressure fluids. As samples are extracted via a
gas-tight syringe, the cell contracts and its decreased volume is offset by an
equivalent volume of pressure fluid (distilled water) that is automatically
pumped into the surrounding jacket. Total cell-volume is typically about 240
ml, of which about 120 ml can be extracted. Early pressure vessels were
constructed of stainless steel with Bridgeman seals and had -600 ml volume
(Dickson et al., 1963). Later pressure vessels were composed of a chromevanadium alloy with a volume o f-800 ml and utilized delta gaskets for sealing
(Seyfried et al., 1987). The delta gasket closure utilizes the slight change in
angle produced as a consequence of the pressure rise in the pressure vessel to
force the “delta” ring against its seat, ensuring a self-energized closure.

The reaction cell contains the fluid and solid reactants for an experiment and is
isolated from the pressure fluid contained within the annular space of the
autoclave. A schematic illustration of the hydrothermal solution equipment and
the flexible reaction-cell system is shown in Figure 4-1. Internally filtered
aqueous samples can be withdrawn from the reaction cell during the course of
the experiment. Since the volume of sample removed is displaced by the water
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(pressure fluid) surrounding the cell, sampling is accomplished at constant
pressure and temperature.

Figure 4-1. Schematic of the hydrothermal solution equipment and flexible reaction-cell
system (Seyfried et at., 1987).

The suitability of a reaction cell for hydrothermal experiments is a function of
its chemical inertness, physical integrity and deformability. Historically,
Teflon, gold, titanium, and iridium in their pure form and in combination have
been used in the design and construction of flexible reaction-cells. The first
cells were composed of Teflon and useful for low temperature applications but
were limited to 285°C were increasingly permeable to dissolved molecular

102

Chapter 4. Development o f a high pressure-high temperature system

species, such as H2O, and dissolved silica and gases, so they can migrate
between the pressure vessel and the reaction cell (Seyfried et al., 1979,
Seyfried et al., 1987). AH gold- reaction cells were welded to circumvent the
problems associated with the Teflon. Gold is highly deformable, impermeable
to gases and corrosion resistant for most applications, but fabrication of the all
gold-cell was very tedious and difficult. In addition at the termination of an
experiment, the cell had to be cut open to retrieve the reactants with subsequent
re-welding of the cell, consuming time and decreasing its volume.

The all gold cell was therefore modified to include a detachable titanium
closure (Seyfried et al., 1979), combining most of the advantages of the all
gold cell with the convenience of a mechanical closure. Titanium is highly
inert to most fluids such as sea water, brines and many diluted acids, even at
elevated temperatures and resistant to corrosion for most hydrothermal
applications that involve complex and concentrated solution due to its passive
surface layer (Rosenbauer et al., 1993). A full description of the combined
titanium-gold reaction cell is provided by Seyfried and co-workers (Seyfried et
al., 1979, Seyfried et al., 1987). The major advantage of this system is the easy
and quick removal of the titanium top from the gold body at the end of the
experiment. The gold body for this reaction cell, with a hemispherical bottom,
is commercially available from several suppliers (Seyfried et al., 1987). The
titanium closure consists of three basic parts (Figure 4-2): the head or cap, the
collar and the retainer plate. The 6 thrust bolts threaded into the retainer plate
establishes the pressure seal between the titanium head and the gold-titanium
collar by forcing the titanium head against the collar and into the top of the
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gold cell. A further variation of the system was the all titanium cell, in an effort
to ameliorate amalgamation problems of Cu and possibly Pb with Au in
extreme reducing environments. However, the utility of this all titanium cell is
limited due to ductility constraints and contamination potential under some
experimental conditions and with repeated use (Rosenbauer et al., 1993). A
further evolution of the gold cell includes a detachable gold cap with iridium
seal rings.

Figure 4-2. Titanium closure for gold-titanium reaction cell (Seyfried et al., 1979).

After the reaction cell has been loaded with the experimental reactants and
secured within the autoclave, the system is pressurized by an automatic,
compressed air-driven hydraulic diaphragm pump. Slight decreases in vessel
pressure, for example when sampling the reaction-cell, automatically triggers
the hydraulic pump to provide water to the vessel via high-pressure, capillary
tubing, thereby maintaining a constant pressure. Even with manual hydraulic
pumps, pressure can be maintained to within 5 bars of the desired pressure
(Seyfried et al., 1987). Distilled water is used as the medium for the pressure
fluid.
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Two pressure gauges are utilised to measure and monitor pressure. One gauge
is attached directly to a rotating furnace containing the pressure vessel and
reaction cell, and is used to continuously monitor the pressure during the
course of the experiment. It is equipped with dual contacts that can be set to
maximum and minimum pressures as a safety mechanism to shut down the
experiment if the electronics fail. A second highly sensitive Heise gauge
monitors the pressure of the pressure fluid during sampling (Seyfried et al.,
1987).

A type K thermocouple, connected to a digital thermometer is used to measure
the temperature within the pressure vessel during the experiment. This flexible
reaction cell technology provides an effective means for carrying out high
pressure-high temperature rock-gas-fluid interactions because it permits a
contamination-free operation over a wide range of independently controlled
pressure and temperature operating conditions. Furthermore, the system is
applicable to studies where the chemistry of the aqueous phase needs to be
monitored over time.

4.2.

Development of a high pressure - high temperature experimental
system for gas-brine-rock reactions with CO2-SO2 mixtures

Ideally, the experimental setup needed for the experiments should be inert, and
should in no way participate in the reaction under investigation; furthermore, it
should be convenient to operate and allow the researcher to monitor the
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progress of the reaction, and all of this without compromising safety (Seyfried
et al., 1979).

Continuous stirred tank reactors (CSTR) had been used in the past for most
mineral carbonation studies (Sass et ah, 2001. Bruant Jr. et ah, 2002, Soong et
ah, 2003, Druckenmiller et ah, 2006, Alexander et ah, 2007). Therefore, the
design of this system aimed the use of such reactors under a range of pressures
and temperatures representative of underground geological conditions and with
a mixture of feed gases. A whole system of valves, pipes and fittings would
also be needed to mimic gas (CO2-SO2 mixture)-water-rock underground
reactions. A basic schematic of the original designed experimental set-up is
shown in Figure 4-3. All the single elements in the diagram are explained in
detail below.

Figure 4-3. Schematic of the original designed experimental set-up.
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4.2.1.

Gas cylinders

Three gases (CO2, SO2 and N 2) are delivered into the system from three
different cylinders supplied by Air Products. CO2 and SO2 are provided as the
reactive gases in the experiments. They come out from two different cylinders,
each of them with a technical grade quality (~ 99.5% purity). Maximum
delivery pressure from the C 02 cylinder is around 30 bar, whereas from the
SO2 cylinder is ~ 2.1 bar. N 2 (technical grade) is provided to purge the system
and not as a reactive gas so it is not necessary to control its flow.

4.2.2. Digital mass flow controllers (MFC)

Since the CO2/SO2 ratio is one of the key variables to be investigated, two
digital mass flow controllers (MFC) were supplied by Bronkhorst Ltd.
(Bronkhorst, 2009) and installed to accurately quantify the amount of each gas
going into the reactor.

Although externally the CO2 and SO2 controllers look identical, they are
slightly different model types with a different internal construction. These
models are outlined below:

1/ Model F-201CV, range from 1 to 50 mln*/min CO2, with an accuracy of
±0.8% of reading plus ±0.2% of full-scale or better.

* T he flow rate g iv en by the M FC is at norm al con d ition s (P = 1 bar and T = 0°C ).
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2/ Model F-201 DV, range from 1 to 50 mln*/min S02, with an accuracy of
±1% of full-scale or better.

As both instruments have a percentage of full-scale component in their
expected accuracy, the error does increase the lower down the range the
instrument operates. The F-201 CV series (C02 one) is much more accurate
working at the bottom of its range than the F-201 DV one; however, the F201DV was selected for the S02 application based on the gas type, i.e, it was
the recommended one for use on S02 based on operational experience.

For both models the repeatability is better than ±0.2% so the experimental error
should be within ±0.2% given the same operating conditions (gas type,
pressure, temperatures, etc) (Davison, 2006).

According to the experimental procedure, a predetermined amount of S02 is
first charged into the reactor and followed by injection of a predetermined
amount of C 02 to achieve the desired operating pressure.

4.2.3. Gas booster

Pressure is supplied to the system by means of C 02 pressurization with a
compressed air-driven gas booster. The booster was selected taking into
account the maximum desirable pressure in the system (300 bar) as well as the
delivery pressure from the C 02 cylinder (30 bar). An air driven gas booster was
supplied by Haskel International, Inc. (Haskel, 2009). Booster dimensions are
shown in Figure 4-4.
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Figure 4-4. Gas booster dimensions (Haskel, 2009).

The selected system is specific for the CO2 flow and any operation with SCL
would ruin the equipment (due to its corrosive nature). The reason for choosing
a booster for the standalone CCfi flow was the higher cost for a SCL operating
one.

4.2.4. Autoclave

The selected reactor was a 600 mL Parr reactor supplied by Scientific and
Medical Products Ltd (S&M, 2009). Figure 4-5 shows a photo of the reactor. It
is a bench stand stirred one. manufactured in Alloy C276 and fitted with high
torque sealed magnetic stirrer drive unit in Alloy C276 and 1/8 lip variable
speed electric motor. It is supplied with a 3-term P.I.D. temperature controller
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and motor speed control unit, with pressure display module and tachometer
display module (230 volt).

Figure 4-5. Front view of reactor with cradle (left) and heating mantle (right).

The reactor is mounted on a bench stand unit with attached stirrer drive motor,
heater and a cradle system to aid in reactor assemblage. A schematic of the
bench stand system is shown in Figure 4-6. It has a fixed-head design and the
head is fitted with: pressure gauge (0-10000 psi), pressure transducer, safety
rupture disc (5000 psi), gas outlet valve, gas inlet valve and liquid sampling
valve via internal dip tube, thermo well with control thermocouple,

gas

entrainment stirrer and serpentine cooling coil. Figure 4-7 shows a detailed
schematic of the reactor's head with all the attached fittings.

Generally, undiluted (dry) SOi is not corrosive to ordinary metals; however,
when small amounts of moisture are present, sulphur dioxide will attack most
metals. 1heretore, stainless steel would be corroded under operations with SCF.
To avoid that, the reactor material had to be carefully selected so the alloy
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C276, a nickel chromium-molybdenum alloy, was chosen to prevent from
corrosion. All valves and adapters on the head, pressure gage internals and
pressure transducer are built in 316 SS (Stainless Steel) since they are not in
contact with the corrosive solution.

Figure 4-6. Schematic of bench-stand system on which the reactor is mounted. Adapted from
(Parr, 2009).
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Figure 4-7. Schematic of reactor’s fixed head with attached fittings. Adapted from (Parr, 2009).

4.2.5. Ssifety aspects

The maximum allowable working pressure (M.A.W.P) for the reactor is 5000
psi (345 bar) at a temperature of 350°C. with PTFE (tetrafluoroethylene
polymer) Oat gasket, i.e., teflon®. PTFE teflon® gaskets are desirable because
they can be used multiple times. For the majority of the experiments pressure
did not exceed 250 bar. All fittings and pipes used were rated for values of
pressure and temperature as high as required for the system operation.
Temperature and pressure rating for the main fittings and piping system of the
experimental set-up can be seen below in Table 4-1.
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Table 4-1. Temperature and pressure rating for main fittings and piping system (Swagelok,
2009).

♦stainless steel

4.2.5.1.

Rupture disc

A safety rupture disc was attached to the head of the pressure vessel to protect
the equipment and the operator from unexpected overpressure. The disc is
intended to rupture and release the pressure before it reaches a dangerous level;
it is also furnished with a metal tag which identifies the burst rating of the disc
at a particular temperature as well as the material of the disc. It is important
that this tag remains on the apparatus so that present and future operators arc
always aware of the disc rating. The bursting pressure of the disc is 362 bar at
22.2 °C.

The material of the disc must be compatible with the environment in which it is
used so an alloy 600 disc with gold face on the process side was the one chosen
for the disc. Although the alloy 600 will resist most chemical vapours, the gold
facing is needed due to operation with CO2 and SO2 because corrosion
becomes a problem.
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4.2.5.2.

Check valves

Three non-return (check) valves were initially installed in each gas line as
safety devices in order to avoid the gases flow back into the cylinders and their
subsequent damage. Essentially, a non-return valve is a one-way valve that
allows a fluid to flow through it in one direction but completely prevents its
movement in the opposite direction. Two common designs are swing-type and
lift-type check valves, the names of which denote the motion of the closure
member. In the forward direction, flow forces overcome the weight of the
member or a spring to open the flow passage. With reverse pressure conditions,
flow forces drive the closure member into the valve seat, thus providing shutoff
(Green and Perry, 2008).

4.2.5.3.

Pressure an d tem perature lim iting system

The pressure ^ g e fitted in the reactor’s head continuously monitors pressure
inside the vessel during an experiment and the digital pressure display module
is equipped with a safety cut-out feature. This feature offers excellent
protection against accidental overpressure by allowing the user to set a
maximum pressure which, if reached, will activate the high limit relay and
turn-off the heater immediately. In effect, the pressure-gage set point acts as a
back-up temperature controller to prevent the system from achieving a pressure
much greater than that desired.
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This sort of pressure and temperature-limiting system is a requisite safety
feature for any fluid-filled pressure vessel at elevated temperatures and
pressures, particularly for long and therefore at least partially unattended
operation (Seyfried et ah, 1987).

4.2.S.4.

Safety screen

The reactor was protected by a bullet-resistant glass (known by the brand name
Lexan®) safety screen which provides extra protection in case of catastrophic
leakage or rupture. The screen’s glass, Lexan®, is basically made by layering a
polycarbonate material (which is a tough transparent plastic) between pieces of
ordinary glass in a process called lamination, which creates a glass-like
material that is thicker than normal glass (GE, 2004).

Signs were also placed around the apparatus at all times in order to inform
other workers that the apparatus was in operation.

4.2.6. Design optimization

Various preliminary tests were carried out to verify the performance of the
equipment. Some problems were encountered and had to be solved for
successful operation of the whole system. A description of those problems is
explained below as well as the modifications and optimization needed in the
original design.
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4.2.6.1.

Pressurization process

Preliminary tests aimed to pressurize the system along with detection of
potential leaks; only C02 was used for this task due to its less toxic character
than S 02. The pressure increase observed within the reactor was almost
negligible after 15 minutes and the pressurization process turned out to be
extremely slow because of the allowed flow by the MFC and the booster
operation. The C 02 MFC range was too small for a relatively quick
pressurization since the flow given by the controller was at normal conditions
(P=l bar, T=0°C), and the pressure increase would cause a significant decrease
in the real flow let through. Hence, the final amount of gas going into the
reactor was so small that a long period of time (over 24 h) was needed to reach
high pressures (300 bar). Also, due to the piston-like behaviour of the booster
the flowrate value read by the MFC software was very variable, showing a
spiky behaviour, due to fluctuations of the flow.

Two different modifications were then needed to solve the encountered
problems explained above:

1/ Re-range of the C 02 flow mass controller. The model F-201CV was re
ranged to cover 1 to 10 In/min C 02. This modification significantly decreases
the time needed to pressurise the system (~ 20-30 min). Accordingly, the S02
MFC was also re-ranged to supply a flowrate between 0 and 1,5 ln/min.
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2/ An intermediate reservoir between the MFC and the booster to soften flow
fluctuations: a double-ended stainless steel sample cylinder was chosen, with a
volume of 500 ml and rated up to 100 bar. To prevent damage of the cylinder
due to backpressure from the gas booster, a stainless steel high pressure relief
valve (rated up to 413 bar at 37°C) was placed between both elements.
Depending on the relief pressure, a different spring is needed to be fitted in the
relief valve. Different spring colours correspond to different relief pressures. A
purple spring met the requirement, covering a range from 51.7 to 103 bar
(adjustable). Relief pressure then would be adjusted to a value lower than the
maximum pressure hold by the sample cylinder.

4.2.6.2.

Depressurization system

In the depressurization process C 02 undergoes an adiabatic expansion which
cools it, also known as Joule-Thomson effect, which relates the pressure drop
to the temperature drop for real gases: AT = p-AP, where p is the JouleThompson coefficient and AP =

P fmai - Pinitiai-

Given the experimental value of

pco2 = M l K-atm'1 (Atkins and de Paula, 2006) and a pressure drop of ~ 100
atm, C 02 would undergo a cooling of about 162°C, passing from a temperature
of around 35°C to a temperature well below its freezing point of-78.8°C. As a
result of this process, dry ice (solid C 02) formation was observed in the vessel,
pipeline and gas release valve, therefore preventing the experimentalist from
running a controlled and safe operation.
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The depressurization system had to be modified to a safer and controlled
manner. In order to successfully control the operation, two pressure regulators
were fitted in the line to sequentially decrease the outlet pressure.

The

specifications of each of them are outlined below:

a) Line stainless steel regulator: this regulator is specifically designed for high
inlet and outlet pressure applications. It can take up to 415 bar of inlet pressure
and recommended outlet pressure ranges between 5 and 70 bar (Air-Products,
2007b). Its temperature range is from -40°C to 75°C.

b) Drop point regulator: this stainless steel regulator is a low inlet pressure and
single stage one. Each model offers exceptional pressure and flow control with
a maximum inlet pressure of 55 bar and maximum outlet pressure of 8 bar
(Air-Products, 2007a). Temperature ranges between -20°C to 60°C.

The adiabatic expansion highlighted before will take place mainly in the line
regulator so heating cord was used and wrapped around it to keep it warm
enough to avoid dry ice formation. Temperature was maintained at
approximately 60°C during the regulator operation and could not exceed 75 °C
due to the regulator specifications.

The gas coming out from the autoclave at the end of the experiment is washed
in two consecutive glass gas bubblers containing a 1.0 M NaOH solution with a
few drops of universal acid-base indicator. The colour of the solution will
change and fade depending upon its pH (a green colour is observed at pH ~ 8-9

118

Chapter 4. Development o f a high pressure-high temperature system

and a yellowish colour at pH ~ 5-6); this change of colour gives the
experimentalist an indication of when the basic solution has been consumed
and needs to be replaced. Hence, acid gases are retained in the solution and the
clean gas is vented outside.

4.2.6.3.

Corrosion

Corrosion of valves and inner parts of the SO2 MFC was observed in
preliminary tests with SO2 flowing through the system. S02 has a vapour
pressure of ~ 1.8 bar at 15°C and it is very likely that the gas expansion
through the cylinder regulator (Joule-Thomson effect) was producing a
temperature decrease and gas condensation within the regulator and
downstream of the regulator.

A nitrogen purge system was present in the experimental set-up design but it
only hooked into the SO2 system downstream of the S02 MFC. This was
adequate for purging the actual reaction chamber but a deep purge was needed
in addition to this and therefore connected to the system at the SO2 cylinder
end. This would enable purging of the cylinder end for cylinder changing
purposes and also, and more importantly, allow purging of the whole SO2
process line in-between runs. Hence, SO2 would be removed from the system
and any SO2 condensation in the components would be prevented.
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Figure 4-8. Schematic of a 3-vvay deep purge block at the S 02 cylinder end (a): the purging gas
is N2 and CV1 is a non-return valve installed on inlet to purge gas valve. Picture of the 3-way
deep purge block installed in the system (b). Adapted from (Bridge, 2007).

The existing N2 line was easily connected to a 3-way deep purge block at the
S 02 cylinder end and the S02 cylinder regulator removed from the system. A
schematic of the purge block and its photo is shown in Figure 4-8. The block's
body is made up of 316L with an internal volume of 1.3 cm3 and three high
pressure diaphragm type isolation valves (process isolation, purge inlet and
vent). Also, to avoid further difficulties with liquid carry-over and as an extra
safety feature, heating tape was placed around the S02 MFC to maintain its
temperature at ~ 30°C.

4.2.6.4.

Other fittings, sampling and venting systems

The schematic and pictures of the final experimental system are shown in
Figure 4-9, Figure 4-10 and Figure 4-11. Several valves were added as well as
a gas sampling system and two extra venting systems. Description of these
elements follows:
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a) Two isolation (on/off) valves were installed both at the inlet and outlet of the
reactor since the ones previously in place were needle valves and leakages
were observed due to the high pressures. Isolation valves are considered on/off
because they typically operate in two positions; the fully open and fully closed
position (thus on/off). Valves made specifically for on/off service are designed
with tight reliable shutoff in the closed position and little restriction in the open
position.

b) A gas sampling system was installed at the reactor outlet to enable the
experimentalist to perform a quantitative analysis of the gas mixture contained
within the autoclave. The initial gas composition is set up with the MFC and
the final one can be then determined by collecting a gas sample from the
system and feeding it into a gas chromatographer.

c) Venting systems: Installation of the relief valve upstream the gas booster
required an extra gas vent at that point should the valve blow off. Also, an
extra gas venting line at the reactor outlet provided a way out for the nonhazardous gases (N2) which do not have to be bubbled and neutralised before
going into the atmosphere.
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Figure 4-9. Schematic of the final experimental set-up.
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Figure 4-10. Picture of the final experimental system.

Figure 4-11. Picture of the final experimental system with safety screen on place.
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4.2.6.S.

D ata display m odules and data logging

Reactor temperature, pressure and stirring speed are displayed on the
temperature controller and motor speed control unit. The tachometer display
module (TDM) provides a means for continuously monitoring the stirring
speed in the reactor. It consists of a digital readout mounted in the controller
cabinet connected to an optical sensor installed in the over arm drive on the
reactor; the digital display will show the stirring speed over a range from 0 to ~
1600 rpm with a 1 rpm resolution and +/- 10 rpm accuracy (Parr, 2009). The
digital pressure display module (PDM) provides a digital readout for
continuously monitoring the pressure within the reactor, plus the backup safety
feature mentioned in section 4.2.5.3, which will terminate the power to the
heater if a preset maximum is reached. Pressure is displayed with 1 bar
resolution and 1% full scale accuracy (Parr, 2009). The signal for the pressure
display is generated by a transducer in a stainless steel housing mounted on the
reactor, in the side port of the gage adapter. The transducer must not be heated
above 120°C; a water cooling sleeve attached to the transducer mounting body
is used to keep the transducer below this limit when operating the reactor.

Reactor temperature and pressure are also logged during the entire duration of
the experiment to record any variation. The data converter used for logging the
reactor pressure was a ADC 16 (Pico, 2009) and pressure and temperature
records could be depicted with the Picolog Player and Calgrafix softwares
respectively. Pressure and temperature data were recorded every 20 s to ensure
all changes were kept track of.
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The temperature of the two heating tapes placed in the system, one around the
SO2 MFC and the other one around the line pressure regulator, was also
displayed in two different units: one of them controlled the SO2 MFC
temperature and was set to 30°C; the other unit was only a display to show the
temperature of the pressure regulator connected to the reactor outlet gas valve,
but no control could be performed.

4.2.6.6.

Reproducibility evaluation

The equipment reproducibility was required to allow meaningful comparison
of results with independent studies. Pressure was reached in the system by
means of a compressed air-driven C 02 gas booster and final pressure in the
autoclave was highly influenced by the booster operation and heating process.
These two had to be carefully controlled, i.e. calibrated, in order to minimise
the data disparities due to their inconsistent operation. Calibration of the
equipment was then performed so different C 02:S02 gas compositions could
produce the desired reaction pressures and temperatures.

Experiment duplicates were run to assess the reproducibility of the equipment.
Experiment conditions were: hematite reacted at 100°C for 24h with a
C 0 2:S02 gas composition of 99.6:0.4 (% by volume) and three different
particle size values (-38, 38-150 and 150-300 pm); the targeted pressure was
250bar. Researched and measured variables were iron in dissolution (ferrous,
ferric and total), initial and final pH, solids weight uptake (%) and reactor
pressure. The main reason for running duplicates with different particle size of
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the solids was the assessment of the reproducibility of measured weight uptake
values, since the difficulty of collecting the solids from the vessel might vary
depending on their particle size. Results from these reproducibility studies are
presented in Figure 4-12 below.

* exp 1

■ exp 2

""“ “ pH initial

**pH final

—” weight uptake (%)

""••Pressure (bar)

Figure 4-12. Results of reproducibility tests for different particle size ranges : -38 (a), 38-150
(b) and 150-300 (c); iron in solution (left) and pH, initial and final, weight uptake, %, and
reactor pressure, bar, (right) are shown.

Table 4-2 shows the reproducibility values for the different parameters to be
studied in the experimental section. Reproducibility of the initial pH value was
included because final pH is strongly dependant upon the initial one so it is
important to get the same starting pH in duplicate experiments.
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T able 4 -2 . R eproducibility values for experim ental tests.

Reproducibility results
Particle size (pm)

-38

38x150

150x300

¡Fe2+I

±1.2 ppm

± 0.9 ppm

±1.7 ppm

[F e total]

±1.4 ppm

±1.7 ppm

±1.7 ppm

fF es+1

± 0.2 ppm

±0.7 ppm

± 0.0 ppm

pH o

±0.02

±0.02

±0.02

p H fin a l

±0.05

±0.00

±0.03

W eight uptake

± 1.70%

± 1.10%

±0.19%

P reactor

± 2 bar

± 2 bar

± 2 bar

The effect of different particle size values was only remarkable in the measured
percentage of solids weight uptake after the reaction. Reproducibility is far
better in the top fraction than in the others; as expected, fines and smaller
particles are more difficult to recover than coarser grains. Reactor pressure
varies ± 2 bar between all the experiments which indicates that both,
experimental procedure and apparatus, are reliable and reproducible.

4.3.

Summary

A novel high pressure-high temperature experimental system has been
developed for the study of gas-brine-rock reactions that mimic underground
geological processes when injecting a C02/S02 mixture of gases. The high
complexity of integrating the equipment operation at high temperatures and
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pressures with the injection of several gases (one of them, SO2, being very
corrosive) has been overcome and successfully resolved. The procedure and
system have been evaluated and optimised in order to provide to highest degree
of repeatability of the measurements.

Monitoring reaction progress is essential and this requirement has been met
with the different data logging systems and ability for periodic sampling of
fluids from the experimental set-up. In addition, the developed experimental
facility is convenient and safe to operate, permitting an appropriately trained
individual to initiate and dismantle experiments with a high degree of
efficiency.
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5 . M odelling m ineralogical changes

5.1.

Theory of computed multi-component equilibrium

CHILLER is a FORTRAN computer program and the most advanced member
in a series of programs that have been developed since the mid-1970’s to
compute multi-component thermodynamic chemical equilibria in aqueous
systems. Its name is derived from its original function of calculating the
cooling of an aqueous phase but since 1976, the program has been updated to
include several capabilities, including rock titration (Reed and Spycher, 2006).
A wide range of geochemical codes (Geochemist’s Workbench, GWB,
TOUGHREACT, PHREEQC, etc.) is available to compute multi-component
equilibrium. CHILLER was chosen as the one for this research project because
the only experimental work previously reported with iron oxides (Palandri et
al., 2005) was simulated with CHILLER; thereby, comparison of simulation
results and predictions can be established.

CHILLER

computes

the

equilibrium

distribution

of thermodynamic

components among aqueous species, minerals and gases, using equilibrium
constants for aqueous, solid and gas reactions at selected temperature and
pressure (Palandri and Reed, 2004). The program applies the Newton-Raphson
numerical method to solve a set of simultaneous non-linear polynomial
equations of mass balance and mass action that describe the chemical
equilibrium in the system. Mass action equations are substituted into the mass
balance equations, which are originally linear but are made non-linear via the
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substitution. The calculation takes account of oxidation-reduction equilibria,
aqueous ion complexing, activity coefficients, non-unit water activity and solid
solutions (Reed, 1982). The heterogeneous equilibrium calculations produces
the gas species mole fractions and the mass and composition of each additional
phase in the system including solid or liquid solutions, at overall equilibrium
(Symonds and Reed, 1993).

CHILLER is used to model geochemical processes by changing one of the
system variables incrementally, e.g., composition, temperature, pressure or
enthalpy, with re-calculation of the equilibrium phase assemblage, mineral
compositions and aqueous composition at each step. The aqueous activity
coefficients are computed using the extended Debye-Huckel equation of
Helgeson and co-workers (Helgeson et al., 1981), as modified by Tanger and
Hegelson (Tanger and Helgeson, 1988) and gas fugacities using a virial
equation as discussed by Spycher and Reed (Spycher and Reed, 1988). The
accurate calculation of aqueous activity coefficients in the method requires that
NaCl be the dominant solute at ionic strength greater than ~ 1 molal, and that
the total salinity not exceed ~ 3 molal (Palandri and Reed, 2004).

SOLTHERM is the thermodynamic database of equilibrium constants for
minerals, gases and aqueous species used by CHILLER. Most of the
equilibrium constants were calculated using the software package SUPCRT92
(Johnson et al., 1992), modified with a four term heat capacity regression
equation, to use an internally consistent mineral thermodynamic dataset for
silicates, oxides, hydroxides, carbonates and gases from Holland and Powell
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(Holland and Powell, 1998).

SUPCRT92 was also used to compute

equilibrium constants for non-silicate minerals and gases using data from
Helgeson and co-workers (Helgeson et al., 1978) that was not duplicated in
Holland and Powell data. The database also contains equilibrium constants for
minerals and aqueous species from more than 50 additional different sources
referenced in the database. Shock et al. (Shock et al., 1997) reported the
thermodynamic data used for water and aqueous species used in both versions
of SUPCRT. There are two versions of SOLTHERM depending on the
pressure regime: one of them contains data for constant pressure at 1000 bar
from 25 to 600 °C, and the other one applies to the water liquid-vapor
saturation curve from 25 to 350 °C (Palandri and Reed, 2001).

5.1.1. Limitations of the method

Theoretical equilibrium calculations performed with CHILLER do not account
for absolute rates of mineral dissolution and precipitation, nor of aqueous
speciation, which could be more significant with decreasing temperature.
Therefore, it is worth to bear in mind that precipitation and persistence of
metastable phases is always a possibility even if the products of a chemical
reaction are favoured thermodynamically. Also, alteration of primary minerals
may proceed at different rates. In spite of this, natural alteration assemblages
observed in the field are commonly in good agreement with those alteration
assemblages computed with the software, even at temperatures as low as 25°C
(Palandri and Reed, 2004). Mineral texture and geometry, i.e., size, shape and
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distribution of mineral grains relative to each other are not addressed in the
simulations.

It is common that equilibrium between a fluid and primary minerals is absent
(and in some cases cannot be attained); in many sedimentary basins and
volcanic-hosted hydrothermal systems however, it is widely and validly
assumed that local chemical equilibrium exists among fluids and alteration
minerals if temperatures are high enough, or, if fluid flow rates are sufficiently
slow, permitting equilibration at temperatures as low as 75-80°C (Palandri and
Reed, 2004).

Further limitations refer to the quality of the thermodynamic data used by the
code: there are cases where thermodynamic data is not available for the
minerals or phases of interest and a similar mineral could be then used as a
proxy, e.g. chrysotile serpentine as a proxy for lizardite serpentine; in other
instances, the thermodynamic parameters are based on empirical data for which
there is a degree of uncertainty, hence the results are considered to be
approximations (Palandri and Reed, 2004). It is also important not to deviate
significantly from conditions corresponding to water liquid-vapor saturation
curve since the equilibrium constants used for the simulations correspond to
those conditions.
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5.1.2. Thermodynamic relations and system calculations

The computer program applies the Newton-Raphson method to solve a set of
mass-balance into which mass-action equations are substituted. For a gassolid-liquid chemical system at a specified temperature, T, pressure, P, and
composition, this is defined by the total number of moles Mf of each
thermodynamic component, designated by subscript i. A set of Ni massbalance equations, one for each thermodynamic component, and a set of Nn
mass-action equations, one for each saturated solid, solid solution endmember
and liquid are defined (Symonds and Reed, 1993). “Derived” species are
defined as those whose compositions are expressed as linear combinations of
the component species. Their corresponding terms in the mass-balance
equations can be replaced by the appropriate secondary mass-action
expressions (those written for the “derived” species), thereby the number of
primary equations to be simultaneously solved is reduced to a minimum
number N

Typically, the trial values to begin the Newton-Raphson method need to be
within five or ten orders of magnitude of the values when solved; trial values
smaller than the final solution values work better than do ones larger. The
numerical solution obtained after each iteration of the method is judged so, a
convergence test is performed for each of the component species, i, defining
the chemical system. Determination of supersaturated phases as a consequence
of the previous change of M\ (T, or P where applicable) is carried out after
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each increment in the calculation, upon evaluation of the saturation index.
Mineral saturation indices are defined as:
5/=

AP
t

where AP is the activity product and K is the equilibrium constant. For a given
analysis of formation water, if a mineral saturation index is higher than 1, then
that mineral is supersaturated with respect to the fluid whereas if SI < 1, it will
remain undersaturated. Among the supersaturated minerals (log (AP/K) < 0),
the mineral that is most supersaturated, as indicated by the most negative value
of log(AP/K), is included in an initial heterogeneous equilibrium calculation,
after which the solution is checked again for supersaturated minerals. This
procedure is repeated until there are no supersaturated minerals (Reed, 1982).
Temperature change calculations simply require re-calculation for each
segment of the equilibrium constants, using a power function that expresses
logarithm of the equilibrium constant as a function of the temperature
(Symonds and Reed, 1993).

5.2.

Results and discussion

5.2.1. Reactions in a hematite-brine-C02-S02 system

This section presents modelling (i.e. equilibrium) results obtained for the
hematite-brine-C02/S02

gas

reactions.

Theoretical

calculations

were

performed in the early stages of this research study, where a 100% pure
hematite sample was targeted for the experimental studies conducted later on.
Hence, the modelling does not consider the influence of aluminium in the
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hematite sample. However, the obtained hematite sample happened to be a non
100% pure one, and kaolinite was identified as a minor component in the
sample (see details in Chapter 6). Therefore, and to illustrate the effect of Al on
the modelling, reactions in a hematite-kaolinite-brine-C02-S02 system are
presented in the Appendix, and uncertainties arising from this are discussed in
the sample analysis performed in Chapter 7.

Solids particle size, reaction time, gas composition (CO2/SO2), reactor pressure
and temperature, concentration of solids and brine composition are the reaction
variables experimentally assessed in the hematite-brine-C02-S02 system.
Predicted equilibrium based on computer simulations do not address mineral
texture and geometry aspects and does not account for kinetics; hence, the
effects of particle size and reaction time on the overall reaction have only been
assessed experimentally. The sensitivity of the reaction to the rest of variables
has been studied both, theoretically and experimentally, and modelling results
are presented here.

5.2.1.1.

Results f o r the baseline case

The thermodynamic equilibrium simulation at 100°C and 250 bar (baseline
case) was constructed to establish the thermodynamically favored phase. In the
simulations, a 1.0m NaCl brine is first equilibrated with a 0.5m NaOH solution
(the input file for CHILLER is shown in Table 5-1) at the desired pressure (250
bar), followed by heating of the brine up to the desired temperature (100 °C)
and further equilibration with 10 g of hematite. Equilibration with excess CO2
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(165 g) was performed next and further incremental SO2 addition (up to 70 g)
completed the simulation. Equilibrium is computed after each increment of
SO2 gas added to the system, so that the effects of varying amounts of SO2 in a
C02-dominated flue gas can be studied. This simulation with a pH buffer aims
to mimic the natural mineral buffering of pH, thereby increasing the degree of
siderite supersaturation and its precipitation rate.

Computed equilibrium mineral/gas phase assemblage (Figure 5-1) for
increasing amounts of SO2 gas added indicate siderite is the stable phase over a
wide range of S02 gas added, from -5.40 (off-scale left) to 1.21 log g ( from 4
pg to 16.4 g). Further addition of SO2 will yield dissolution of siderite and after
all of the hematite has dissolved, pyrite
environment, native sulfur will replace pyrite.
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T able 5 -1 . Initial test file for CHILLER: C 0 2- S 0 2 reaction at 100°C and 2 5 0 bar w ith 10 g o f
hem atite in 4 0 0 mL o f l.O m N aC l, 0.5m N aO H brine using 1 6 5 g (e x c e s s) C 0 2. Parameters in
the table are defined in C H ILLER ’S manual (R eed and Spycher, 2 0 0 6 ).

< erpc>

< pH >

< pfluid >

< temp >

< tempe >

< volbox-1 >

< rhofresh >

0.1 E - ll

0.00

250.00

25.00

0.00

0.00

0.00

< sine >

< slim >

< totmix >

0.0001

0.004

< enth >

< senth >

< denth >

< totwat >

< solmin >

< rm>

< aqgrm >

< suprnt >

0.00

0.00

0.00

90.00

0.00

0.00

1049.747

1.00E-20

c

¡fra

ipun

nloop

iste

lims

looc

0

3

0

2

400

0

i

0

ient

itre

idea

ipsa

Incr

Incp

mins

neut

0

0

0

i

0

0

i

0

saq>

< name >

< mtot >

< mtry>

< gamma >

< comtot >

1

H+

0.00

1.00E-07

1.00

0.00

2

H20

0.40

1.00E+00

1.00

0.00

3

Cl-

0.40

1.00E+00

1.00

0.00

4

S04--

1.00E-05

1.00E-07

1.00

0.00

5

HC03-

1.00E-05

6.26E-06

1.00

0.00

6

HS-

1.00E-16

2.68E-17

1.00

0.00

11

Fe++

1.00E-16

1.47E-17

1.00

0.00

13

Na+

0.40

4.83E-02

1.00

0.00

< min >

< mintry >

< nomox >

< wtpc >

NaOH

100.0

< ppm >

< supnam >
FC02-3.5
FCO2-3.0
< dontfr>
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Log gram s SO, added

Figure 5-1. Results from simulation at 100°C and 250 bar of the C 02-S02 reaction with 10 g of
hematite in 400 mL of l.OmNaCI, 0.5mNaOH brine using 165g (excess) C 02: mineral/gas
phase assemblage (top) and fluid composition (bottom).

The graph for computed fluid composition at equilibrium (Figure 5-1) shows
that at very small amounts of S02 added, the pH is nearly constant, buffered by
hematite dissolution, which consumes H+, whereas both addition of S 02 and
siderite precipitation, generate acidity. After ~ 0.25 g of S 02 added, the pH
begins to decrease because the amount of H+ generated becomes greater than
that consumed by hematite dissolution. The slope of the pH curve decreases as
siderite begins to dissolve and consume H+, followed by a further steep
decrease when pyrite precipitates. The formation of native sulfur causes a
plateau in pH until pyrite dissolves completely, after which the pH declines
again in response to the precipitation of native sulfur as the only active process.
The total dissolved iron concentration, present mainly as Fe2+, FeCl+, FeCl2.
FeO, FeOH+ and FeS04, remains almost constant and very low (~10'7 niol/kg
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solvent) until the curve steepens in response to a more acidic pH, reaching
0.24m where siderite has dissolved out, continuing to increasing slightly until
a final value of 0.32m.

Total dissolved sulfate, mostly as S042', FeS04, NaS04' and HS04‘, increases
steadily over the course of the simulation due to the addition of gas.
Disproportionation SO2 reaction produced sulfate and sulfide and only traces of
thiosulfate and sulfite. The concentration of reduced S species, H2S, HS’, S2",
SO32', S2O32", is very low until hematite dissolves out, increasing in response to
SO2 addition. All the S-bearing species behave similarly (Figure 5-2), with a
very low concentration until hematite dissolves completely. Then, a sharp
increase is observed for all of them; concentrations level off when pyrite
becomes the stable phase because S is going in pyrite rather than in the fluid
(reaction [5-3]). Next, an increase in the H2S and S20 32' concentrations and
subsequent decrease in HS', SO3 ' and S ' concentrations is observed due to
SO2 disproportionation (reaction [5-4]), until sulfur saturation is reached in
response to increasing sulfate, sulfide and decreasing pH (reaction [5-3]).

4Fe2+ + S 042' + 7HS' + H+

4FeS2 (pyrite) + 4H20

[5-1]

4S02(g) + 4H20(1) <-+ H2S(aq) + 3H2S 04(aq)

[5-2]

3 H2 S +

[5-3]

H2S04 +->4S(native) + 4H20
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- ns -

Log grams S02added
s2- - h 2s „ - so32- - s,o32-

Figure 5-2. Equilibrium sulfur species concentration for the simulation at 100°C and 250 bar
with hematite.

The trend of bicarbonate concentration in Figure 5-1 clearly follows the one for
pH. reflecting how a closed carbonate system is strongly linked to the
composition and pH of the brine (Stumm and Morgan, 1996). The Bjerrum
plot, log concentration vs pH. for a closed carbonate system at standard
conditions and a fixed value of the total carbonate concentration is shown in
Figure 5-3. and clearly exemplifies the latter statement. Depending on the pH
of the medium, the concentration of the different carbonate species varies
favoring one versus the others. This plot is an important reference for above
ground C 0 2 mineral carbonation studies. In this work and although relevant T
and P conditions are different and therefore the lines would be shifted, the plot
helps the understanding of parallel trends for the bicarbonate concentration and
pH values, since as the pH decreases a different carbonate specie is favored
(H2CO3 ); hence, pH determinates the bicarbonate concentration in the system.
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Figure 5-3. Bjerrum plot for a closed carbonate system at standard (T=25°C and P=lbar)
conditions (Stumm and Morgan, 1996).

The vertical line in Figure 5-1 denotes the equilibrium conditions for the
amount of SO2 used in the experiments with a CC^SCh composition of
99.6:0.4, typical of a flue gas stream, where the mineral assemblage should
consist only of hematite and siderite, with a conversion of 27.9% of the Fe
present in the hematite into siderite and 0.15 g of CO2 sequestered in siderite
per g of rock. The percentage of iron conversion into siderite is calculated
according to Equation 5-1, where ÇFe is the percentage of conversion and mFe
the mass of iron (in grams) contained in the rock. Equilibrium pH is 5.59 and
dissolved iron of 0.023 ppm.

mFe in parent rock

Equation 5-1

The mass balance for the total carbon in the system showing how it partitions
among the different phases (gas, siderite and brine) can be seen in Figure 5 -4 .
where XCO32' denotes the total aqueous carbonate concentration and is defined
as follows:
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IC O 3- - [H2CO3] + [HCO3'] + [CO32 ]

Log g

Equation 5-2

S02added

— gas — siderite — brine

Figure 5-4. Carbon partitioning amongst the different phases.

C 0 2 is mostly trapped in gas phase (80% or more), followed by trapping in
brine (10-20%) and siderite (less than 10%). For the experimental case (see
section 7.1.2 in chapter 7), denoted by vertical line in Figure 5-1, C 0 2 content
percentage in gas, siderite and brine are of 80.4, 0.9 and 18.7% respectively.

5 .2.1.2.

Effect o f gas composition

The thermodynamic equilibrium simulation constructed at 100°C and 250 bar,
and explained in previous section, also gives information of the effect of
varying the relative amounts of C 0 2 and S0 2 in the total amount of gas added
to the reactive system. Equilibrium results obtained for the gas compositions
used in the experimental runs (see section 7.1.3 in chapter 7) are denoted by the
vertical lines in Figure 5-5 and will be further discussed and compared with the
collected experimental values in Chapter 7 .
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9 9 .1 : 0 .9

Figure 5-5. Results from the simulation at 100°C and 250 bar of the CO,-SO, reaction with 10
g of hematite in 400mL of l.OmNaCI, 0.5mNaOH brine using I65g (excess) CO, and showing
mineral/gas phase assemblage (top) and fluid composition (bottom) for varying amounts of
S 02 in the gas added.

The main conclusion from the modelling results is the higher amount of C 0 2
trapped in siderite as the SO, concentration increases in the gas stream added
to the system. Precipitated siderite and remaining hematite are the only two
stable solid phases predicted at equilibrium for the tested ratios. Figure 5-6
shows the carbon content (wt %) amongst the predicted carbon-containing
phases (gas, siderite and brine) for the three studied C 0 2 :S0 2 gas
concentrations.
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■ 996:04 ■ 99. 1:0.9 ■ 98 .8: 1.2

Figure 5-6. Carbon partitioning amongst the different phases, gas, siderite and brine, for
varying relative amounts of C 02 and S 02 in the gas added to the reactive system.

The CO2 content in carbonate form goes from 0.9% in the gas stream
containing 0.4% of SCT, to 1.9 and 2.5% for streams containing 0.9 and 1.2%
respectively (Figure 5-6 inner graph). As a result, the CO2 content in brine
slightly decreases at higher SO2 amounts and consequently, a slight CO2
content increase is observed for the gas phase.

The desired stoichiometric molar ratio for C 0 2 to S0 2 indicated by reaction [5 4] is 2:1. but the ratio in the simulation where all of the hematite has been
consumed is ~ 9:1, excluding the CO2 remaining in the supercritical gas phase,
due to the large amount of CO2 remaining dissolved in solution.

Fe20 3 (hematite) + 2 C 0 2 + S0 2 + H20 <-> 2 FeC0 3 (sidcrite) + H2 S0 4
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5.2.1.3.

E ffect o f reaction tem perature an d pressure

A series of simulations were performed to study the reaction of a CO2
dominated flue gas stream with brine and hematite as a function of temperature
at constant pressure (250 bar), and as a function of pressure at constant
temperature (100°C). The input file for CHILLER is the same one as shown for
the baseline case simulation (Table 5-1). Qualitatively, graphs are very similar
to the ones obtained in section 5.2.1.1 so they are not shown again here.

Obtained modelling results for both series of simulations will be compared in
Chapter 7 with the experimental results obtained in those experiments carried
out under the same reaction conditions.

5.2.1.4.

E ffect o f solids concentration

Simulations were constructed to test the effect of varying the rock-to-brine
ratio in the mineral trapping capacity of hematite. In all simulations, the input
file for CHILLER was the same one as the one shown for the baseline case
simulation (Table 5-1).

The higher the solid-to-brine ratio (i.e, solids concentration), the wider the
range of total amount of gas added where siderite is precipitated (Figure 5-7),
due to the higher amount of iron present in the system to be carbonated.
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< ___

9 K .il : 1 .2

Figure 5-7. Reaction at 100°C and 250 bar of mixtures of C 02 and S02 and l.OmNaCI,
0.5mNaOH previously equilibrated with 10 g of hematite. Equilibrium mineral assemblage vs.
log grams of S 02 added. Solids concentration: (a.) 10 g/L; (b.) 25g/L; (c.) 50g/L; (d.) lOOg/L.

Patterns of hematite dissolution and siderite, pyrite and S native formation and
re-dissolution are similar for all the cases but for the highest solids
concentration value (100 g/L), no S native is observed at the end of the
simulation. As the solids concentration value increases, precipitation of
secondary minerals is shifted to higher values of S 0 2 gas added, due to the
presence of more solid in the system to be reduced and carbonated. Precipitates
that form at high SO; contents in the gas stream, i.e., pyrite and S native, would
be delayed due to the wider range of siderite precipitation at higher solid-tobrine ratios. Equilibrium predictions obtained for a C 0 2 :SO; gas concentration
(vol. %) of 98.8:1.2 (see vertical line in Figure 5-7) show pyrite and siderite as
the only stable solid phases present in the system for a solids concentration of
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10 g/L, with all the hematite been already consumed. Latter results will be then
compared with experimental ones in chapter 7. Only hematite and siderite are
the stable phases at equilibrium for simulations with higher solids
concentration values.

Previous theoretical work based on the path of reaction and kinetic modelling
(Zerai et al., 2006) reported that the stability of carbonate rocks is controlled by
the brine-to-rock ratio, the pH of the system, the fugacity of CO2 and the
kinetic rate of dissolution. Increasing brine-to-rock ratio has the same effect as
increasing fCC>2 by increasing the amount of C 02 available relative to the
amount of minerals to react with it (Zerai et al., 2006). Hence, for a set gas
composition, a higher extent for the carbonation reaction is obtained for
decreasing rock-to-brine ratios: 93.2% of the iron content in the unreacted
material was trapped in siderite for the simulation performed with 10 g/L; this
value goes down to 77.3%, 38.6% and 19.3% for the simulations with 25, 50
and 100 g/L respectively (conversions calculated by Equation 5-1).

S.2.1.5.

E ffect o f a p H buffer

A thermodynamic equilibrium simulation was constructed at 100°C and 250
bar without the presence of a pH buffer (NaOH). This simulation establishes
whether siderite is a thermodynamically favored reaction product when natural
mineral buffering is not present. In the non-buffered case the input file for
CHILLER was the one shown in Table 5-2. Modelling results are compared
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with the simulation obtained for the baseline case, which is identical except for
the absence of the NaOH pH buffer.

T able 5 -2 . Initial test file for CHILLER: C 0 2- S 0 2 reaction at 100°C and 2 5 0 bar w ith 10 g o f
hem atite in 4 0 0 m L o f l.O m N aC l brine u sin g 165g (e x c e s s) C 0 2. Parameters in the table are
d efin ed in C H IL L E R ’S m anual (R eed and Spycher, 2 0 0 6 ).

< erpc>

< pH >

< pfluid >

< temp >

< tempe >

< volbox-1 >

< rhofresh >

0.1 E-11

0.00

250.00

25.00

0.00

0.00

0.00

< s in e >

< slim >

< totmix >

1 .0 0

100.00

< enth >

< senth >

< denth >

< totwat >

< solmin >

< rm>

< aq g rm >

<supmt>

0.00

0.00

0.00

90.00

0.00

0.00

0.00

1.00E-20

c

ifra

ipun

nloop

iste

lims

looc

0

3

0

2

400

0

1

0

ient

itre

idea

ipsa

incr

incp

mins

neut

0

0

0

1

0

0

0

0

saq>

< name >

< mtot >

< mtry>

< gamma >

< comtot >

1

H+

0.00

1.00E-07

1.00

0.00

2

H20

0.40

0.15E+00

1.00

0.00

3

Cl-

0.40

0.99E-00

1.00

0.00

4

S04—

0.10E-05

0.10E-05

1.00

0.00

5

HC03-

0.10E-10

0.10E-15

1.00

0.00

6

HS-

0.10E-15

0.10E-40

1.00

0.00

11

Fe++

0.10E-10

0.10E-15

1.00

0.00

13

Na+

0.40

0.10E-01

1.00

0.00

< min >

< nomox >

< mintry >

< wtpc >

< ppm >

< supnam>
FC02-3.5
FCO2-3.0
< do n tfo

In

the

non-buffered

simulation,

the

desired

product,

siderite,

is

thermodynamically stable over a wide range of total SO2 grams added, from 1.36 to 0.94 log g added (40 mg - 8.8 g) (Figure 5-8 b.). The main difference
between this simulation and the pH-buffered one is the wider range of total gas
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added where siderite precipitates, where in the latter case, ranges from -5 . 4 to
1 .21

log total grams SO2 added (4 pg - 16.4 g) (Figure 5-8 a.).

Log grams S 0 2 added

Log gram s SO, added

Figure 5-8. Results summary from simulations at 100°C and 250 bar of the C 0 2-S02 reaction
with lOg of hematite: buffered case (left) and un-buffered case (right). Mineral/gas phase
assemblage is depicted in top graphs (a. and b.) and fluid composition in bottom ones (c. and
d.).

Overall, the main differences when comparing the tluid composition for
simulations with and without pH buffering are a much lower pH and higher
dissolved Fe11 concentration (Figure 5-8 c. and d.) due to a lower degree of
siderite precipitation for the non pH-buffered case. The total dissolved Fe"
concentration increases steadily over the course of the simulation, i.e. with SO:
addition, for the unbuffered case. Also, brine pH increases initially due to
hematite dissolution, which consumes H \ to a point where siderite becomes
the stable phase in the system and starts to precipitate (Figure 5-8 d.). From
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that point on, pH decreases due to siderite precipitation, which generates
acidity. A further decrease is observed when pyrite precipitates and finally, S
native formation also generates more acidity in the system. It is also
remarkable how the bicarbonate concentration and pH follow the same trend in
both simulations due to their strong link in a closed system, as explained before
in section 5.2.1.

5.2.2. Reactions in a goethite-brine-C02-SC>2 system

This section presents modelling (i.e. equilibrium) results obtained for goethitebrine-C02/S02 gas reactions. Goethite is investigated as a novel and potential
repository for CO2 mineral trapping in two different cases: firstly, the goethitebrine-CCVSCh gas reaction is evaluated at 150°C and 300 bar in the presence
and absence of a pH buffer (NaOH). Secondly, the influence of particle size,
reaction time and gas composition on the carbonation reaction is also assessed
at 100°C and 250 bar for further comparison with experimental results obtained
in Chapter 8.

5.2.2.I.

R esults in a goethite-brine-C 02-S02 system at 1S0°C and
300bar

Two thermodynamic equilibrium simulations were constructed at 150°C and
300 bar. The only difference between them was the presence or absence of a
pH buffer (NaOH). The input files for CHILLER are the same ones as for the
hematite case for the buffered (Table 5-1) and unbuffered case (Table 5-2)
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except for the following parameters: <pfluid> (pressure of the system), and
<mtot> (total number of moles) for the component species H2O, Cl- and Na+.
In this case, <pfluid> = 300 and <mtot> = 0.15 for the three component species
mentioned above.

In the simulation with the NaOH buffer, the computed pH of the fluid with the
buffer is 13.4 compared to 5.8 for the case without the buffer. Equilibration of
the fluid with goethite at the reaction conditions yields a pH of 10.9 and 5.8 for
buffered and non-buffered cases respectively. Further equilibration with excess
supercritical C 02 yields a pH of 5.9 and 3.3 for the above cases. Finally,
simulations are completed with incremental S 02 addition and the obtained
results are discussed below.

Figure 5-9 shows the equilibrium mineral/gas phase assemblage and fluid
composition for increasing amounts of S 02 gas added for the simulations with
and without pH buffering. Qualitatively, graphs are very similar to the ones
obtained in the simulations for hematite, previously discussed in detail in
sections 5.2.1.1 and 5.2.I.5. Thereby, the graphs will not be explained again in
this section.
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Figure 5-9. Results summary from simulations at 150°C and 300 bar of the C 0 2-S02 reaction
with lOg of goethite: buffered case (left) and un-buffered case (right). Mineral/gas phase
assemblage is depicted in top graphs (a. and b.) and fluid composition in bottom ones (c. and
d.).

Due to the wider range of added SO: where siderite preeipitates in the system
with a pH buffer, this case was selected for the experimental run, aiming to
observe the desired carbonate product, siderite, on the time scale of a
laboratory experiment. The vertical line in Figure 5-9 indicates the amount of
S 0 2 chosen for the experimental case. 0.48 log g (3 g) of S 0 2 added, because at
that point the amount of precipitated siderite is close to its maximum. The
equilibrium mineral assemblage should consist only of goethite and siderite,
with a conversion of 78.2% of the Fe present in the goethite into siderite
(calculated according to Equation 5-2) and 0.39 g of C 0 2 sequestered in
siderite per g of sample.
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Carbon partitioning amongst the different phases (gas, siderite and brine) can
be seen in Figure 5-10, where XCO32" denotes the total aqueous carbonate
concentration in the system.

Figure 5-10. Carbon partitioning in the system for the pH-buffered simulation at 150°C and
300bar.

Siderite precipitation reaches its maximum at a gas ratio of ~ 80/20 wt%
(corresponding to 3.6 g of SO2 added), where ~ 30% of the CO2 is contained in
the carbonate. Even at that inflexion point, the pore fluid contains about 2
times (~ 60%) the amount of CO2 present in the solid in a given volume of
brine and solid. For a gas stream containing 12.9% SO2 (experimental case),
60% of the C 0 2 is trapped in brine followed by trapping in carbonate form
(27.2%), i.e. siderite. and in supercritical gas phase ( 1 2 .7 %).

5.2.2.2.

Results in a goethite-brine-COrSO2 system at I00°C and 250
bar

Geochemical modelling predictions are qualitatively very similar to the ones
obtained for the long-term experiment (Figure 5-9) so the graphs will not be
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shown again here. One simulation was performed for the baseline case (100°C,
250 bar. 1.0m NaCl 0.5m NaOH and solids concentration = lOg/L) where the
effect of varying amounts of S 0 2 gas in the system can be studied. Again, the
input file for CHILLER was the same one as for the hematite case (Table 5-1).

In this case, almost all the goethite has been consumed and converted to
siderite in the simulation with a S0 2 content of 0.4%; for higher S 0 2 contents
(0.9 and 1.2%), all the goethite has dissolved out and siderite is the predicted
phase at equilibrium with minor amounts of pyrite also present (Figure 5-11).

6.00
5.00

|

4 .00

(/)

3 .00

s
L

1 2.00
1.00

0.00
99.6:0.4

99.1:0.9

98.8.1.2

C 0 2:S 0 2 (%v/v)
■ goethite ■ siderite ■ pyrite

Figure 5-11. Goethite, siderite and pyrite predicted amounts (in grams) at equilibrium in
experiments with varying relative amounts of C 02 and S02 in the gas added.

Predicted solid phases at equilibrium differ from those obtained in the
simulation with hematite because the solids concentration value was different:
25 g/L was the one used for hematite whereas 10 g/L was used for goethite
instead. A lower rock-to-brine ratio in the goethite modelling work results in an
increase oi the amount of C 0 2 available relative to the amount of solids to react
with it. Thereby, a higher extent for goethite dissolution and carbonation
reactions is obtained compared to the 25 g/L case.
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The small solid-to-liquid ratio used in the simulations enhanced goethite
reactivity, so most of the starting material was already consumed and
successfully converted into siderite in the simulation with a 0.4% content of
SO2 . Further SO2 addition yielded some pyrite formation so siderite and pyrite
are the only stable phases at equilibrium in simulations with 0.9 and 1.2% of
SO2 content.

Solids particle size and reaction time are not taken into account by the
geochemical model so their effect in the carbonation reaction is evaluated
empirically and further compared (brine chemistry and mineral assemblage) in
Chapter 8 with the equilibrium case.
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Chapter 6 - Characterisation o f parent samples

6. C h aracterisation o f parent sam ples

This chapter describes the results from the different analyses conducted on the
parent samples, hematite and goethite, used in the experimental work.
Characterization of the initial non-reacted material is important for further
comparison with results from analyses conducted on reacted samples.

6.1.

Particle size analysis/ grain-size distribution

The parent material was crushed, ground and sieved to different size fractions
according to the following procedure: starting material was crushed to a size of
about 1-3 mm by means of a jaw crusher. The material was then ground in a
harden steel Tema mill (vibrating disc/ring mill) during 20s for fine powdering
of the sample. This material was dry sieved to segregate three different particle
size fractions (< 38 pm, 38-150 pm and 150-300 pm). After size separation,
washing of the material was needed to remove the fines. The size fractions
were then dried for lh in an oven at 105°C and the material was further dry
sieved for 2 0 min.

A particle size analysis was carried out for each fraction to ensure the desired
size fractions had been prepared. Figure 6-1 and Figure 6-2 show the particle
size distribution of the prepared fractions in non-cumulative and cumulative
percentages, respectively. Distribution of particles within each size fraction is
confirmed by the analysis although there are some discrepancies between a
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sieve size analysis and the use of laser light scattering. This is particularly
highlighted for the prepared top size fractions of the goethite sample.

The cumulative curves (Figure 6-2) should start at zero and remain there until
the lower-end of the desired size fraction interval. They should reach the value
of 100% at the upper-end of such interval and above. However, there is a
percentage of particles beyond the intended sieve fractions. For hematite, the
different fractions contain 92.5 % (<38 pm), 75.2% (38-150 pm) and 62.5%
(150-300 pm) of the material within the intended range, whereas for goethite
those percentages are of 75.0, 73.4, 48.7 and 40.8% for size fractions of <38,
38-150, 75-150 and 150-300 pm respectively. The extra size fraction prepared
for goethite (75-150 pm) was the one used in the long-term experiment run in
the gold-titanium flexible reaction cell; this fraction had been reported as the
one used in previous experimental work with hematite (Palandri et al., 2005)
and was used to facilitate comparison amongst results. The percentage of
particles observed below the lower-end value of each size fraction interval is
probably due to the limitation of the sieving method, being almost impossible
to get rid of all the fines within each fraction. Also, the washing process is a
limiting factor for the presence of fines. The percentage obtained above the
upper-end limit of the intended particle size range can be due to either one or
several of the following reasons:

a) Agglomeration of particles in suspension during the measurement.
b) Laser diffraction provides a two dimensional particle size measurement
so lack of the third dimension could lead to wrong values depending on
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which dimension has been considered for the calculation. This could be
notably remarkable with elongated and anomalously large particles.
c) One drawback of sieving is the fact that the longer the sieving time, the
higher the probability that particles orientate themselves and fall
through the sieve. Hence, particles with larger size than the top
intended one could end up in the fraction for analysis.
d) The particle size fractions were not sieved successfully, probably due to
too much material on the sieve (~ 50g), which could be responsible for
the very wide particle size distributions.

16
14
12

10
X

8
6

4
2

0

Figure 6-1. Particle size distribution of the prepared hematite (a) and goethite (b) fractions
(non-cumulative percentage).

Particle size, m icrons

Particle size, m icrons

— < 38 — 38-150 — 150-300

— < 38 — 38-150 — 75-150 — 150-300

Figure 6-2. Particle size distribution of the prepared hematite (a) and goethite (b) fractions
(cumulative percentage).
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The equivalent volume mean (D(4,3)) and the volume median diameter
(D(v,0.5), sometimes shown as D5o or D0 5) are reported in Table 6-1. The
D(4,3) is calculated according to the following formula (Rawle, 2 0 0 0 ):

r

t

Yd 4

D[4,3J = w —

d - particle diameter

L td

This formula indicates around which central point of the frequency the particle
size distribution would focus. D50 is the value of the particle size which divides
the population exactly into two equal halves i.e. there is 50% of the distribution
above this value and 50% below.

Table 6-1. D50and D(4,3) values of the prepared hematite and goethite fractions.

Hematite

Goethite

For the top fractions, disparities between particle size analysis with sieving and
laser light scattering are more remarkable than for the bottom ones. For
instance, the D50 value for the 150-300 pm goethite fraction is beyond the
upper-end limit (300 pm), highlighting the poor results obtained for this
fraction with laser light scattering. Elongated particles and reasons highlighted
before could be responsible for such a difference. Results regarding particle
size remain informative as the disparities are internally consistent.
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6.2.

X-ray diffraction (XRD) analysis

Diffraction patterns from XRD analyses indicate that, as expected, the hematite
sample is primarily composed of the ferric iron oxide (Fe2C>3), with a minor
amount of kaolinite (Al2 Si2 0 5(0 H).j) also present (Figure 6-3). The XRD
spectra for the goethite sample (Figure 6-4) confirmed the presence of the iron
oxyhydroxide only.

Figure 6-3. X-ray diffraction spectra for parent hematite material (<38 pm).

Figure 6-4. X-ray diffraction spectra for parent goethite material (<38 pm).
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Kaolinite is a common hydrous aluminum silicate mineral found in sediments,
soils, hydrothermal deposits, and sedimentary rocks; thereby, its presence in
the hematite sample is possibly due to the natural character of the latter one.

6.3.

Surface area analysis

BET-N2 adsorption isotherms are used for estimating porosity and internal
surface area. Six major types of isotherms describe the different kind of
porosity, microporosity (pore diameter < 2 nm) and/or mesoporosity

(2

nm <

pore diameter < 50 nm) , presented by a solid (Gregg and Sing, 1982).
Macroporosity (pore diameter > 50 nm) is estimated by mercury porosimetry.
In the former technique, pressure is required to force mercury into the solid
structure because it does not wet the sample surface owing to its high contact
angle (0 ~ 140°) (Patrick, 1995).

The isotherms observed for parent hematite and goethite samples are presented
in Figure 6-5 and can be classified as a type II isotherm. Substances that
typically display this behavior towards N2 adsorption at -196°C are non porous
or macroporous (pore diameter > 50 nm) solids (Sing, 1995).

Figure 6-5. N2 adsorption isotherms for hematite (left) and goethite (right) parent samples.
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The internal surface area was calculated for all the different size fractions
obtained for hematite and goethite using the BET (Brunauer, Emmett and
Teller) equation. Values obtained ranged from 2 to 5 ± 0.1 m2/g, which again
highlight the non porous or macroporous character of all the prepared samples.
Hence, reactivity of different size fractions and materials may be due to their
external surface area and differences in reactivity due to internal surface area
are not expected to be significant.

6.4.

Thermogravimetric characterization

Thermogravimetric analysis (TGA) was used to determine the temperature
regions of weight loss resulting from physical and chemical bond cleavage
with release of volatile products.

6.4.1. Hematite analysis

Hematite thermogravimetric analysis reveals weight loss associated mainly
with kaolinite since the iron oxide does not decompose at temperatures below
900°C. For kaolinite, the larger dehydroxylation phenomenon which
corresponds to metakaolin (Al2Si20 7) formation (reaction [6-1]), is limited to
the 450-700°C temperature range (Castelein et al., 2001, He et al., 2003), even
if a continuous loss of the OH' groups trapped in metakaolin can be observed
up to 900°C, due to a gradual oxolation (condensation reaction between two
hydroxyl groups that liberates water) of the metakaolin.

2 Al2Si20 5(0H)4 —> 2 Al2Si20 7 + 4 H20
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The TGA profile of hematite (Figure

6 -6 )

shows an initial and continuous

weight loss until a temperature of around 380°C, where the dehydroxylation
process takes place and therefore the loss of hydroxyl water content of the
kaolinite. Assuming this weight loss is only due to the presence of kaolinite
and its complete decomposition, the percentage of the latter one in the hematite
sample can be calculated (similarly to calculations shown in the next section),
giving a value of 17.42%.

““

Weight %

“ — Deriv. Weight %/min

Figure 6-6. TGA decomposition temperature profile of parent hematite sample.

Even pure oxides contain some OH in the structure, if fine-grained, but this is
driven off over a much wider temperature range than is that of the FeOOH
forms. Fine-grained material normally contains an appreciable amount of
adsorbed water which leads to a weight loss between 100 and 200°C and this
can usually be distinguished from water of dehydroxilation (Cornell and
Schwertmann, 2003).
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6.4.2. Goethite analysis

Goethite

thermogravimetric

analysis

showed

only

one

weight

loss

corresponding to the dehydroxylation process of the iron oxyhydroxide (Figure
6-7). The absence of weight loss and subsequently one peak in the derivative
weight curve at around 100°C, indicates that no adsorbed water is present in
the sample. The weight loss starting at ~ 241°C corresponds to the
dehydroxylation of the iron oxyhydroxide to a-Fe20 3 (hematite) according to
the following reaction:

2 FeOOII -*• Fe20 3 + H20

[6-2]

Figure 6-7. TGA decomposition temperature profile of parent goethite sample.

The theoretical mass loss (Am) due to the above reaction can be easily
calculated with the following formula:

.

m t-Trif

Am ————

Equation 6-1
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where 77ij and rrif are the initial and final mass respectively.

The calculated mass loss value (%) for the dehydroxylation process of goethite
according to Equation 6-1 is 10.13% versus the experimental value of 7.7%.
The disagreement between the calculated and experimental values might be
due to the fact that the goethite sample is not 100% pure and therefore, the
theoretical weight loss would need to be recalculated considering the weight
percentage of the iron oxyhydroxide in the parent sample. The disagreement
could also be due to non-optimum conditions (lack of time for complete
decomposition due to a ramp-like method) in the operation of the
thermogravimetric analyser.

6.5.

X-ray Photoelectron Spectroscopy (XPS) analysis

Wide scan XPS spectra were obtained for both, hematite and goethite samples,
where photoelectron peaks were observed at different binding energies (BE)
and assigned to the elements shown in Table 6-2 below. Each sample was
analysed four different times in different points in order to test their
homogeneity. Hematite and goethite samples were found reasonably
homogeneous.

T able 6 -2 . R esults o f w id e scan X P S a n a ly sis o f hem atite and goeth ite sa m p les in atom ic
relative percentage. Terms in brackets n ex t to the elem en t sy m b o ls indicate the photoelectron
em issio n u sed in the an alysis. V a lu es sh ow n h a v e been com puted as the average v a lu e o f four
different m easurem ents.

Sample

Na [Is]

Fe [2p]

O ils ]

C [Is]

Cl[2p]

S[2pl

Si [2p]

Al [2p]

r [is]

C r[2p]

N [Is]

hematite

0.04

5.01

60.40

11.43

0.22

0.12

12.49

8.21

1.21

0.08

0.80

goethite

3.1

7.4

47.7

22.6

1.6

1.5

4.3

1.4

10.4

—

--
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The presence of kaolinite in the hematite material is verified with XPS, as
indicated by the high atomic relative percentages of A1 and Si on the surface of
the sample (8.21 and 12.49% respectively), which agrees well with results from
thermal analysis that also showed the presence of the silicate. Thereby,
kaolinite is present in both, bulk and surface of the hematite sample. Other
minor impurities are also found on the surface of both minerals such as Na, C,
Cl, S, F, Cr and N; elements assigned to all the peaks obtained in the spectra
are reported but some of them could be discarded due to its extremely small
percentage.

The presence of F' ions on the surface of iron oxides could be due to the
fluoride-hydroxyl exchange taking place on the solid surface, which has been
reported in geological materials (Jinadasa et al., 1993). While the majority of
the F' ions added to the soils by natural or industrial processes tend to become
firmly fixed, it has been shown in percolation studies that migration through a
soil column can release soluble Al and Fe species. The geochemistry of F ion
(ionic radius 1.36A) is similar to that of the OH' ion (ionic radius 1.40 A) and
there can be easy exchange between them (Jinadasa et al., 1993).

Whenever iron oxides are formed in nature, a range of unwanted elements is
normally co-precipitated (Cornell and Schwertmann, 2003) so, in natural
samples presence of impurities is expected.
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7. R esults and discussion: hem atite analysis

This chapter describes the assessment of an iron oxide, hematite (a-Fe20 3 ), as a
potential host repository for underground C 02 storage in carbonate form.
Firstly, the overall carbonation reaction of hematite is experimentally assessed
by systematic variation of reaction variables (solids particle size, reaction time,
gas composition, reaction temperature and pressure, solid-to-liquid ratio and
effect of a pH buffer) in section 7.1. Comparison and discussion of equilibrium
and empirical results is also included within that section. Finally, the
implications for geological storage of C 02are discussed in section 7.2.

7.1.

Study of an iron oxide, hematite, as a potential repository for C 0 2
storage by mineral trapping

This section presents empirical results obtained for the hematite-brine-C02/S 02
gas reactions. Table 7-1 summarises the experiments conducted in the high
pressure-high temperature experimental set-up designed at the University of
Nottingham. Solids particle size, reaction time, gas composition (C02/S 02),
reactor pressure and temperature, concentration of solids, brine composition
and measured initial pH of each experiment are reported. The stirring rate was
set to a high constant value (750 rpm), so reaction rates will be determined by
reaction control rather than by processes in the boundary layer at either the
solid/liquid or gas/liquid interface. Previous studies (Huijgen et al., 2006)
reported conversion is not influenced by the agitation power at high stirring
rates (> 500 rpm).
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The final pH of the brine as well as dissolved (ferrous) iron in solution were
analysed for all experiments. Dissolved ferric iron was also analysed but values
are not reported because obtained concentrations were not significant (> 2ppm)
in any of the studied cases. Weight gain or loss of reacted solids is also
reported.

Preliminary 24h-experiments were conducted to investigate the influence of
solid particle size fractions in the dissolution/carbonation reactions; this first
set of experiments would set up the solid particle size to be used for the
remaining experiments. Reaction time and gas composition are variables of
particular significance and therefore a more detailed analysis is described for
each of them. Next, study of the rest of reaction variables is discussed.

The gas composition used in the two first sets of experiments, those evaluating
particle size and reaction time variables, is the one characteristic of a typical
coal-fired power plant flue gas stream (0.4 v/v% of SO2), which is more
representative of a real-case scenario. For the remaining sets of experiments, a
gas composition with a slightly higher S02 content (1.2 v/v%) than in a typical
flue gas stream, and therefore, closer to the stoichiometric molar ratio (2:1),
was chosen for the experimentation in an aim to get an extent of the dissolution
and carbonation reactions good enough to be detected on the time scale of a
laboratory experiment.

Depending on the studied experimental variable, different analytical techniques
were employed to characterise reaction products, with bulk techniques (X-ray
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diffraction, XRD, or thermal analysis, TGA) being more helpful in long-term
experiments than in short-term ones. Obtained XRD results were only relevant
for the hematite-brine-C02-S02 experiment reacted for 264h; hence, only
results for the latter sample are shown in this manuscript. TGA analysis was
chosen as the bulk technique and X-ray photoelectron spectroscopy (XPS) was
chosen as a surface technique in order to fully characterise the reacted solid
samples (i.e. its bulk and surface composition). XPS was only used as an
analytical tool in sections evaluating reaction time and gas composition on the
carbonation reaction because those sections are considered the most significant
ones and the analyses were highly expensive for each sample.

The absence of other analytical methods such as SEM (Scanning Electron
Microscopy) or SEM/EDX is due to their failure to throw any significant
results. The technique was originally considered because particle sizes are well
within the size range appropriate to SEM and the facilities were available, so
several samples were analysed by SEM/EDX, but new phases were not
identified. Hence, those results are not presented here.

Discussion of results includes validation of the theoretical model in those cases
where comparison between theoretical and empirical values is possible.
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Table 7-1. Operating conditions and measured initial pH of all experiments with hematite.
P a r tic le s i z e ( p m )

T im e (It)

C O .:S O ; c o m p , ( v o i % )

P r e s s u r e (b a r)

T e m p e r a tu r e (° C )

S o li d s c o n c e n tr a tio n (g /L )

B r in e c o m p o s itio n

p H initial

1

-38

24

9 9 .6 :0 .4

250

100

25

1.0 m N a C I + 0 .5 m N a O H

12.8

2

38x150

24

9 9 .6 :0 .4

250

100

25

1.0 m N a C l + 0 .5 m N a O H

1 2 .9

3

150x 3 0 0

24

9 9 .6 :0 .4

250

100

25

1.0 m N a C I + 0 .5 m N a O H

1 2 .9

4

150x300

62

9 9 .6 :0 .4

250

100

25

1.0 m N a C I + 0.5 m N a O H

1 3.0

5

150x300

163

9 9 .6 :0 .4

250

100

25

1.0 m N a C I + 0 .5 m N a O H

1 3 .0

6

150x300

264

9 9 .6 :0 .4

250

100

25

1.0 m N a C I + 0 .5 m N a O H

7
8*

1 2 .9
■ ■ ■ ■

■ B
150x300

24

9 9 .1 :0 .9

250

100

25

1.0 m N a C I + 0 .5 m N a O H

1 3.0

150x300

24

9 8 .8 :1 .2

250

100

25

1.0 m N a C I + 0 .5 m N a O H

13.0

120

100

25

1.0 m N a C I + 0 .5 m N a O H

13.1

W B SÊ Ê Ê
9

150x300

24

9 8 .8 :1 .2

10

150x300

24

9 8 .8 :1 .2

180

100

25

1.0 m N a C I + 0 .5 m N a O H

13.2

11

150x300

24

9 8 .8 :1 .2

320

100

25

1.0 m N a C I + 0 .5 m N a O H

13.0

12

150x300

24

9 8 .8 :1 .2

250

75

25

1.0 m N a C I + 0 .5 m N a O H

1 2.9

13

150x300

24

9 8 .8 :1 .2

250

125

25

1.0 m N a C I + 0 .5 m N a O H

1 3.0

1 .0 m N a C I + 0 .5 m N a O H

1 2.6

14

150x300

24

9 8 .8 :1 .2

250

150

25

15

150x300

24

9 8 .8 :1 .2

250

100

10

1.0 m N a C I + 0 5 m N a O H

12.7

16

150x300

24

9 8 .8 :1 .2

250

100

50

1.0 m N a C I + 0 .5 m N a O H

12.7

17

150x300

24

9 8 .8 :1 .2

250

100

100

1.0 m N a C I + 0 .5 m N a O H

12.6

18

150x300

24

9 8 .8 :1 .2

250

100

25

1.0 m N aC I

6 .4

’ b a s e lin e e x p e r im e n t; s t ir r i n g s p e e d = 7 5 0 rp m f o r a ll e x p e r im e n ts .
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7.1.1. Effect of particle size

7.1.1.1.

A nalysis o f flu id chem istry a n d solids w eight uptake

Figure 7-1 shows how the iron in solution (left) varies depending on the
particle size range as well as the final pH and solids weight uptake after the
reaction (right). Iron in solution is present as ferrous iron indicating that most
of the iron that leached out from hematite was successfully reduced from its
ferric to its ferrous state. Iron concentration increased very slightly towards the
top fractions while weight uptake clearly decreased from 11% in the finest
fraction to ~ 7% in the intermediate and top fractions. This could indicate one
and/or several iron-containing phases might have precipitated as a result of the
experiments, with a higher contribution in the finest fraction, since a low
dissolved iron concentration could indicate the iron has been trapped in a solid
phase and therefore, the percentage of weight uptake is higher compared to the
other fractions. However, it is very unlikely the weight uptake percentage
observed in the bottom fraction is only due to an iron-containing precipitate,
based on the small difference obtained for dissolved iron concentration of the
three particle size ranges.
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12.00
10,00

X.00
6.00
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Weight uptake, %

14.00

2.00
0.00

Particle size, pm
A(Fc2+)

Figure 7-1. Effect of particle size on iron in solution (left) and measured final pH and solids
weight uptake (%) (right).

In some instances, different reactivity between size fractions of the same
material is explained as a result of their different compositions, with smaller
size fractions containing a higher percentage of cations prone to be carbonated
(Fernandez Bertos et al., 2004). ICP-AES analysis of the different fractions
obtained upon segregation of the parent material has been performed and has
shown a higher iron content in the intermediate fraction than in the other ones
(Table 7-2), so the latter statement would not be accurate in this case.

Table 7-2. Major-element oxide concentrations (in wt %) of hematite fractions as determined
by ICP-AES.
P a r tic le s iz e , p m

Fe30 4

a i 2o

-38

7 9 .2 2

38-15 0
1 50-300

3

M gO

M nO

T iO j

CaO

so 3

p 2o 5

Na20

k 2o

S i0 2

9 .0 3

0 .0 6

0 .0 3

0 .2 9

0 .1 0

0 .2 9

0 .1 6

0 .0 4

0 .1 3

1 0 .4 0

8 7 .1 2

8 .3 7

0 .0 2

0 .0 4

0 .3 5

0 .0 8

0 .2 3

0 .1 0

0 .0 5

0 .1 1

1 0 .6 1

8 4 .8 3

9 .2 3

0 .0 2

0 .0 3

0 .3 6

0 .0 8

0 .2 2

0 .3 1

0 .0 5

0 .1 3

1 1 .5 7

Solution pH is lower in the -38 pm fraction (Figure 7-1), which corresponds
with the highest weight uptake percentage. This fact would be consistent with
precipitation of one and/or several phases which imply H+ production such as
siderite.
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7.1.1.2.

Characterisation o f solid products

Figure 7-2 below shows the TGA profiles of parent and reacted samples.
Assuming that the secondary minerals precipitated as a result of the reaction
decompose at temperatures lower than 900°C, a higher weight loss is expected
to be observed in the finest fraction (-38 pm), since its weight uptake was the
highest one.

Figure 7-2. Thermogravimetric analysis of the parent and reacted samples with different
particle size. Dashed lines correspond to derivative weight curves.

As expected, the main difference in the TGA profile with respect to the parent
material is observed for the -38 pm fraction. Two different regions are clearly
shown for its profile: one between -250 and 400°C and another one between
400 and 700°C. The latter one corresponds to the kaolinite decomposition
temperature region. A higher weight loss is observed for this region compared
to the unreacted material, signaling either the amount of kaolinite present in the
sample increased upon the reaction, or the presence of other phases which
decompose in the same temperature range; a further weight loss occurs around
300°C, so a new phase decomposing around that temperature has precipitated
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as a consequence of the reaction. Siderite decomposes between 400 and 500°C,
based upon the TGA profde of the standard sample (Figure 7-3), and the
literature reports its decomposition temperature between 400 and 600°C
(Bayliss and Warne, 1972, Kotra et ah, 1982), which is a higher temperature
than the one reported here. Thereby, the weight loss observed at ca. 300°C is
not due to siderite precipitation.

Figure 7-3. TGA curve for a standard sample of iron carbonate (siderite).

Previous researchers (Loughnan and

See,

1967) have reported the

decomposition of dawsonite (NaAl(OH)2C 03) between 290 and 330°C
according to reaction [7-1].

2NaAl(0H)2C 0 3 -> Na2C 0 3 + A120 3 +2H20 + C 0 2

[7 - ] ]

Previous studies (Huggins and Green, 1973) also claimed dawsonite thermal
decomposition to H20 , C 0 2 and NaA102 follows a two-step reaction- firstly
crystalline dawsonite decomposes between 300 and 375°C, where all the
hydroxyl water and two-thirds of the C 0 2 are given off. The balance of C 0 2 is
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released in a second step over the range of 360 to 650°C, leaving a residue of
crystalline sodium aluminate (NaA1 0 2 ).

The dehydration of gibbsite (Al(OH)3) (reaction 7-2) is characterised by three
DTA endothermic effects at 222, 303 and 498°C (Balek et al., 2003). The main
decomposition peak was previously reported around 300°C (Kloprogge et al.,
2002, Balek et al., 2003), which was attributed to the formation of boehmite
(AIO(OH)) due to the retarded diffusion of water out of the larger gibbsite
grains. Those studies (Kloprogge et al., 2002) reported a shallow endotherm
between 500 and 550°C due to the dehydroxylation of the earlier formed
boehmite.

Al (OH)3 -► 1/2 A120 3 + 3/2 H20

[7-2]

No weight loss is observed at 300°C for the intermediate and top fractions, and
most likely some kaolinite dissolution has occurred based on the lower weight
loss observed in the temperature range between 400 and 700°C compared to
the unreacted sample. Their weight uptake can be due to new phases
decomposing in the same temperature range as kaolinite does and/or new
phases with decomposition temperatures higher than 900 °C, most likely some
precipitated residual brine due to the experimental rinsing process.

7.1.1.3.

Sum m ary

Fine powders (-38 pm) proofed to be the most reactive ones based on the
observed weight uptake by the solids. This high reactivity is not probably due
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to the internal surface area of the different fractions, which is not expected to
play an important role based on reported values of BET surface areas (see
Chapter 6). At this point, it is convenient to distinguish between the external
and the internal surface of the particles. The external surface can be considered
as the one including all the prominences and all of those cracks which are
wider than they are deep in the solid; the internal surface will then comprise the
walls of all cracks, pores and cavities which are deeper than they are wide
(Gregg and Sing, 1982). It has been reported (Alexander et al., 2007) that finer
powders generally present a higher reactivity than coarser ones due to the
structural defects imparted into the crystal lattice as a consequence of particle
size reduction, as well as an increase in the external surface area, with more
surfaces available to react with aqueous CO2 . The former statement seems to
be the reason for the highest reactivity of the fine fraction (-38 pm) compared
to the other ones. It is also important to bear in mind that the “external surface
area” differs from the “reactive surface area”. The concept of “reactive surface
area” recognises that certain areas of the crystal surface are significantly more
reactive than others, e.g., steps or the outcrops of dislocations. However, this
concept is not easy to quantify and has inspired an intensive discussion in the
field of geochemical kinetics and mineral weathering (Brantley et al., 2008).

Even in the reaction with very fine powders (-38 pm), experimental values of
pH and dissolved iron are far from the predicted ones under the same
conditions. Simulated equilibrium pH is 5.59, which is lower than the
experimental value of 6.22; dissolved iron concentration is ~14 ppm, far higher
than the 0.023 ppm predicted by geochemical modeling. As expected, these
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data reveal that equilibrium has not been attained after only 24 h of reaction
time. Siderite precipitation could not be confirmed based on thermal analysis
and either gibbsite or dawsonite formation seems to have been favored instead.
Modelling results considering the influence of aluminium (see Figure A-l in
Appendix) showed dawsonite precipitation versus gibbsite one. However,
gibbsite is not included in the calculation due to the lack of thermodynamic
data. Therefore, both minerals, i.e. dawsonite and gibbsite, could have been
precipitated. In the experiment, ferrous iron remained in solution instead of
been trapped in a significant amount of siderite as in the modeled case.
However, experimental solids weight uptake is of 11%, which compared to
equilibrium one (12.59%), is reasonably close. It seems obvious that other
metastable phases (those ones thermodynamically unstable under the reaction
conditions) have precipitated and were not identified in the thermogravimetric
profile, probably because their decomposition temperatures fall within the
kaolinite decomposition temperature range and/or are higher than 900°C.

Despite of the high reactivity of the finest fraction (<38 pm), it would not be
very representative of real-case scenarios where coarser solids are expected;
hence, the top fraction was the chosen one for the experimental work. It also
proofed to be very easy to work with in terms of the experimental solids
recovery process upon reaction, which was also another advantage of working
with this particle size.
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7.1.2. Effect of reaction time

Geochemical modelling with CHILLER does not account for kinetics so
experimental evaluation of reaction time is crucial to assess the extent of the
reaction and equilibrium stage. A series of autoclave experiments (numbers 4-6
in Table 7-1) to study the effect of reaction time on formation of predicted iron
carbonate were conducted. Reaction time ranged from 24 to 264 h.
Experimental trends are discussed below and compared with the equilibrium
predicted case.

7.1.2.1.

A nalysis o f flu id chem istry and solids w eight uptake

In the aqueous phase, no significant changes for dissolved iron and pH were
observed beyond a reaction time of 62 h (Figure 7-4). Iron in solution
decreased from a measured value of 17 ppm after 24 h to 12 ppm after 62 and
163 h, to further decrease slightly to 10 ppm after 264 h. Fluid pH increased
from 6.38 after 24 h to a value of ~ 6.70 for the rest of the experiments.
Continuous hematite dissolution might be buffering the pH throughout the
experiment. The largest change in solids weight uptake (19%) was observed
after 264 h, indicating precipitation of one or more secondary minerals between
163 and 264 h.
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Figure 7-4. Dissolved iron (left) and measured final pH and solids weight uptake (%) (right) as
a function of reaction time. Error bars size for weight uptake series is smaller than symbol size.

7.1.2.2.

Characterisation o f solid products

A thorough analysis of reacted solids was conducted on experimental runs
evaluating the influence of reaction time in the overall carbonation process.
Thermal analysis. X-ray diffraction and X-ray photoelectron spectroscopy were
the applied analytical techniques to elucidate the nature of precipitated phases
over the course of the reactions. Results obtained from each of them are
explained in detail below.

7.1.2.2. a. Thermograximetric analysis

Thermogravimetric analysis (TGA) shows a similar behaviour of all reacted
samples except for the one reacted for 264 h (Figure 7-5). The latter one shows
a 1% weight loss around 300°C, which is in good agreement with the
decomposition temperature of dawsonite and gibbsite (Huggins and Green.
1973. Kloprogge et al„ 2002, Balek et al., 2003).
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“ ■“ unreacted

—

24h

------163 h

—

264h

----- 62h

Figure 7-5. TGA curves of unreacted and reacted samples collected at different reaction times.
Dashed lines correspond to derivative weight curves.

Kaolinite dissolution is inferred from the TGA profiles of samples collected
after 24, 62 and 163 h, based on the weight loss associated to the kaolinite
dehydroxilation process (400-700°C). Precipitation of secondary minerals in
that temperature region could also contribute to the observed weight loss. Iron
sulfide and siderite are potential precipitates as a result of the reaction, but their
identification from the TGA profiles is not possible due to a similar
decomposition temperature range: iron sulfate decomposition has been reported
to initiate around 500°C, with a sharp decrease in weight at that temperature
and followed by a slower decomposition at 500-600°C (Siriwardane et al„
1999); on the other hand, and as stated previously (see section 7.1.1.2), siderite
decomposes between 400 and 600°C. An additional challenge for the detection
of siderite is due to its inhibition by the superposition of its peaks and kaolinite
peaks in the temperature range of 500-600°C. Even though the siderite
detection limit is improved with a controlled N2 atmosphere in the furnace,
30% of well-crystallised siderite may be overlooked by thermal analysis in
mixtures with kaolinite (Bayliss and Warne, 1972). Decomposition of
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boehmite also occurs between 500 and 550°C (Kloprogge et al., 2002).
Thereby, and based on the above statements, one, two, three or four of those
solids (kaolinite, iron sulfate, siderite and boehmite) could be present in the
reacted samples.

The TGA curve of reacted sample for 264 h shows a higher weight loss in the
kaolinite decomposition range (400-700°C) than the one observed in the
unreacted sample. Additionally, a further weight loss at ca. 800°C is noted for
this reacted sample, which agrees well with the decomposition temperature of
sodium carbonate (Figure 7-6).

----- W eight» /«

-- D e r iv .W e ig h t% /m in

Figure 7-6. TGA curve for a standard sample of sodium carbonate.

7.1.2.2. b.

X-ray diffraction analysis

X-ray diffraction (XRD) was also conducted to identify the bulk crystalline
phases formed during the reaction. Changes were not observed in the XRD
diffractograms of recovered solids after 24, 62 and 163 h so their
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diffractograms are not shown. The XRD diffractograms of unreacted and
reacted sample for 264 h can be seen below in Figure 7-7.

Figure 7-7. XRD diffractograms of unreacted (grey line) and reacted (green line) hematite
sample (264 h).

For sample reacted for 264 h two additional peaks were identified before the
main peak for the hematite. One of the peaks agrees well with the presence of
siderite which main 20 peak is at 32.08°. Iron sulfate was not detected by XRD
analysis which might be due to an amorphous character.

7.1.2.2. c.

XPS analysis

Reacted solids were analysed in detail by XPS to determine whether surface
composition had been altered as a result of the experiments and reactions had
taken place on the hematite surface.

First, a detailed analysis of the C signal was conducted based on its high
resolution scan (Figure 7-8). XPS data for the different samples clearly
indicates that a peak with a BE associated to a carbonate compound had
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developed quite significantly after 264 h. Thereby, carbonate formation did
occur and is enhanced with longer reaction times.

Figure 7-8. XPS Cls spectra of hematite solid samples collected at different reaction times.

Deconvolution of the experimental C Is spectra profile was performed to study
the contribution of the different peaks to the total curve. The solid black line
represents experimental data and the total calculated fitting is shown in grey
with circular markers. The other curves represent components used to curve fit
the spectra. An example of the deconvolution process is depicted in Figure 7-9
(left) and the atomic concentration (%) of the different components for samples
collected at different reaction times is also shown in Figure 7-9 (right).
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Figure 7-9. High resolution XPS in the Cls region for sample collected after 264h (left) and
atomic concentration (%) of components used to curve fit the spectra as a function of reaction
time.

The peak at 285.0 eV is assigned to adventitious (aliphatic) carbon found in all
samples exposed to the atmosphere (Swift, 1982). Synthetic components
defined as Cl and C2 correspond to carbon atoms of the type C=0 and C-OI I
respectively of unknown origin, most of it probably related to the adventitious
contamination (Swift, 1982, Moulder et al., 1995, Briggs and Beamson, 2006).
The carbon peak due to a CFx-containing phase does not disappear in the
reacted samples but, bearing in mind the surface F content in the parent
hematite is only 1.21 atomic % (see section 6.5 in Chapter 6 ) this contribution
is not significant. The component with a BE that relates to carbonate carbon
atoms, increases its atomic concentration to a maintained value ranging from
11 to 14% in collected solids reacted for 24, 62 and 163 h. A substantial
increase (26.7%) is observed though in sample collected after 264h. which is
again a clear evidence of carbonate precipitation.

The carbonate peak in the sample collected after 264 h (Figure 7-9 left) was
further analysed to identify which carbonate had been formed over the course
of the experiment. The BE for the peak related to carbonate carbon atoms is
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289.5 eV and can not be assigned to neither sodium carbonate (BE=289.4 eV)
nor iron carbonate (BE=289.8 eV), which BE were obtained from XPS
analyses of standard compounds (Figure 7-10). The obtained peak though
shows a BE much closer to the sodium carbonate than to the iron one. XPS
data for dawsonite is not available but would most likely fall somewhere close
to reference data for sodium carbonate.

Fiuure 7-10. XPS Cls spectra of standard iron carbonate, i.e. siderite (left), and sodium
carbonate (right).

High resolution scans were also performed for the rest of the elements aiming
to elucidate potential solid phases precipitated on the hematite surface. The
most significant difference in the Ols high resolution scans is the presence of
new Ols peaks at BE of 536.1 and 531.8 eV in the sample reacted for 264h.
which are comparable to the BE of the Ols peaks observed in the reference
spectra for sodium and iron carbonates respectively (Figure 7-11). Iron sulfate
precipitation occurred after 62 and 264 h as verified by the BE of the S2 p3/2
peak (168.9 eV) (Moulder et ah, 1995).
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Binding Energy (eV)

Figure 7-11. XPS Ols spectra of standard iron carbonate (left) and sodium carbonate (right).

The BE of Nais, C12 p3/2 , A12 p3/2 and Si2 p3/2 photoelectron peaks are shown in
Table 7-3. Sodium chloride seems to have precipitated according to the BE of
the C 12 p3/2 peak (Moulder et ah, 1995). An aluminium silicate (A^SiOs) is also
identified in samples collected after 62. 163 and 264 h, which is supported by
the BE of the Si2 p3/2 photoelectron peak (103.0 eV).

Nais and A 12 p3/2

photoelectron peaks have contributions from different compounds, probably
dawsonite, sodium carbonate and sodium chloride for Nais, and dawsonite and
aluminium silicate for A12 p3/2 .

Table 7-3. Binding Energies of Nals, C12p3/2, A12p3/2and Si2p3/2 photoelectron peaks for
samples collected at different reaction times.

Sample
unreacted
24h
62 h
163h
264h

Nals
—

1072.0
1071.8
1071.7
1071.6

C12p3/2 A12p3/2 Si2p3/2
—

198.7
198.8
198.7
198.8

75.0
74.9
74.7
74.7
74.6

103.2
103.2
103.0
103.0
103.0

A quantitative analysis could not been performed confidently with XPS due to
the high complexity of the samples and the potential numerous possibilities,
but some conclusions can be withdrawn: carbonate precipitation has occurred
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after 264 h and its characteristic carbon atom accounts for a 4% (atomic
percentage) of the surface reacted sample; Iron sulfate, residual sodium
chloride and an aluminum silicate have precipitated as well. However, siderite
precipitation can not be confirmed by XPS studies although is not dismissed
either, since the BE of O ls and S2p photoelectron peaks are coincident with
those for ferrous sulfate.

7.I.2.3.

Sum m ary

The effect of reaction time on the overall mineral trapping reaction with
hematite showed reaction progress was made and siderite was identified by
XRD as a reaction product after 264 h, which is in good agreement with results
from modeling studies. XPS analysis also indicated the potential presence of
other carbonate, dawsonite, which decomposition temperature at ca. 300°C
agrees well with results from thermal analysis. In the simulation of a hematitekaolinite-brine-C02-S02 system, the equilibrium mineral assemblage consisted
of hematite, dawsonite, siderite and quartz (see Figure A-l in Appendix) so,
assuming dawsonite precipitation took place (based on TGA and XPS results),
a 3.6% of dawsonite is present in the reacted sample for 264h provided that
decomposition of dawsonite was complete.

Residual sodium chloride and iron sulfate were detected only on the surface of
the sample and had not been predicted by the simulations. Sodium chloride
presence was probably due to the experimental procedure because the rinsing
process of the solids was carried out with the collected brine from the
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experiment. On the other hand, iron sulfate precipitation occurred after 62 and
264 h as verified by the BE of the S2p peak; this is in good agreement with
dissolved iron analyses, where iron concentration decrease was also observed
after 62 and 264 h.

Experimental values of pH and dissolved iron are again far from the
equilibrium ones. Measured fluid pH was higher than the theoretical (in-situ)
one due to limitations of the experimental procedure and CO2 evolving from
the brine upon the reactor depressurization process. As for measured dissolved
iron, the higher value compared to the predicted one owes to ferrous iron being
left dissolved. The percentage of weight uptake was higher though (19.36%) in
the experiment than in the simulation (12.59%), and alteration minerals
included siderite, dawsonite, iron sulfate, sodium carbonate and sodium
chloride.

The presence of iron sulfate in reacted solids is likely due to the quenching
process rather than to the experiment: the solubility of ferrous sulfate reaches a
maximum of ca. 4 mol/kg at 55°C and, although it decreases to 4.2-1 O'3 mol/kg
at 350°C (Cameron, 1930, Rudolph et al., 1997), it is still quite soluble at
elevated temperatures and even more in the presence of an excess of sulfuric
acid (Rudolph et al., 1997). Thereby, its presence at high temperature (100°C)
is highly unlikely.
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The likely presence of dawsonite in the reacted solids might be due to the
moderately basic solution that enhances dawsonite precipitation (Benezeth et
al., 2007) as well as to the high C 02 fugacities:

Na+ + Al(OH)4'+ HC03’ + H+ -* NaAlC03(0H)2(S) + 2H20(1)

Previous equilibrium modeling studies in a C 02-brine-sandstone system (Zerai
et al., 2006), where dawsonite and siderite are identified as reaction products,
indicate that dawsonite does not precipitate in the final equilibrium assemblage
for simulations under a whole range of initial fC02 and model temperatures,
with siderite being present as the stable phase; However, the path of reaction
modeling and kinetic modeling indicates that for all the initial fC02 studied,
dawsonite does precipitate during the initial stages of the reaction, but
dissolves as the reaction proceeds to completion. Siderite patterns of formation
and dissolution are similar to those for dawsonite, but siderite is more stable
than dawsonite at lower C 02 fugacities and higher pH, and at higher
temperatures.

Based on all the above, dawsonite precipitation over in the experiments has
been favored due to dawsonite’s increasing stability at high C 02 fugacities.
This would be representative of a near injection well and immediately
following injection case. In a real scenario, however, as time goes by, C 02
fugacity is expected to decrease with increasing distances from the injection
site and, over longer periods of time after injection, due to C 02 dispersion,
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migration and/or leakage. It would be then when siderite becomes the stable
phase, taking up some of the re-released C 02 from dawsonite dissolution.

A comparison can be established between results reported here and those from
previous studies with hematite, brine and a C 02-S02 mixture (Palandri et al.,
2005). Although the experimental conditions were not the same (pure hematite
with minor amounts of Al, 150°C, 300 bar, ~67 g/L and 11.1 vol. % of S 02 as
opposed to reaction conditions of a hematite sample containing some kaolinite,
100°C, 250 bar, 25 g/L and 0.4% vol. of S02 in this research), dawsonite was
also identified as a reaction product by Palandri and co-workers. However, its
formation was presumably due to the experimental procedure just prior to
quenching the experiment, which involved the addition of NaOH to the system.
Siderite precipitation was confirmed in that case after ~ 611 h as well as some
metastable pyrite and S. Studies presented here, where the reaction time was
264h, verified the presence of siderite and probably dawsonite, so they are in
good agreement with those reported by Palandri and co-workers (Palandri et
al., 2005).

7.1.3. Effect of gas composition

Three different C 02:S02 gas concentrations were tested in laboratory
experiments (exp. numbers 3, 7 and 8 in Table 7-1): Equilibrium results
obtained for those ratios are discussed and compared with the collected
experimental values.
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7.1.3.1.

Analysis o f fluid chemistry and solids weight uptake

Experimental trends for dissolved iron, final pH and solids weight uptake (%)
observed after the reaction, were compared to the predicted (i.e. equilibrium)
ones given by geochemical modeling.

Ferrous iron in solution increased as a result of increasing amounts of SO2 in
the reactive gas stream in both, predicted and experimental tests (Figure 7-12).
Higher amounts of SO2 would yield a higher amount of hydrogen sulfide due
to the SO2 disproportionation reaction (reaction [7-3]) and, consequently,
reduction of ferric iron contained in the starting material by hydrogen sulfide
is driven to the right side (reaction [7-4]) and more ferrous iron is obtained in
solution.

4 SO2 + 4 H2O

H2S + 3 H2SO4

[7-3]

8Fe3+ + HS’ + 4H20 ^ 8Fe2+ + S 042' + 9H+

[7-4]

However, the amount of dissolved iron measured experimentally is three orders
of magnitude higher than the equilibrium one predicted by the simulations. As
expected, equilibrium was not reached after a 24h experiment, and most likely,
reaction time was not long enough to promote siderite nucleation and
precipitation.
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Figure 7-12. Comparison of experimental and predicted results for dissolved iron as a function
of varying relative amounts of C 02 and S 0 2 in the gas added.

As for the pH values and according to reaction [7-3], brine acidity is higher
when the amount of SO2 added to the system is also higher. Thereby, the more
SO2 present in the gas stream, the lower the pH of the brine. Measured
experimental values are higher than the equilibrium ones and incongruently,
measured pH for the experiment with a 1.2% content of S 0 2 is slightly higher
than the one with a 0.9% of S02. Experimental pi 1 was recorded as quickly as
possible upon depressurization and opening of the reactor, but the elapsed time
prior to the measurement might have been slightly longer for the last point, so
the CO2 would have had more time to evolve from the brine and consequently,
the measured brine pH would be slightly higher. Also, hematite dissolution
might be buffering the pH in the experiment.
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Figure 7-13. Comparison of experimental and predicted results for brine pH (left) and solids
weight uptake (%) after the reaction (right) as a function of varying relative amounts of C 02
and SOz in the gas added. Error bars size for weight uptake series is smaller than symbol size.

Predicted weight uptake by the solids increases following reaction with
increasing amounts of SO? in the gas stream; this is due to more dissolved iron
available for nucleation and precipitation of siderite, driving reaction [7 -5 ] to
the right.

II2CO3 + Fe2+ +-> FeCOj + 2H+

[7-5]

A similar trend is observed for the percentage of solids weight uptake in the
theoretical and experimental results but the values are not of the same order of
magnitude. The solids weight uptake in the experiments is not as high as the
predicted ones but, this is due to the fact that the simulation is predicting
results under equilibrium conditions, while the data from the autoclave
experiments is obtained after only 24h of reaction.
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7.L3.2.

Characterisation o f solid products

7.1.3.2. a.

Thermogravimetric analysis

Figure 7-14 shows the TGA profiles of the parent and reacted samples with
different amounts of SO2 added to the reactive gas stream. Kaolinite
dissolution is enhanced with higher contents of S02 in the gas added; thereby, a
lower weight loss is observed in samples with increasing S02 contents in the
temperature range where kaolinite decomposes (400-700°C). Dissolution of
kaolinite increases directly with increased proton concentrations (Biber et al.,
1994). Hence, as the S02 content increases and the brine gets more acidic, so
does the degree of protonation. Protons promote dissolution by attacking a
particularly vulnerable point in the crystal structure, namely the oxygen atom
of the comer shared by the aluminum and silicate polyhedra. The lone pair of
electrons on the oxygen atoms in the kaolinite structure undergo protonation as
the proton concentration increases. The protonation of the oxygen atoms
polarises and weakens the Al-O-Si bonds, thereby facilitating the removal of
aluminium atoms from the crystal lattice (Stumm and Morgan, 1996) according
to the following reaction:

Al2Si20 5(0H)4 +6 H+ «-*• 2A13+ + 2H4Si04 + H20
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Figure 7-14. TGA curves of unreacted and reacted samples with varying relative amounts of
C 02 and S02 in the gas added. Dashed lines correspond to derivative weight curves.

The rate of mass loss profile is significantly different for the sample reacted
with a gas mixture containing 1 .2% of S02. The latter sample happens to be
thermally more stable than the others since its decomposition temperature is
higher than the rest. The weight loss could be due to some remaining kaolinite
as well as one and/or more precipitated phases with decomposition
temperatures ranging from ca. 500 to 700°C. On one hand, with further
addition of S02, increasing concentrations of Fe2+, sulfate and sulfide drive
reaction [7-7] to the right, so pyrite could be a potential phase formed as a
result of the reaction.

4Fe'+ + SOT' + 7HS' + Fl+ <-» 4 FeS2 (pyrite) + 4FI20

[7 -7 ]

On the other hand, experimental results (Palandri, 2000) have shown
precipitation of amorphous iron sulfide as the one favoured kinetically
(reaction [7-8]):

Fe:+ + FIS' <-» FeS (amorphous) + Fi+
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The TGA curve obtained during the pyrolisis of the pyrite mineral in nitrogen
has been recently reported in the literature (Yani and Zhang, 2009). Broadly,
four stages were identified in such pyrolisis, where those two occuring between
ca. 447 and 572°C and between ca. 572 and 667°C are responsible for the
highest rates of mass loss. According to Yani and Zhang (Yani and Zhang,
2009) pyrite decomposes via a multi-step sequential and kinetically controlled
process as follows:

FeS2 -> FeSx -♦ FeS -►Fe
Gaseous sulfur in the form of a mixture of aliotropic species, Sn (n=l-8), is
released during the thermal decomposition of pyrite.

Iron sulfate and boehmite also decompose between 500 and 600°C
(Siriwardane et al., 1999, Kloprogge et al., 2002). Hence, precipitation of
pyrite, iron sulfate, boehmite and/or amorphous iron sulfide may have occurred
in the sample reacted with the highest content of S02 in the gas (1.2%) phase.

Due to the high number of possibilities, a quantitative analysis can not be
performed based on TGA results because of the potential overlapping of the
TGA curves for kaolinite, iron sulfate, boehmite and iron sulfide in the same
range of temperatures.
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7.1.3.2. b.

XPS analysis

In order to assist in the interpretation of reacted solid products, analyses of
reacted hematite samples were performed using XPS.

A wide scan and high resolution scans of all the elements were conducted, and
the atomic relative percentage difference for the different elements related to
the starting material are plotted (Figure 7-15) for the varying relative amounts
of CO2 and SO2 in the gas added to the reactive system. It can be noted that the
atomic relative percentage difference for C ls related to carbonate carbon atoms
is only positive when the SO2 content in the gas is characteristic of a typical
flue gas stream (99.6:0.4). The BE of this Cls photoelectron peak is 289.6 eV,
which is right in between the values of BE corresponding to siderite (289.8 eV)
and sodium carbonate (289.4 eV). Only around 1% (atomic) of carbonate
atoms is detected on the surface of the reacted hematite sample when compared
with the unreacted one. Hence, no weight loss could be clearly assigned to any
carbonate compound in the corresponding TGA curve (Figure 7-14). Based on
the BE of the Cls peak, either siderite, sodium carbonate, dawsonite or a
mixture of one, two or three of those phases could be present due to the
reaction.
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Figure 7-15. Atomic relative percentage difference of different elements as a function of
varying relative amounts of C 02 and S 02 in the gas added.

Sulfur atomic concentration started to be significant (1% or more) when the
SO: content was equal or higher than 0.9% as can be seen in Figure 7-15. The
BE of sulfur for Fe(ll) sulfate is around 169.0 ± 0.2 eV (Siriwardane et ah,
1999, Descostes et ah, 2000), which corresponds to the BE of sulfur in the
reacted samples. Thereby, sulfur seems to be bond to the hematite surface in
the sulfate form.

The Fe2p high resolution XPS spectra also indicates a mixture of Fe(IIl) and
Fe(ll) compounds with increasing amounts of S 02 in the gas added: for reacted
samples with 0.9% of S02 content or higher (Figure 7-16), the satellite of
Fe2p3/2 constitutes a shoulder in the photoelectron peak (more characteristic of
Fe(ll) compounds) whereas, for the unreacted and reacted sample with 0.4% of
S02, this same satellite is very distinctive from the photoclectron peak,
indicating the Fe (+111) character of the compound (Grosvcnor et al„ 2004).
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This is in good agreement with the precipitation of Fe(II) sulfate, since the
observed trend for the atomic relative percentage of S2p (Figure 7-15) is not
positive until the SO2 content in the reactive gas is at least 0 .9 %.

Binding Energy (eV)

Binding Energy (cV)

— unreacted — 996:0.4 — 99.1:0.9 — 988:1.2

— unreacted — 99.6:0.4 — 99.1:0.9 — 98.8:1.2

Figure 7-16. High resolution XPS in the Fe 2p (left) and O Is regions (right) for unreacted and
reacted samples with varying relative amounts of C 02 and S 0 2 in the gas added.

The high resolution XPS spectra of Ols peak can also be seen in Figure 7-16. It
is clear how the intensity ratio between the Ols peak corresponding to kaolinite
(532.2 eV) and hematite (530.1 eV) gets smaller as the S 0 2 content is higher in
the gas stream, enhancing kaolinite dissolution. For the reacted samples with
0.9 and 1.2% of S0 2 content, the kaolinite peak also broadens, which is
consistent with the presence of the Ols peak at the BE characteristic of Fe(ll)
sulfate (531.8 eV) (Siriwardane et al., 1999).

The presence of residual brine, i.e. NaCl, and an aluminum silicate might be
also possible based on BE of Nals (1071.8 eV), C12p3/2 (198.9 eV). A12p3/2
(74.7 eV) and Si2p3/2 (102.9 eV) photoelectron peaks (Moulder et al„ 1995).
which are present in all the reacted samples.
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7.1.3.3.

Sum m ary

Geochemical modeling simulations predict that, under modeled conditions,
CO2 is mainly trapped as a free gas phase and as ionic CO2 species in the brine;
siderite precipitation is also enhanced as S 02 content increases in the C 02dominated flue gas stream, showing a 2.5% of total C 02 trapped in siderite for
a C 02:S02 composition of 98.8:1.2. It is worth pointing out that modeling
results obtained for the hematite-kaolinite-brine-C02-S02 system show a
mineral assemblage consisting of hematite, dawsonite, siderite, kaolinite and
quartz for a C02:SC>2 composition of 98.8:1.2 (see Figure A-l in Appendix).

Experimentally, dissolved iron values are again significantly higher (three
orders of magnitude) than predicted ones. Equally, percentages of weight
uptake by the solids are not as high as the modeled values but do follow the
same thermodynamically predicted trend, indicating higher precipitation for
increasing S02 contents in the experiment. The higher the S 02 content in the
gas stream, the higher the brine acidity is, according to the model.
Experimentally measured pH does not quite follow that trend since its
empirical value is not the lowest one for the experiment with a highest SO2
content.

Either the limitations of the experimental procedure or the pH

buffering as a result of hematite dissolution might be responsible for the latter
statement.

Thermal analysis results were not conclusive in the identification of
precipitates from the reactions due to potential precipitated phases
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decomposing over the same range of temperatures. Surface spectroscopic
techniques (e.g. XPS) indicate dehydroxilation and dissolution of kaolinite is
promoted in more acidic environments as well as the iron sulfate, residual brine
and an aluminum silicate presence on the surface of the sample as a result of
the brine-rock-gases interaction. A very small amount of carbonate atoms (~
1%) was confirmed in the reacted sample with the lowest SO2 content (0.4%)
but the identity of the precipitated carbonate and/or carbonates could not be
verified.

In high SO2 content experiments, as the one reported by Palandri and co
workers (Palandri et al., 2005), initially highly reducing conditions could lead
to precipitation of undesirable phases, such as iron sulfide, that could persist
metastably later on. However, precipitated iron sulfide phases should re
dissolve as time goes by to allow siderite precipitation and confirm the
geochemical modeling predictions. As more time elapses, carbon in the fluid
will eventually become trapped as mineral carbonates as the acidic character
due to SO2 is neutralised through hematite dissolution.

7.1.4. Effect of reaction temperature and reaction pressure

A series of autoclave experiments were conducted to study the reaction of a
C 0 2 dominated flue gas stream with brine and hematite as a function of
temperature (experiments 8, 12, 13 and 14; see Table 7-1) at constant pressure
(250 bar), and as a function of pressure (experiments 8-11; see Table 7-1) at
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constant temperature (100°C). Predictions based on computer simulations are
compared with empirical trends and results are discussed below.

7.L4.1.

A nalysis o f flu id chem istry and solids w eight uptake

Dissolved iron, pH after the reaction and weight uptake (%) curves for
increasing values of temperature and pressure are depicted in Figure 7-17. It is
worth noting how the trend is the opposite for all measured variables when
comparing experiments with different temperatures and different pressures,
which is consistent with the opposite effect that temperature and pressure have
in a reaction.

Predicted dissolved iron concentration decreases and modeled pH increases
with increasing temperatures. This is due to the combined effect of the
following: a) CO2 reacts with water to form H2C 03 which dissociates to H+ and
HC03\ more so at lower temperatures (Holloway, 2005, Bachu, 2008).
Thereby, higher temperatures will inhibit C 02 dissolution compared to lower
ones and the fluid pH will become less acidic, i.e., fluid pH will be higher and
dissolved iron lower (hematite dissolution is enhanced in more acidic
environments)

than

in

low

temperatures

experiments;

b)

S02

disproportionation reaction (reaction [7-9]) is exothermic (AHR°<0) and
according to Le’Chatelier’s principle, an increase in temperature decreases the
equilibrium constant of the reaction. Thereby, less amounts of H2S will be
yielded in reactions with increasing temperatures. H2S concentration would
affect brine pH as well as ferrous iron concentrations in solution: the more H2S
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produced, the lower the brine pH. and the more dissolved ferrous iron since
H2 S is the reductant agent responsible for reducing Fe3+ contained in the oxide
to Fe2+.

4SC>2(g) + 4 H2OO) *-*■H2S (aq) + 3 H2SO4 (aq) AHr° = -104.4 kcal/mol [7-9]
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Conversely, the opposite trend is observed for the modeled dissolved iron and
brine pH curves from simulations with increasing reaction pressures.
Increasing pressures would enhance C 02 solubility (Bachu, 2008) as well as
would increase the equilibrium constant of the S02 disproportionation reaction
according to Le’Chatelier’s principle. As a result of the above statement,
acidity of the brine will be higher in experiments with higher reaction pressures
and dissolved iron concentration will also be higher due to more H2S available
for Fe3+ reduction to Fe2+.

Experimental dissolved iron concentration barely changed from 75 to 100°C,
followed by a decrease in experiments reacted at 125 and 150°C. The empirical
trend follows reasonably well the modeled one, but concentration values are
significantly higher in the experimental work compared to the simulations
results. The same conclusion can be stated from empirical dissolved iron
concentrations obtained in experiments with increasing pressures. For this
latter case, concentration of dissolved iron is almost the same for 250 and 320
bar of pressure.

Empirical brine pH does increase, as predicted, when moving from experiment
at 75°C to experiment at 100°C, but remains approximately constant in
experiments at higher temperatures (125 and 150°C). The effect of temperature
on the rate constant of a reaction is described by the Arrhenius equation
(equation [7-10]) where k is the reaction rate constant, A is referred to as the
preexponential factor, Ea as the activation energy of the reaction, R is the gas
constant and T is the absolute temperature (Stumm and Morgan, 1996),
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k = Ae~E*/RT

[7-10]

According to the Arrhenius equation, the higher the reaction temperature, the
higher the reaction rate constant. Kinetic considerations might be then
responsible for such observations and precipitation of secondary minerals (that
generate acidity) might be buffering the pH. Also, although higher
temperatures decrease the solubility of CO2 in water and therefore the rate of
carbonation, the carbonation reaction is exothermic and the heat of reaction
could promote the formation of meta-stable phases (Fernandez Bertos et al.,
2004).

Observed experimental pH values for experiments with increasing values of
reaction pressure do follow the theoretical trend but, as in previous sections,
empirical values are higher than predicted ones due to the limitations of the pH
measurement method in the laboratory (the pH of the quenched brine rebounds
as the C02-charged brine degasses).

As for the predicted percentage of weight uptake, modelled results show a
decreasing trend for experiments with increasing reaction temperatures and the
opposite trend for experiments with increasing pressures. The amounts, in
grams, of final hematite and precipitated siderite predicted by geochemical
modeling are shown in Figure 7-18. Siderite precipitation follows the same
trend as reported modeled weight uptake percentage and can be explained as
follows: higher temperatures decrease the solubility of C 02 in water, therefore
decreasing the rate of carbonation. Conversely, higher pressures increase the
solubility of C 02 and hence, the rate of carbonation. Previous studies have
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already reported that the higher the amount of CO2 in the gas phase, the higher
is the rate of carbonation so by varying the partial pressure of CO2 , the rate of
carbonation can be controlled (Fernandez Bertos et ah, 2004).*
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Figure 7-18. Hematite and siderite amounts (in grams) at equilibrium in experiments with
different reaction temperatures and with different reaction pressures.

Experimental percentage of weight uptake increases from ~ 7% at 75°C to ~
12% at 100°C to further decrease to a maintained value ranging between 7 and
8%

for experiments at higher temperatures (Figure 7-17), signaling re

dissolution of a phase previously precipitated in the experiment and/or further
dissolution of the starting material and no precipitation of secondary minerals.
The opposite trend is observed for percentage of weight uptake in experiments
with increasing values of reaction pressure (Figure 7-17). None of the
experimental trends (neither the one for varying values of reaction temperature
nor the one for varying values of reaction pressure) follow the expected
theoretical trend for the percentage of weight uptake by the solids. It is obvious
that kinetics play an important role on rates of dissolution of the initial solid as
well as precipitation of secondary minerals, preventing the system from
following the expected theoretical trend and reaching equilibrium after 24 h.
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7.1.4.2.

Characterisation o f solid products

The analysis of the precipitates was accomplished using thermal analysis to
identify which compound and/or compounds w'ere responsible for the observed
percentage of weight uptake. The TGA profiles are shown in Figure 7-19
below.
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Figure 7-19. TGA curves of unreacted and reacted hematite samples at different temperatures
(left) and pressures (right). Dashed lines correspond to derivative weight curves.

The TGA profiles for reacted samples at different temperatures show' a weight
loss in the temperature region between 400 and 800°C. This temperature range
is approximately the same where kaolinite decomposes, as can be seen in the
TGA profile for the unreacted sample. However, the TGA curves for the
reacted hematite samples show a lower weight loss in that region compared to
the parent material, indicating kaolinite dissolution and precipitation of
secondary minerals. The TGA curve of the sample reacted at 100°C shows the
lowest weight loss, which is in close agreement with the experimental
percentage of weight uptake by the solids (the highest one of that set of
experiments). It seems obvious the weight taken up by the reacted solids is due
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to solid phases decomposing in the temperature region ca. 400 and 800°C
and/or temperatures above 900°C. Precipitation of residual brine might be
responsible for some of the reported weight uptake and its associated weight
loss is not observed before 900°C. Derivative weight curves indicate the
maximum higher rates of weight loss at higher temperatures than the curve for
the parent sample. As for experiments with varying amounts of SO2 in the gas
stream previously explained in section 7.1.3, several phases (iron sulfate, iron
sulfide, boehmite and siderite) could have precipitated that decompose in the
same range of temperatures, and a quantitative analysis can not be performed
based on TGA results because of overlapping of their TGA curves.

The TGA curves for the unreacted and reacted samples at different reaction
pressures can be explained in a similar manner to the set of curves obtained at
different temperatures and the conclusions withdrawn would then be the same:
a quantitative analysis of the precipitates is not feasible if based only on
thermal analysis results.

7.I.4.3.

Sum m ary

Geochemical modeling predicts lower carbonate (i.e. siderite) precipitation
with increasing temperature (at a set pressure) and, conversely, a higher
carbonate formation with increasing pressure (at a set temperature). The
solubility of C 02 in water (i.e. the activity of bicarbonate in water) decreases
with increasing temperature and increases with increasing pressure. Thereby,
thermodynamically, siderite precipitation is enhanced at low temperatures and
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high pressures. However, temperature has an important effect on reaction
kinetics and, as reaction temperature increases, so does the reaction rate
constant. Hence, the result is the contribution of two opposite temperature
effects and a reaction temperature of maximum conversion is normally
identified. Dissolution of CO2 and S02 gases in water, and precipitation of
siderite are all fast relative to rate limiting hematite dissolution (Palandri et al.,
2005).

Based on experimental weight uptake (%) values, temperature of maximum
conversion seems to be 100°C (maximum weight uptake was observed).
Precipitates at that temperature could not be identified by thermal analysis,
with several phases (siderite, iron sulfate, boehmite and iron sulfide) been
potential candidates as the formed ones based on the TGA profiles.

Weight uptake (%) for experiments at a constant temperature of 100°C
increases with increasing reaction pressures (hence, higher C 02 pressure) up to
250 bar, and no further weight uptake is observed beyond that value. Based on
Soong and co-workers studies (Soong et al., 2004), pressure does not seem to
have a high effect in the formation of carbonate minerals as long as a minimum
C 02 pressure is maintained in the reactor.

Discrepancies between experimental and predicted trends are more significant
when evaluating the effect of reaction temperature and pressure compared to
the effect of other variables on mineral trapping by iron oxides; overall,
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modeled trends are not followed by empirical ones because of the major role
played by kinetics in the involved reactions.

The partial pressure of C 02 and S 02 are important variables because they
control the concentration of dissolved gases in the brine (which would then
become available to react with the host reservoir) and consequently the
evolution of the pH over the course of the reaction. Temperature is of interest
because it affects reaction kinetics, which could play an important role on a
full-scale injection operation. Previous studies (Bachu, 2003) reported that
warm basins are less favorable for C 02 sequestration than cold ones because of
the reduced capacity in terms of C 02 mass and because of higher C 02
buoyancy, which drives the upward C 02 migration. In this case, experimental
optimum conditions for precipitation of secondary minerals under tested
parameters have been identified as 100°C and 250 bar, which would be
encountered at a depth of ~ 2.5 km in a sedimentary basin with a hydrostatic
pressure gradient of 100 bar/km and a geothermal gradient of ~ 40°C/km
(higher than the average of 25°C/km). To date, C 02 has been injected into
depths ranging from 800 to deeper than 3000 m (Gale, 2009), so injection at a
depth of 2.5 km would be feasible.

7.1.5. Effect of solids concentration

A series of autoclave experiments (experiment numbers 8, 15, 16 and 17 in
Table 7-1) were conducted to validate the equilibrium trends predicted by
geochemical modelling when testing the effect of varying the rock-to-brine
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ratio in the mineral trapping capacity of hematite. Comparison of predicted and
empirical trends is performed in the same way as in previous sections.

7.1.5.1.

Analysis o f fluid chemistry and solids weight uptake

Dissolved iron content in the system is very small (0.05 ppm) for the
simulation with a solids concentration of 10 g/L. due to the iron been trapped
in siderite and pyrite instead of being present as a dissolved phase in the brine
(Figure 7-20, inner figure). As the solids concentration increases in the system
(25, 50 and 100 g/L) the dissolved iron concentration reaches a plateau. The
amount in grams of siderite precipitated is the same for the latter simulations
(11.2 g), hence, dissolved iron would also be the same. As mentioned in the
previous section, the reactions taking place in the system are the same;
precipitation of solid phases is delayed to higher amounts of S 0 2 added due to
higher values of solids concentration used in the simulations.
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Figure 7-20. Comparison of experimental and predicted trends for dissolved iron as a function
of different solids concentration values.
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Equilibrium pH remains approximately the same for the different values of
solids concentrations used, and for measured pH. values also remain ~ constant
except for the value in the experiment with a solids concentration of 25 g/L
(Figure 7-21). This is probably due to the slightly higher initial pH of the brine
(13.0) compared to the rest of the experiments (-12.7) (see Table 7-1).
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Figure 7-21. Comparison of experimental and predicted trends for brine pH and solids vveieht
uptake (%) as a function of different solids concentration values. Error bars size for weight
uptake series is smaller than symbol size.
b

The modelled trend observed for the weight uptake (%) is strongly linked to
the dissolved iron concentration, since the predicted solid phases that
precipitate in the system are Fe' -containing phases. Hence, the smallest value
of dissolved iron corresponds to the highest value of weight uptake by the solid
(experiment with lOg/L). The experimental trend does follow the theoretical
one.

Measured changes in dissolved iron concentration, pH and weight uptake (%)
by the solids agree well with equilibrium modeling calculations (Figure 7-20
and Figure 7-21) but, although reaction progress was made, time limitations
prevented the system from reaching the equilibrium values.
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7.1.5.2.

Characterisation o f solid products

Analyses of precipitates by thermal analysis (Figure 7-22) are quite similar to
those obtained in section 7.1.4.2. Again, no quantitative analysis can be made
due to solid phases decomposing within the same range of temperatures. It is
clear though, from comparison amongst the TGA curves of unreacted and
reacted samples in the temperature range between 400 and 800°C, how
kaolinite dissolution seems to have happened as a result of the reaction and
precipitation of other phases might have occurred as well.

^

0s
;§,

100.5

0 14

1000

0 12

99 5

010

.5

99.0

008

^

985

0 06

iÿ

’5
£

98 0

004

97.5

0.02

97 0

000

E

X
a

-0 0 2

100

200

300

400

500

600

700

800

900

T e m p e ra tu re , °C
■unreacted

------10 g/L

*50g/L

------100 g/L

------25 g/L

Figure 7-22. TGA curves of unreacted and reacted hematite samples with different solids
concentration values. Dashed lines correspond to derivative weight curves.

Curves for rate of weight loss (dashed lines in Figure 7-22) are shifted to
higher temperatures in reacted hematite samples compared to the unreacted
one, indicating that precipitates in those samples are more stable thermally than
unreacted powders. Predicted siderite and pyrite phases could have precipitated
as a result of the reaction in sample reacted with lOg/L of solids concentration,
but can not be confirmed from the TGA profiles due to overlapping of their
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curves. The former statement also applies to the rest of reacted samples. The
high percentages (ranging from ~21% to ~7%) of weight uptake observed for
experiments with a value of solids concentration of 10, 25 and 50 g/L ,
probably involved precipitation of solid phases that decompose at temperatures
higher than 900°C and not only phases which decompose within the 400-800°C
range. Residual brine is, again, a strong candidate as one of the potential phases
responsible for part of the observed percentage of weight uptake in the
experimental tests.

7.1.5.3.

Sum m ary

The influence of the solid to liquid ratio on the overall carbonation reaction
suggests that the conversion increases if the system becomes more diluted (i.e.
lower value of solids concentration). No significant changes are observed in the
simulations other than a wider range of S 02 added where siderite becomes the
stable phase in the system and, therefore, precipitation of secondary minerals at
higher values of S02 gas added for increasing solid-to-liquid ratios.

Experimental trends agree well with the theoretical ones but, again, values are
of different order of magnitude for dissolved iron and weight uptake (%) data
because of being far from steady-state in the experimental runs. It is uncertain
whether the reaction led to carbonates precipitation or not because their
presence could not been confirmed by thermal analysis.
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In a real-case scenario, CO2 will displace brine as it is injected, decreasing the
amount of brine in the pore space; thereby, the rock-to-brine ratio would
increase with approach to the injection site and a decrease in the extent of the
carbonation reaction can be expected, i.e., a decrease in the mass of carbonate
minerals precipitated. The rock-to-brine ratio could then play a significant role
in the zone close to the injection well. As time goes by, more free CO2 in the
pore space will dissolve into the brine so more minerals would react with
aqueous CO2 and SO2 and carbonate minerals precipitation would be increased.

7.1.6. Effect of a pH buffer

A laboratory experiment (number 18 in Table 7-1) was carried out without the
pH buffer (NaOH) to be further assessed and compared with the corresponding
experiment (number 8 in Table 7-1) carried out with the pH buffer.

Comparison of modeling and empirical results is discussed in section 7.1.6.1
and characterisation of solid products in section 7.1.6.2.

7.1.6.1.

A nalysis o f f lu id chem istry a n d solids weight uptake

As discussed in the previous section, predicted dissolved iron is much higher in
the non-buffered simulation than in the buffered one due to a more acidic
environment and a lower stability of siderite in the system. This trend is also
observed in empirical results (Figure 7-23).
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Figure 7-23. Comparison of experimental and predicted results for dissolved iron as a function
of the presence or absence of a pH buffer.

Nevertheless, dissolved iron concentration is higher than predicted one for the
buffered case and lower for the non-buffered case. Absence of siderite
precipitation could be responsible for this observation in a bufferedexperiment: measured dissolved iron is higher than predicted because iron
remained in solution instead of being trapped in the carbonate rock. Time
constraints prevented the system from reaching steady-state. Dissolved iron
concentration is not as high as predicted in the non-buffered experiment.
Again, the extent of the hematite dissolution reaction could not reach the
predicted one because of the short duration of the experiment. Precipitation of
Fe-bearing phases might also have happened and could contribute to trap part
of the dissolved iron in the experiment.

The trend for pH values predicted by geochemical modeling is followed by
experimental values and pH is always higher in the buffered case than in the
non-buffered one (Figure 7-24).
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Figure 7-24. Comparison of experimental and predicted results for brine pH (left) and solids
weight change (%) (right) as a function of the presence or absence of a pH buffer.

In the experiment carried out with NaOH the measured pH was

6 .1

versus the

5.4 obtained for equilibrium. An extremely low pH (0.9) was measured in the
non-buffered experiment, which is much lower than the predicted one (2 .9 ),
even considering reported pH values in experimental tests are always higher
than theoretical ones due to experimental limitations in the pH measurement
method. This result suggests hematite dissolution did not occur very
extensively and therefore. pH remained extremely low due to CO, and SO,
dissolving in the brine and generating acidity.

Predicted weight change was negative when no NaOH was added to the
experiment because most of the starting material dissolved (only

2 .3

g out of

the initial 10 g remained in the system) and only 5.9 g of siderite precipitated.
Experimentally, the observed weight change was positive (~ 2%), indicating
the extent of hematite dissolution was not as expected because hematite was
the main collected solid; however, precipitation of a minor amount of
secondary minerals did occur based on the value of weight change. For the
buffered case, reported weight change percentages were positive and almost
three times higher for the simulation than for the empirical test.
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7.1.6.2.

Characterisation o f solid products

Thermogravimetric profiles for the unreacted and reacted samples in the
presence or absence of a pH buffer are shown in Figure 7-25. Based on the rate
of weight loss curves (dashed lines in Figure 7-25), no significant changes have
occurred in the sample reacted in absence of a pH buffer: its derivative weight
curve profile follows quite well the one for the parent hematite; dissolution of
kaolinite present in the starting material seems to be the only process occurring
in the reaction because the observed weight loss between 400 and 700°C is not
as high as in the unreacted sample. The observed weight uptake is very small
(~2%) and could be only due to phases that decompose at temperatures higher
than 900°C, most likely some residual brine being left behind upon the sample
rinsing process. Siderite precipitation is not possible under those acidic
conditions. Recent publications (Golubev et al., 2009, Testemale et al., 2009)
have reported rate constant values for dissolution of siderite under acidic
conditions (pH < 5). These studies claim that protonation of the mineral surface
controls dissolution of siderite and H2C03 species have no effect on the
dissolution rate, so the driving factor is the acidity of the fluid in contact with
the carbonate rock. Based on these studies, any potential siderite present in our
reactive system would undoubtedly dissolve because of the extreme acidity of
the brine (0.9).
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Figure 7-25. TGA curves of unreacted and reacted samples in buffered and non-buffcred
experiments. Dashed lines correspond to derivative weight curves.

The observed weight loss between 400 and 700°C for the sample reacted with a
pH buffer is the lowest one, indicating that either kaolinite dissolved more than
in the non-buffered experiment or a combination of kaolinite dissolution and
secondary minerals precipitation. The derivative weight curve prollle is quite
different from the parent hematite one so the second option seems to be the
right one. Potential phases that could have precipitated during the course of the
experiment have been already discussed in section 7.1.3: iron carbonate, iron
sulfate, boehmite and iron sulfide could have formed as a result of the reaction
based on the TGA curves.

7.1.6.3.

Summary

Geochemical modeling, also considering the aluminum content of the sample
(see Figure A-2 in Appendix), predicts siderite as the stable phase in the system
even in the absence of some initial NaOH buffering. However, experimentally,
absence of a pH buffer produces an extremely acidic brine (pH=0.9) where no
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solid phases seem to have precipitated except for some residual brine upon the
rinsing process of the solids. Kaolinite dissolution was observed from the TGA
curves and the measured dissolved iron value was far from the equilibrium one
predicted by the model. Measured pH was also much lower than the predicted
one, indicating hematite dissolution did barely happen in a 24 h timeframe and
showing that the dissolution process is the rate-limiting one compared to gases
solubility and siderite precipitation.

In a CCS scenario, most saline-aquifer sequestration targets contain a NaCl
brine - siliciclastic rock system and some initial bicarbonate buffering (Newell
et al., 2008). Dissolved carbonate is present in solution because of the
ubiquitous presence of some carbonate minerals, as detrital grains and as
secondary cements. Thereby, some degree of initial buffering is expected,
which is crucial to assess because, as can be seen in results from this section, it
greatly affects the speciation, pH and mineralogy of the system.

7.2.

Implications for geological storage of C 0 2

The precipitation of carbonate minerals is beneficial as a means of fixing
anthropogenic-derived C 02 in solid form, but could also modify the hydrologic
properties of targeted aquifers, i.e., their porosity and permeability.

The C 02 trapping capability will greatly depend on the primary mineral
composition (in this case, initial abundance of hematite) of the reservoir rock.
Near the injection well, most of the pores are filled with C 02 and S 02 as brine
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is displaced during the injection. Some brine will be trapped within the pore
that can facilitate reaction between CO2 and SO2 and the host rock. Upon
injection, SO2 is assumed (due to its high solubility) to instantaneously interact
with the aqueous phase to produce the thermodynamically more stable
products, sulfuric acid and hydrogen sulfide. When CO2 gas comes in contact
with water, it dissolves to form H2C0 3 ,to further dissociate into H+ and HCO3'.
Due to the generated acidity, it is very likely that some dissolution of the host
rock near the injection site would occur, including dissolution of any cements
present in the reservoir rock. However, dissolution of the host rock is
accompanied by the precipitation of secondary minerals, like dawsonite,
gibbsite and siderite. This will greatly affect porosity and permeability of the
aquifer. Mineral dissolution would result in an increase of porosity and
permeability, as opposed to mineral precipitation that would decrease them.

The net change in porosity will depend on the quantities of phases that dissolve
and precipitate and on their molar volumes (considering only volume changes).
The effect on permeability depends greatly on where the dissolution and/or
precipitation occur within the pore space. According to reaction [7-11],
complete conversion of hematite to siderite would result in almost a doubling
of mineral volume (Table 7-4), with the subsequent porosity and permeability
loss.

Fe20 3 (hematite) + 2 C 0 2 + S 0 2 + H20 <-> 2 FeC0 3 (siderite) + H2S 0 4 [7-11]
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Near the well, precipitation of sulfur-bearing minerals, like pyrite, FeS and
native sulfur (reactions [7-12] to [7-14]), would occur during the injection
operation period, where a strong acidified zone would be generated; carbonate
precipitation would occur with increasing distance from the well, within the
higher pH regions. In the outermost zone, unaltered rock would probably be the
only solid present in the system. Dawsonite could also precipitate immediately
following injection and near the injection well, where the fC0 2 remains high
enough for the reaction to take place. This reaction is enhanced by high
ambient Na+ concentrations, plume-induced CO2 aqueous solubility and
kaolinite dissolution according to reaction [7-15].

4 Fe2 0 3 (hematite) + 15 H2S + H2 SO4 <-» 8 FeS2 (pyrite) + 16 H2O

[7-12]

4 Fe2 C>3 (hematite) + 9 H2S <->8 FeS (amorphous) + H2SO4 + 8 H2O

[7-13]

3H2S + H2SO4 o 4S(native) + 4H20

[7-14]

Al2Si20 5(0H)4 + 2Na++ 2C02+ H20 <-> 2NaAl (0H)2C0 3 + 2Si02 + 2lT

[7-15]

Complete alteration of the kaolinite to dawsonite would lead to a 20% increase
of the mineral volume. Therefore, in the solid sample considered in this study,
i.e. hematite (~83%) and kaolinite (~17%), complete alteration to siderite and
dawsonite would result in a ~ 72% increase of the sample volume. If the host
reservoir had an average porosity of 20%, which is within the typical range of
values for current large injection projects (Gale, 2009), a 72% increase of the
sample volume would cause a 35% porosity decrease. It is important to note
that dawsonite would presumably re-dissolve as soon as the C 02 pressure
dissipates, so some porosity would again be generated. A natural red bed would
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be composed of other minerals like quartz; hence, complete alteration of ferric
iron-bearing minerals within the rock would lead to a lower porosity decrease
than for the hematite sample considered in this research. Iron in natural
sedimentary basins may also occur in many other minerals, especially
phyllosilicates, which could supply other cations prone to be precipitated in
secondary minerals. For instance, the presence of Ca may lead to precipitation
of anhydrite (CaS0 4 ), gypsum (CaS0 4 -2 H20 ) or ankerite (CaFe(C0 3 )2) instead
of siderite.

There may also be a porosity and permeability loss near the injection site due
to precipitation of pyrite, FeS-am or sulfur that could lead to reduction in
injectivity. FeS-am, if present, is always metastable with respect to pyrite and
should re-dissolve. More S will then become available for further reduction of
Fe3+ from hematite and hence further precipitation of siderite.

T ab le 7 -4 . M olar volu m es
carbonation reaction.

for précipitâtes o f interest in the

C 0 2- S 0 2-brine-hem atite

tem perature and pressure; *calculated from d iv id in g the com p ou n d ’s m olecular w e ig h t (g /m o l)
b y its d en sity (g /c m 3) obtained from (W ebm ineral, 2 0 0 9 ).
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A net decrease in porosity has the potential to cause clogging, slowing
injection or, on the positive side, can improve the cap rock sealing. Thus, the
products of the C02-S02-brine-hematite reaction along with rates of
dissolution and precipitation are very important for understanding the fate of
injected C 02and S02 as well as the long time effect on the safety and integrity
of the seal of the formation.

Additionally, some NaCl seems to be present in the collected precipitates from
the experiments but its origin is not clear. Most likely, it was introduced during
the rinsing process of collected samples after the experiments. Reacted slurries
were filtered to separate the solids from the brine and, unrecovered solids from
the reactor were rinsed away with the brine itself, trying to minimise the
dissolution of any precipitate. Due to the high concentration of Na and Cl in
brine, NaCl could be present following the drying of the precipitates. On the
other hand, salt precipitation is likely to occur in the vicinity of the injection
well, in the dry-out zone, as a result of vaporization of water along with the
dissolution of C 02(Zeidouni et al., 2009). If salt precipitation occurs, porosity
and permeability might be reduced as well as injectivity. The loss in injectivity
will depend on the degree of reduction of formation permeability with
increased salt saturation.

The particle size fraction is of interest because it can affect reaction kinetics,
which could have important consequences in a real-case operation. Based on
results reported in this chapter, a fine solid fraction (< 38 pm) would react
much faster than a coarser one (38-150 and 150-300pm). However both, fast
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and slow, reactivities have advantages and disadvantages when applied to a
full-scale operation. On one hand, if the reactions are extremely slow the
potential for leakage of CO2 into overlying formations may increase; on the
other hand, fast reaction rates may adversely affect the injectivity in an
injection well by decreasing the porosity and permeability close to the injection
site. Ultimately, a reduction of the lifetime of the well could also happen.

Significant changes in porosity and permeability could also occur as a result of
mineral dissolution and precipitation due to the acidic environment generated
by the CO2-SO2 gas injection. As the S02 content in the gas stream increases,
so does the acidity of the system; hence, the acidified zone generated in the
aquifer would be stronger and probably larger than for cases with lower SO2
contens in the gas stream. Mineral dissolution would probably dominate in that
acidified zone with a consequent increase in porosity and permeability.
Nonetheless, precipitation of sulfur-bearing phases would incur in a porosity
decrease so the different rates of dissolution and precipitation reactions will
ultimately determine the net change in porosity and permeability over the
reaction time.

In a brine-rock system where the natural mineral buffering is not present, the
medium will become more acidic than in a buffered system and the mineralogy
and brine characteristics are expected to be very different. Presumably,
minerals dissolution will become more important in more acidic systems, i.e.
non-buffered, than in less acidic ones. This will result in a porosity and
permeability increase as opposed to a buffered system where carbonate
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minerals precipitation would be favored and porosity and permeability would
then decrease. Nonetheless, in an acidic system precipitation of secondary
minerals, such as S-bearing minerals that are stable at lower pH values (pyrite,
S native, anhydrite...), can also be favored; consequently, porosity and
permeability would decrease. Thereby, it is very important to accurately
characterise the in situ geochemistry for reliable evaluation of CO2 trapping in
mineral form.
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8.

R esults and discussion: goethite analysis

This section presents experimental results obtained for goethite-brine-C0 2/S0 2
gas reactions. Firstly, a long term experiment (24 days) was conducted in a
flexible-gold reaction cell under the same conditions as previously tested with
hematite (T = 150°C, P = 300 bar, solids concentration = 67 g/L, ~ 11% vol.
S 02) and compared with predicted results from geochemical modelling.
Reaction time was not as long as the one used in the experiment with hematite
(~ 58 days) but comparisons can still be performed (section 8.1).

Secondly, short-term experiments (< 264 h) were conducted in the high
pressure-high temperature apparatus designed at the University of Nottingham
to evaluate the same sample, goethite, for C 0 2 storage with a gas composition
more representative of a real-case scenario (0.4% v/v S0 2). Comparison
between modeling and empirical results is also discussed (section 8 .2 ).

Implications for geological storage of CO2 are discussed in section 8.3. Finally,
a comparison between hematite and goethite as potential reservoirs for C 0 2
mineral trapping is established in section 8.4.
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8.1.

Reaction in a goethite-brine-C0 2-S 0 2 system at 150°C and 300 bar

8.1.1. Analysis of fluid chemistry

Fluid samples were taken hourly or daily near the beginning of the experiment,
and at increasing longer intervals depending on fluid chemistry and approach
to steady-state. Total dissolved C 02, refractive index, pH and iron in solution
were analysed immediately after sampling. Dissolved anions were analysed by
ion chromatography at the end of the experiment.

Changes in fluid chemistry were monitored with time (Figure 8-1). Total and
ferrous iron concentrations were less than

2

ppm during the entire duration of

the experiment and sharply increased in the quench fluid (Figure 8 -lc), likely
due to the dissolution of siderite precipitated during the experiment. Siderite
has a retrograde solubility (Greenberg and Tomson, 1992, Sun et al., 2009) and
is less soluble and more stable at elevated temperatures (Figure 8-2). Iron in the
rinsed fluid was almost three times higher than in the quench fluid indicating
that the rinsing process dissolved an iron-containing phase, probably iron
sulfate since it shows a high solubility in water at atmospheric pressure and
temperature. Some siderite could be also dissolving but its solubility is very
low under those conditions (Sun et al., 2009).
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Figure 8-1. Fluid composition and pH over the course of the experiment- (a) dissolved
sulfur(sulfate and thiosulfate); (b) total dissolved C02; (c) dissolved iron (total iron and ferrous
iron) and fluid pH.

Changes in pH early in the experiment suggest the formation of a pH
dependent precipitate. It is important to point out that pH values are maxima
due to CO: degassing upon sampling and changes the distribution of carbon
species in solution. The observed decrease in pH could be due to precipitation
of siderite and/or other phases implying H+ production:

H2CO3 + Fe2+ <-> FeC0 3 + 2H~

[8 - 1 ]
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Figure 8-2. Ferrous iron carbonate (siderite) equilibrium constant vs temperature obtained from
experimental and calculated solubility data- modified from (Sun et al., 2009).

Total dissolved CO2 should remain ~ constant over the course of the
experiment because CO2 is present in excess as a separate phase. Some
changes in CO2 concentration were observed early in the experiment, with an
initial sharp increase followed by a decrease to a constant value for the rest of
the experiment (Figure

8 - lb).

The refractive index was found to remain

constant at 7.6 throughout the experiment.

Disproportionation reaction of S0 2 yielded high concentrations of sulfate and
thiosulfate (Figure

8 - la)

along with some sulfite. The latter could not be

quantified because it is rapidly oxidized; this was also observed by Palandri
and co-workers (Palandri et al., 2005) in their experiment with hematite. They
inferred

a

reaction

between

sulfite

and

sulfide

(derived

of

the

disproportionation reaction) producing thiosulfate and leaving behind a small
amount of sulfite. No significant changes are observed in sulfate and
thiosulfate concentrations over the course of the experiment except for a
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slightly decreasing trend in sulfate concentration towards the end of the
experiment. This might be the result of precipitation of sulfate-bearing mineral
and/or S-bearing phases whose precipitation consume sulfate such as sulfur and
pyrite. The odour of sulfide was not detected throughout the experiment in any
of the fluid samples nor upon opening the reaction cell.

8.1.2. Solid samples analyses

Analysis of the precipitate by XPS revealed that the sample surface had
undergone significant alterations and confirmed the formation of carbonate
species. Areas under peaks intensities were used to calculate concentrations of
the elements as percentages of total intensity. First, a wide scan was performed
to identify the elements according to their BE. Significant changes are seen in
the surface elemental content of the unreacted, reacted and rinse-reacted
samples (Table 8-1). The rinse-reacted sample had been collected from the
reaction cell upon rinsing with distilled water and further filtration. Each
sample was analysed four different times, targeting different points within the
same sample in order to test its homogeneity, with samples been found
reasonably homogeneous.

T ab le 8 -1 . R esults o f X P S an alysis o f goeth ite in atom ic relative percentage. T erm s in brackets
n ex t to the elem en t sy m b o ls indicate the photoelectron em issio n used in the an alysis. V alu es
sh ow n have been com puted as the average valu e o f four different m easurem ents.

S a m p le

N a [1 s ]

O ils ]

Ct1sl

C l [2 p ]

S (2P1

S I [2 p ]

A l [2 p ]

F [1 s l

U n re a c te d

3.1

7 .4

4 7 .7

2 2 .6

1.6

1.5

4 .3

1 .4

1 0 .4

R e a c te d

5 .3

9 .7

4 8 .9

3 1 .7

1.0

0 .8

1 .7

1.0

R e a c t e d ♦ r in s e d

1.7

11.1

5 3 .7

2 9 .4

02

0 .2

2 .5
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The unreacted sample contains 22.6% of carbon but the analysis of the Cls
high resolution scan reveals that none of these carbon atoms are in the
carbonate form. Based on the BE of the carbon signal, this carbon is mainly
due to the contribution of the aliphatic carbon (found in all samples exposed to
the atmosphere), which shows a peak intensity responsible of 58.6% of the
total carbon signal; 9.2% is due to carbon associated with fluoride. A more
detailed analysis of the high resolution scans for each element and the C Is
XPS spectrum will be discussed later, with a more in-depth study of the
different contributions to the carbon signal. Other impurities also present in
the unreacted sample are sulfur, silicon, aluminium and fluoride.

The sodium content of the solid increased as a result of the reaction and
decreased very significantly upon the rinsing process, indicating that this
process dissolved most of that sodium present in the solid; the increase in
sodium content could result from incomplete rinsing of the brine from the
reacted sample so chloride was also analysed to determine if it behaved in a
similar way to sodium. It can be seen in Table 8-1 that chloride atomic %
concentration was lower in the reacted sample than in the unreacted one,
indicating that the increase in sodium can not be attributed entirely to residual
salt. Rather, the sodium appears to be incorporated into the structure of the iron
oxyhydroxide. Sulfur, silicon, aluminium and fluoride content decreased as a
result of the reaction, mainly due to dissolution of phases containing such
elements. The carbon content also increased after the reaction and decreased
slightly with the rinsing process.
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Solubility values at 1 atm and 20°C of some solid phases that may have
precipitated due to the experiment and further rinsed out due to the rinsing
process are shown in Table 8-2. Overall, the sodium-containing phases show
high solubility values compared to almost all the iron-containing phases
(except iron sulfate); a decreased atomic % concentration of sodium, carbon,
chloride and sulfur is observed in the rinsed sample with respect to the reacted
sample (Table 8-1). Sodium content decrease (3.6%) was almost the same as
the sulfur, chloride and carbon combined content decrease (3.7%). Hence, S, Cl
and C-containing sodium compounds could have been present and later
dissolved, most likely NaCl, Na2C 0 3 and Na2 S0 4/Na2 S20 3. Also, FCSO4
dissolution is also expected due to the significant increase of iron in solution
upon the rinsing process. These phases would probably have precipitated when
quenching the experiment because most of these compounds are very soluble
(Lide, 1999), even at high temperature, and are likely undersaturated during the
experiment. The surface iron content increased in the rinsed sample compared
to the reacted sample but this would be only a result of the surface decrease
content of other elements, making the iron content higher in percentage.

Table 8-2. Solubility values of some phases of interest (Lide, 1999).
Solubility [g/lOOg HjO] @ 1 atm and 20°C

6.6 • 10 *
2 1 .5
3 5 .9
1 9 .5
73
2 5 .6

* Sulfides, carbonates, sulfites, phosphates, hydroxides and oxides of
insoluble.
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Figure 8-3 shows the obtained XPS C Is spectra of the different samples. It can
be clearly seen that a new peak centered at 289.6 eV is formed after the
reaction, which is consistent with carbonate formation predicted by
geochemical modeling.

Figure 8-3. XPS Cls spectra of unreacted, reacted and reacted + rinsed samples.

Reference BE values for the carbonate peak in siderite and sodium carbonate
are 289.8 and 289.4 eV respectively, as determined by XPS analysis of the
reference compounds. The BE for the peak related to carbonate carbon atoms
in the reacted sample is right in between the values for the iron and sodium
carbonates; this could indicate the presence of both carbonates. Furthermore,
the BE of the carbonate peak in the reacted + rinsed sample shifts to higher
values more characteristic of siderite (Figure 8-3), which validates the latter
statement since sodium carbonate was probably dissolved upon rinsing of the
solids, leaving siderite behind as the only carbonate present in the rinsed
sample.
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Observation of the bulk samples before and after the experiment by XRD
revealed no obvious change. However, thermal decomposition of unreacted,
reacted and rinse-reacted samples revealed a small percentage of weight loss
( - 0 .8 %) at the decomposition temperature of siderite (ca. 400°C) in the rinsereacted sample (Figure 8-4). This observation is in good agreement with results
from XPS analyses, indicating that siderite was the only carbonate phase
present in the rinse-reacted solid. The presence of sodium carbonate was not
detected in the reacted sample probably because it was formed in very small
amount, not large enough to be seen in a bulk sample analysis like TGA.

An estimation of the siderite content of the final solid can be computed
according to reaction [8-3] below:

FeC03 ^

FeO 4- C02

[8-3]

Assuming all the remaining siderite decomposed in the TGA analysis, 2.1% of
iron carbonate was present in the rinse-reacted solid. Collected solids after the
experiment were 9.1 g so 8.7% of weight loss was observed versus the 18.8%
weight uptake predicted by geochemical modeling. Experimentally, conversion
of Fe from goethite into siderite was 1.5%, far yet from the equilibrium 78.2%.
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Figure 8-4. TGA curves of unreacted, reacted and rinse-reacted goethite samples. Dashed lines
correspond to derivative weight curves.

Thereby, only 76 mg of CCT were sequestered in siderite per g of sample
instead of predicted 0.39 g. It is important pointing out that this value is an
underestimated one because some of the siderite precipitated over the course of
the experiment probably dissolved in the quenched fluid, so its quantity in-situ
would have been higher than the measured value in the laboratory (0 .2 g).
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8.1.3. Summary

The results obtained in this long term (~ 1 month) experiment are consistent
with the modeling simulation that predicted an iron-rich solid-phase should
precipitate. XPS analyses largely confirmed how the rock surface underwent
alterations as well as precipitation of siderite. Bulk solid thermal analysis did
agree with results obtained from surface techniques, i.e., XPS, because siderite
presence was also confirmed in the rinse-reacted solid.

Solid samples analyses are in agreement with changes in fluid composition;
however, other phases were also identified such as sodium carbonate and iron
sulfate. Both of them probably precipitated during the quenching of the
reaction cell and were dissolved upon the rinsing process with distilled water.
Total quantification analyses on the samples surface could not been performed
due to the high complexity of the samples but relative quantitative analysis
clearly show that the amount of siderite was much higher than the sodium
carbonate one; hence, siderite was the main reaction product present in the
experiment. Calculations based on TGA curves showed 76 mg of CO2 were
sequestered in iron carbonate per g of goethite.

Reaction though did not reach equilibrium after ~ 1 month but given enough
time steady-state should be attained. Goethite would be then a suitable
repository for CO2 underground storage as long as CO2-SO2 gas stream is
injected into the rock formation.
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8.2.

Reaction in a goethite-brine-C02-S02 system at 100°C and 250 bar

Three different sets of experiments were performed in the high pressure-high
temperature apparatus designed at the University of Nottingham: a first one,
evaluated the influence of the particle size of the solids on the overall reaction;
a second one, evaluated the reaction time on the carbonation of goethite when
the gas composition is similar to the one derived from a fossil fuel-derived
combustion process; and, a the third one evaluated the influence of the S 0 2
content in the gas stream.

Operating conditions of the different sets of experiments are described in Table
8-3. The criteria for choosing the experimental conditions are the same as for
experiments with hematite. Baseline conditions of temperature (100°C),
pressure (250 bar), brine composition (l.OmNaCl and 0.5mNaOH) and reaction
time (24 h) remain the same as for the baseline case in experiments with
hematite. The solids concentration was set to a constant value of lOg/L because
of the scarce amount of parent goethite sample available for the experiments.
The stirring rate was set again to a high constant value (750rpm) to ensure
reaction rates are determined by reaction control rather than by processes in the
boundary layer at either the solid/liquid or gas/liquid interface.

Agreement between predicted and empirical values is also discussed in the
sections below.
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Table 8-3. Operating conditions and measured initial pH of experiments with goethite.
E x p e r im e n t

■

P a r tic le s i z e ( p m )

T im e (It)

C 0 2: S 0 2 c o m p . (v o l. % )

P ressu re (b a r)

T e m p e r a tu r e ( ° C )

B r in e c o m p o s itio n

p i /„„„„i

1

-3 8

24

9 9 .6 :0 .4

250

100

1.0 m N aC I + 0 .5 m N a O H

12.71

2

38x150

24

9 9 .6 :0 .4

250

100

1.0 m N aC I + 0 .5 m N a O H

1 2 .66

3

150x300

24

9 9 .6 :0 .4

250

100

1.0 n i N a C l + 0 .5 m N a O H

12.71

4

150x300

64

9 9 .6 :0 .4

250

100

1.0 m N aC I + 0 .5 m N a O l 1

1 3 .29

5

150x300

165

9 9 .6 :0 .4

250

100

1.0 m N aC I + 0 .5 m N a O H

1 2 .7 6

6

150x300

264

9 9 .6 :0 .4

250

100

1.0 m N a C I + 0.5 m N a O H

1 3.22

7

-3 8

24

9 9 .1 :0 .9

250

100

1 .0 m N a C I + 0.5 m N a O H

1 2.64

8

-3 8

24

9 8 .8 :1 .2

250

100

1.0 m N a C I + 0 .5 m N a O H

1 2 .5 9

■

■

s „ :;m

S o lid s c o n c e n tr a tio n = lO g /L a n d s tir r i n g s p e e d = 7 5 0 rp m f o r a ll e x p e r im e n ts .
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8.2.1. Effect of particle size

8.2.1.1.

A nalysis o f fluid chemistry and solids weight uptake

Results of the solution analysis for the three experiments conducted with
different particle size (experiment numbers 1-3 in Table 8-3) indicate the same
general trends as the ones observed in experiments with hematite previously
discussed in Chapter 7. flic concentration of dissolved iron barely changed
(Figure 8-5) but it is slightly higher in the experiment conducted with the
largest size fraction, i.e. 150x300 pm. In all the experiments iron concentration
was much higher, approximately three orders of magnitude, than predicted one
in the simulations (0 . 0 2 ppm).

20,00

16,00
12.00
8,00

t|
«
a.
a
£
ox
z

4.(8) £

•38

38x150

|

0 .( 8 )

I’ u rfic lc »i/o, jim
pH final

u eight uptake

Figure 8-5. Fifed of particle size on iron in solution (left) and measured final pi I and solids
weight uptake (%) (right) in goethite particles.

Brine pH values also remain approximately constant and higher than the
equilibrium one (5.6). The percentage of weight uptake by the solids is
remarkably higher (-18%) in the smallest fraction (-38 pm) and centers around
-10% for the intermediate (38x150 pm) and top fractions (150x300 pm).
Based on the latter statement, the reactivity of finer powders is again higher (as
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it was proofed for hematite) because of the higher external surface area of the
particles compare to coarser ones to react with aqueous CO2 and SO2.
Equilibrium results reported a value of 24% weight uptake, which is only
slightly higher than the measured one for the finest powders.

ICP-AES analysis (Table 8-4) of segregated goethite fractions revealed the
different observed reactivity was not due to a higher concentration of cations
prone to be carbonated, i.e. iron, in the smallest fraction than in the other two
ones.

T able 8-4. M ajor-elem ent o x id e concentrations (in wt.% ) o f goethite fractions as determ ined by

8 .2.1.2.

Ui

</>
O

IC P -A E S.

Na20

k 2o

S i0 2

0.31

0.05

0.01

1.94

0.06

0.29

0.05

0.01

2.10

0.06

0.19

0.05

0.01

3.81

Particle size, gm

Fe30 4

ai 2o 3

MgO

MnO

-38

90.68

0.20

0.22

0.07

38-150

97.71

0.10

0.03

150-300

95.40

0.03

0.03

Characterisation o f solid products

Geochemical modeling results predicted mainly siderite (4.1g) and some
remaining goethite (0.9g) as the only solid phases at equilibrium under the
same conditions of the experiments. Reacted solids were then studied by
thermal analyses and compared with the parent material. TGA profiles for
intermediate and top fractions show a lower weight loss than parent material in
the temperature range where dehydroxilation of goethite occurs (Figure 8 -6 ),
between 250 and 400°C. This is indicative of goethite dissolution as a result of
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the reaction. This process happened to be slightly favored in the top fraction
versus the intermediate one according to their weight loss of ~ 5.5 and 7%
respectively. These results are not in agreement with values reported for
percentage of weight uptake by the solids; the latter ones were ~

10%

for both

fractions, indicating that solid phases that decompose above 900°C have to be
responsible for that weight change.

—“ un reacted

—“ -38 um

38x 150 urn

150x300 um

Figure 8-6. TGA curves of parent and reacted samples of goethite with different particle size.
Dashed lines correspond to derivative weight curves.

The TGA profile for the finest fraction shows a small percentage of weight loss
( - 0 .8 %) around 400°C, which is the decomposition temperature of siderite (see
section 7.1.1.2 in Chapter 7), so some iron carbonate precipitation could have
happened in the experiment. A further weight loss is observed at - 800°C and
it looks like it has not finished yet at 900°C. Sodium carbonate starts
decomposing at ~ 800°C (see section 7.1.2.2.1 in Chapter 7) so this phase
could be also present in the reacted material.
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8.2.1.3.

Summary

General trends observed for the effect of particle size in the carbonation
reaction of goethite are very similar to the ones observed for hematite.
Dissolved iron remained ~ constant in the three experiments as well as brine
pH; however, weight uptake was again much higher (-18%) in the finest
fraction than in the intermediate and top ones (-10%). Bulk solid sample
analyses, i.e. TGA, identified some siderite and sodium carbonate in the -38pm
fraction, which were not detected in the other two fractions. These phases
could be responsible for the difference in weight uptake ( - 8 %) observed
between them, although it is very likely that some residual brine and/or other
phases decomposing at temperatures higher than 900°C are also present.
Siderite and goethite are the only phases at equilibrium based on modeling
results so, as expected, the extent of the reactions did not approach, in any of
the experiments, the equilibrium conditions.

The top fraction (150x300 pm) was selected for the set of experiments
evaluating the reaction time because it is more representative of a real-case
scenario. However, the finest fraction (-38 pm) was used to assess the effect of
gas concentration in the experiments in an aim to increase reaction kinetics and
precipitation of siderite in a 24 h experiment. Problems encountered with the
recovery process of the finest powders in experiments conducted with hematite
were not encountered in experiments with goethite. Thereby, all the solids
could be recovered from the reactor vessel and no material was left behind.
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8.2.2. Effect of reaction time

Autoclave experiments numbered 4-6 in Table 8-3 were conducted to study the
effect of reaction time on the goethite carbonation reaction. Reaction time
ranged from 24 to 264 h as in the experiments with hematite so further
comparison between the samples can be established. Experimental results are
discussed below and compared with the equilibrium predicted case.

8.2.2.1.

Analysis o f fluid chemistry and solids weight uptake

Iron concentration in solution did not change significantly as reaction time
increased in the experiment (Figure 8-7), with a value ranging between 20 and
25 ppm, which differs from the predicted one of 0 . 0 2 ppm.

35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00
50

100

150

200

250

Elapsed time, hours
pH final

E weight uptake

Figure 8-7. Dissolved iron (left) and measured final pH and solids weight uptake (%) (right)
for goethite samples as a function of reaction time. Error bars size for weight uptake series is
smaller than symbol size.

The weight uptake increased for increasing reaction times and reached a
maximum of 31% after 165 h, which exceeds the equilibrium value (24%),
followed by a slight decrease to 28% after 264 h (still higher than predicted
value). This indicates dissolution of one and/or more compounds within that
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time interval. Brine pH did increase at longer reaction time intervals so
goethite dissolution, which consumes H+, might be occurring as time goes on
and might be buffering the pH.

8 .2.2.2.

Characterisation o f solid products

8 .2.2.2. a.

Thermogravimetric analysis

Thermal analyses of reacted goethite samples were performed and compared
with results for the unreacted material. TGA profiles are quite different
depending on the duration of the experiment (Figure 8 -8 ). The TGA profile for
the 24 h experiment shows no difference with the one for the unreacted
material except for a lower weight loss around 300°C, which indicates some of
the starting goethite dissolved as a result of the experiment. A new weight loss
is clearly observed with increasing reaction times at ~ 550°C, which is of 8 %
for sample reacted for 264 h. It seems obvious that a phase that decomposes at
~ 550°C was forming over the course of the experiment. Both iron sulfate and
iron sulfide decompose in that temperature range (Siriwardane et al., 1999,
Yani and Zhang, 2009), so any of them could have been precipitated.
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“ “ unreacted

” “

24h

------165h

—

264h

64h

Figure 8-8. TGA curves of unreacted and reacted goethite samples collected at different
reaction times. Dashed lines correspond to derivative weight curves.

A weight loss of ~1.5% was also observed at ca. 800°C for the sample
collected after 165 h. This decomposition temperature agrees well with the one
reported for sodium carbonate, based on TGA analysis of a standard sample
(see section 7.1.2.2.1 in Chapter 7). This weight loss is not present in the
sample reacted for 264 h so the observed decrease in weight uptake after 165 h
might be related to dissolution of sodium carbonate.

It is important to identify which compound has been formed at ~550°C because
its presence is quite significant at longer reaction intervals. Experimental
investigations on pyrite synthesis (Roberts et al., 1969) from reaction of an iron
oxyhydroxide (FeOOH) and a FES aqueous solution at low temperature (25°C)
have shown that the formation of pyrite in aqueous solution involves the
formation of a disulphide ion, the production of which requires elemental
sulfur. The latter one is formed in acid or neutral solution by oxidation of H2S
by Fe’\ according to the following reaction:
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S2- + 2Fe3+ -► S + 2Fe2+

[8-4]

Then, the sulfur formed reacts with excess S2' to yield disulfide:

H2S + S -* H2S2

[8-5]

The stability of the disulfide in aqueous medium is not pronounced but it
rapidly reacts with Fe2+ to yield pyrite.

Pyrite synthesis has been also reported from the action of H2S on a solution of
iron sulfate (Allen et al., 1912). In reactions in closed vessels where the H2S
cannot escape or be oxidized, pyrite formation takes place according to
reaction 8 .6 below:

FeSC>4 + S + H2S —►FeS2 + H2S0 4

[8 -6 ]

The above reaction was found to be slow at room temperature. At 200°C they
obtained pyrite and marcasite (FeS2 but in a different crystal system than
pyrite) by reaction between a ferric salt and sodium thiosulfate. The thiosulfate
reaction would probably happen via the formation of S22' ion as follows:

2S20 32‘+ 2H20 -►2S042’ + S + H2S + 2H+

[8-7]

H2S —>2H+ + S2'

[8 - 8 ]

S2- + s -> S22-

[8-9]

Fe2+ + S22 —►FeS2

[8 - 1 0 ]

259

Chapter 8 - Results and discussion: goethite analysis

Later studies by Schoonen and Barnes (Schoonen and Barnes, 1991a,
Schoonen and Barnes, 1991b) concluded that pyrite and marcasite form via an
FeS precursor from solutions below 250 to 300°C. This precursor is amorphous
FeS below 100°C and a crystalline, nearly stoichiometric monosulfide phase,
above 100°C. The precursor is then replaced by progressively more sulfur-rich
phases up to pyrite and marcasite. The rate of conversion above 100°C is
higher when the solution contains an excess of thiosulfate, polythionates and/or
polysulfides. They also concluded that marcasite is the predominant reaction
product below pH 5, while pyrite dominates in neutral and alkaline solutions.
Allen and co-workers (Allen et al., 1912) also reported that pyrite is the
principal product if the solution is neutral or slightly acid.

Based on the above studies and the facts that: I) iron sulfate is very soluble
(25.6 g/100 g H2O at latm and 20°C) (Lide, 1999) and II) a black precipitate
(pyrite colour is black) was observed upon opening the reactor vessel, pyrite
precipitation seems to be the process taking place over the course of the
experiment.

Dissolved thiosulfate is likely to be present in the reactions, based on detection
of dissolved thiosulfate in the long-term experiment discussed in section 8 . 1 . 1 ;
hence, thiosulfate ions probably enhanced pyrite precipitation and, under the
slightly acid pH measured in the experiments (ranging between 6.5 and 6.7)
pyrite is the favored product instead of marcasite.
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8.2.2.2. b.

XPS analysis

Reacted solids were also analysed by XPS to determine any compositional
change on the sample surface as a result of increasing reaction times. Sample
reacted for 64 h was not analysed because differences observed in the TGA
curves between samples reacted for 24 and 64 h were almost negligible. The
atomic relative percentage difference for sodium, carbon, carbonate, chloride,
sulfur and iron, with regards to the unreacted sample is depicted in Figure 8-9.
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Figure 8-9. Atomic relative percentage difference for some elements on the surface of reaction
products as a function of reaction time.

Same variation trends are shown for sodium, chloride and carbonate atoms,
indicating those elements are linked somehow in the experiments: at 165 h,
reaction time at which the weight uptake by the sample was observed to be the
largest, sodium content increased significantly (~3%) compared to the rest of
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the atoms on the sample surface. Carbonate and chloride atoms also increased
but not as much as sodium. Hence, sodium seems to be incorporated into
structures containing carbonate and chloride atoms: sodium carbonate has
probably precipitated after 165 h, which is in good agreement with results from
TGA analysis, and residual brine could be also present due to the rinsing
process of the sample.

Sulfur and iron content follow the same trend after 24 h, which would agree
well with the observation from the TGA studies that pyrite precipitation occurs
after that reaction time. However, because S atomic relative % differences are
very small, pyrite is likely to be present in the bulk sample instead of the
sample surface.

The trend of total carbon atoms relative percentage is opposite to the carbonate
atoms after 24 h reaction, so the different contributions to the CIs XPS spectra
are responsible for the different trends. XPS spectra for Cls and S2p regions
are shown in Figure 8-10. The carbonate peak, only present in sample reacted
for 165 h, appears at a BE of 289.4 eV. This value of BE is the same one as
reported for a standard sodium carbonate sample, so the presence of sodium
carbonate is then confirmed. The carbon peak at a BE of 292.3 eV is assumed
to correspond to a carbon fluoride functionality, either -CF 2 or -CF 3 groups
(Nakahara et al., 1994, Root, 2002), which is originally present as an impurity
in the sample. This impurity is not present in reacted goethite samples as
indicated by the absence of that peak in their Cls spectra.
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Figure 8-10. XPS Cls and S2p spectra of unreacted and reacted goethite samples collected at
different reaction times.

The S2p spectra barely changed in reacted samples, verifying again that an
iron-sulfur compound is not present on the surface of the solid.

8 .2.2.3.

Summary

Experimental tests with 0.4 % of SO2 content evaluated the influence of
reaction time on the carbonation reaction of goethite. Siderite precipitation was
not observ ed after 264 h in the reaction products and pyrite precipitated instead
as indicated by the thermal analysis studies. The more time elapsed, the more
pyrite precipitated and percentage of weight uptake by the solids at 165 and
264 h (31 and 28% respectively) even exceeded the predicted one (24%).
These results suggest that SCb-derived dissolved bisulfide competed more
effectively than dissolved CO2 for the dissolved Fe2+, resulting in precipitation
of pyrite rather than siderite. It is important noting that surface techniques, i.e.
XPS. did not reveal any pyrite precipitation on the goethite surface so bulk and
surface compositional changes are different in this case. Precipitation of pyrite
was also reported in previous studies with hematite (Palandri et al., 2005).
Therein, nucleation of metastable pyrite occurred after ~ 17 h. Precipitated
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pyrite should re-dissolve and allow for further iron reduction and siderite
precipitation. Therefore, if given sufficient time, the carbonate will form and
reaction should reach equilibrium. Sodium carbonate is also observed in
sample reacted for 165 h but it is not present later on in the 264 h experiment.
Due to its soluble character, it is unlikely that sodium carbonate had
precipitated during the experiment so it probably did either when quenching
the reactor, or when rinsing the solids.

Dissolved iron concentration was higher than equilibrium one by three orders
of magnitude, indicating goethite dissolution did occur but iron remained in
solution instead of being trapped in a solid phase, i.e. siderite. Time constraints
probably limit the nucleation and precipitation of iron carbonate.

Brine pH values were higher than predicted ones, which have been observed
repeatedly in the different sets of experiments as a result of COz evolving from
the system upon the reactor depressurization process.

Comparison of these results with those reported from the long-term experiment
conducted in a flexible-gold reaction cell (section 8 .1 ) indicate that reaction
variables play an important role for the carbonation reaction to take place. In
the long-term experiment, siderite was verified after 24 days but reaction
conditions were significantly different, i.e. higher temperature (150°C), higher
pressure (300 bar) and higher SO2 content (~12.9%) than in short-term
experiments.

Pyrite was not detected in the long-term experiment and

dissolved CO2 effectively formed siderite instead of being left in solution, as in
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the short-term experiments. A proof of this is the high dissolved iron
concentration measured in the former ones (-20-25 ppm) versus the small
concentration (< 2 ppm) measured in the long-term experiment. Even with a
much lower solids concentration (10 g/L) in the short-term experiments than in
the long-term one (67 g/L), and therefore an expected higher extent of the
carbonation reaction, pyrite was favored over the iron carbonate. The short
term experiments are more representative of a real-case scenario, i.e., a fossil
fuels combustion-derived flue gas stream, than the long-term one and reflect
the behavior of the system near the injection well. Near the well, where a
strong acidified zone is generated, pyrite will precipitate but further down the
well, siderite precipitation would occur (as indicated by the long-term
experiment). If the brine in the reservoir is high in Ca concentration, then
formation of anhydrite (CaS0 4 ) is also likely to occur close to the well.

In a real-case scenario, there will be a porosity and permeability loss around
the wellbore due to precipitation of pyrite as well as further down the well due
to precipitation of siderite. Implications of precipitation of those secondary
minerals for the geological storage of C 0 2 are explained in detail in section
8.3.

8.2.3. Effect of gas composition

Experiments numbered 1, 7 and

8

in Table 8-3 evaluated the effect of varying

the relative amount of C 0 2 and S0 2 in the gas added to the system. Tested gas
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concentrations were the same as the ones used in experiments with hematite
reported in section 7.1.3. of Chapter 7.

8.2.3.1.

Analysis o f fluid chemistry’ and solids weight uptake

The predicted effect of increasing amounts of SCT in the gas added to the
system in dissolved iron concentration and brine pH is the same as the one
reported for experiments with hematite (section 7.1.3.1 of Chapter 7).
Increasing SCE concentrations drive disproportionation reaction of SO2 to the
right yielding increasing amounts of sulfide and sulfate, so the brine gets more
acidic, i.e. has a lower pH. and solid phases dissolution is enhanced. Thereby, a
higher concentration of iron in solution is observed for higher SO2
concentrations than for lower ones (Figure 8-11). Experimental trends agree
well with predicted ones for dissolved iron and pH but measured values are
still far from equilibrium (Figure 8-11 and Figure 8-12).

C 0 2: S 0 2 (% v /v )
experimental “ “ equilibrium

Figure 8-11. Comparison of experimental and predicted results for dissolved iron as a function
of varying relative amounts of C 02 and S 02 in the gas added.
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The predicted percentage of weight uptake by the solids does increase from 24
to 31% when the SO2 content in the gas increases from 0.4 to 0.9%, but
remains constant around 31% when the SO2 concentration goes up to 1 .2 %
(Figure 8-12). This plateau in the weight uptake curve is explained as follows.
For a C0 2 :SC>2 concentration of 99.1:0.9 (vol. %), 5 g of siderite and only 0.2 g
of pyrite precipitated in the system, while for a SO2 content of 1.2%, 4.8 and
0 .4

g for siderite and pyrite respectively are present in the mineral assemblage.

Hence, the amount of dissolved siderite was replaced by the amount of
precipitated pyrite and the total mass weight of the solids in the system was the
same, so the percentage of weight uptake will be the same as well.
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Figure 8-12. Comparison of experimental and predicted trends for brine pH (left) and solids
weight uptake (%) after the reaction (right) as a function of varying relative amounts of C 02
and S 02 in the gas added.

Measured values of percentage of weight uptake remain constant (-18%) as the
SOi content increases in the gas (Figure 8-12). As indicated by comparison
between measured and predicted dissolved iron and pH values, the system did
not reach the steady-state so the weight uptake trend is different from the
predicted one.
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8.2.3.2.

Characterisation o f reaction products

8.2.3.2. a.

Thermograximetric analysis

Thermal analysis showed some minor changes in the TGA curves of reacted
uoethite samples when compared between them and with the TGA curve for
the unreacted material (Figure 8-13). Bulk composition of the sample did not
seem to be modified to a significant extent after the experiments. A weight loss
of ~0.8% is observed at ca. 400°C for the sample reacted with a SCT content of
0.4%. That temperature is the one observed for siderite decomposition so some
iron carbonate might have precipitated in that sample. A minor weight loss is
observed for the three reacted samples at the temperature where sodium
carbonate starts to decompose (~ 800°C) so this compound could be also
present in collected samples.

------unreacted

------99 6 0 4

----- 99 1:0 9

—

98 8:1.2

Figure 8-13. TGA curves of unreacted and reacted goethite samples with varying relative
amounts of C 02 and S02 in the gas added. Dashed lines correspond to derivative weight
curves.

268

Chapter 8 - Results and discussion: goethite analysis

These results agree well with results from the weight uptake curve, since no
major changes have occurred in the solid sample when the SO2 content in the
gas increased.

8.2.3.2. b.

XPS analysis

First, a detailed analysis of the C signal was conducted based on its high
resolution scan and deconvolution of its profile was performed to study the
contribution of the different peaks to the total curve (Figure 8-14). The solid
black line represents experimental data and the total calculated fitting is shown
in grey with circular markers. The deconvolution performed in the Cls spectra
o f sample reacted with 1 .2 % of SO2 is shown as an example and the atomic
concentration (%) of the different components for samples reacted with lower
contents than 1.2% of S 0 2 is also shown in Figure 8-14. In this case, the
component with a BE that relates to carbonate carbon atoms increases its
atomic concentration as the SO2 content increases in the experiment, and gets
constant around 27% in experiments with 0.9 and 1.2% of S0 2 .The most
significant change is the one observed for the carbon peak assigned to carbon
fluoride functionalities of the type -CF2 or -CF3 . These fluorinated-carbon
compounds were initially present in the sample as an impurity and higher
contents of SO2 in the gas seemed to increase their presence on the sample
surface. The BE of the carbonate peak appears at ~ 289.4 eV for all reacted
samples, which corresponds to the BE of the carbon peak in sodium carbonate
according to the bibliography (Moulder et al., 1995) and XPS analysis of a
standard sample (see section 7.1.2.2.3 in Chapter 7). Thereby, sodium
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carbonate is present on the surface of the reacted samples, which is in
agreement with observed changes in their TGA curves.

Figure 8-14. High resolution XPS in the Cls region for goethite sample reacted with a 1.2%
S 02 content (left) and atomic concentration (%) of components used to curve fit the spectra as
a function of varying amounts of C02 and S 02 in the gas added.

High resolution scans for the rest of the elements were also conducted and the
atomic relative percentage difference with respect to the unreacted sample for
those elements relevant for the discussion is depicted in Figure 8-15. Sodium
and chloride variations follow the same trend so residual brine is likely to be
deposited on the sample surface. The carbonate peak trend follows the one for
the total carbon signal and although is similar to the sodium tendency, they do
not match so well in the last two points. The sodium content barely changed
from experiment with 0.9% of SO2 to experiment with 1.2% of SO2 . However,
a ~3% atomic increase was obtained for carbonate atoms. A small amount of
other carbonate atoms could be then present in that sample, most likely those
bound to iron in siderite because it is the main cation present in the experiment
that is prone to be carbonated.
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Fisure 8-15. Atomic relative percentage difference for some elements on the surface of
reaction products as a function of varying amounts of C 02 and S02 in the gas added.

Observed variations in carbon atoms assigned to carbon-fluoride functionalities
(Cls CFX line in Figure 8-15) are in close agreement with variations for
fluoride atoms so this fact confirms the carbon-fluoride character of the bonds.
The sulfur content did not change with increasing amounts of SO2, so in this
case, sulfur-containing compounds did not precipitate as a result of the
reaction.

8.2.3.3.

Summary

Although changes in dissolved iron and brine pH as a function of varying
amounts of CO2 and SO2 in the gas added are in good agreement with predicted
ones by geochemical modeling, empirical values are still distant from the
predicted ones at equilibrium because experiments were run for just 24h. The
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percentage of weight uptake by the solids remained constant at ~17% versus a
30% observed for experiments with 0.9 and 1.2% of SO2.

Bulk and surface analyses of solid samples revealed compositional changes on
the sample surface and very minor changes in the bulk composition of the
samples. Sodium carbonate was identified as one of the reaction products by
both techniques, i.e. TGA and XPS. It has probably precipitated in the
quenching of the reactor and/or rinsing process of the solids because its high
solubility makes very unlikely it was present during the experiment. Some
siderite could be also present in sample with a 1 .2 % of SO2 content according
to surface compositional changes, but its presence is not clearly observed in the
TGA curve; conversely, the TGA curve indicates some iron carbonate
precipitation in the experiment with a gas concentration characteristic of a flue
gas stream (99.6:0.4%), which is not present on the sample surface.

A significant finding was the higher amount of carbon-fluoride functionalitycontaining compounds on the solid samples surface at increasing amounts of
SO2 in the gas stream. Those compounds are impurities in the parent material
and due to its natural character, could proceed from organic compounds present
in the sample in very small quantities but still detectable by XPS.

A stronger and larger acidified zone will be generated in the vicinity of the
injection well as a result of increasing amounts of SO2 in the gas stream;
consequently, reservoir porosity and permeability will be affected because of

272

Chapter 8

-

Results and discussion: goethite analysis

dissolution and precipitation of mineral phases and, ultimately, injectivity in
the well could be reduced.

8.3.

Implications for geological storage of CO2

The experiments showed that the dissolution of goethite and the deposition of
secondary minerals were encouraged by the addition of CO2-SO2 gas mixtures.
The results confirmed that the alteration of goethite under C0 2 -saturated-S0 2
gas streams and hydrothermal conditions has the potential to trap CO2 in a
mineral phase (siderite) (reaction 8-11). However, other secondary minerals,
mainly pyrite, were also precipitated as a result of the reaction.

Precipitated minerals will reduce the porosity and permeability of the reservoir;
the more extent of the carbonation reaction, the more porosity (and
permeability) loss. Complete alteration of goethite to siderite would lead to a
41% increase of the mineral volume, based on the molar volumes of goethite
(20.82 cm3/mol) and siderite (29.38 cm3/mol). If pyrite precipitates in the
system (reaction [8-13]) instead of siderite, then the increase of mineral volume
would be of 15%, almost three times less than the one for complete alteration
to siderite. Should FeS (amorphous) precipitate (reaction [8-14]), then a 18%
porosity increase would occur.

2 FeOOH

8 Fe3+ +

(goethite) + 2 CO2 + SO2 <-> 2 FeC0 3 + H2SO4

HS' + 4H20

8 Fe2+ +

S 042’ + 9H+

4Fe2+ +S042' + 7HS' + H+ <-> 4FeS2 + 4H20
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Fe2+ + HS* <-» FeS (amorphous) + H+

[8-14]

In the same example given for hematite, if the host reservoir had an average
porosity of

2 0 %,

siderite precipitation would reduce the porosity of the

reservoir in 5% while pyrite precipitation would only reduce it 2% and FeS
(amorphous) 2.6%. However, in the former case FeS amorphous is always
metastable with respect to pyrite and should re-dissolve in the aquifer to yield
pyrite with the consequent increase in porosity (0.6%). Should pyrite re
dissolve as well, more S will become available for further reduction of Fe3+
from goethite and further precipitation of siderite. The rapid formation of pyrite
in natural sediments in anaerobic conditions can be explained by the
combination of Fe3+ and the S22’ ion (Roberts et al., 1969). Hence, empirical
observations do agree with field observations with regards to pyrite
precipitation.

As for the hematite case, S-bearing minerals are likely to be precipitated in the
vicinity of the injection well, where the zone is more acid than in the region
further down the well. Associated problems of porosity (and permeability) loss
will be also encountered, which could affect the injectivity in the well. Siderite
will be stable in regions at longer distances from the wellbore, where the pH is
more basic and carbonates precipitation is enhanced.

As for hematite particles, fine powders (< 38 pm) have a higher reactivity than
coarser particles, which will lead to faster precipitation of secondary minerals.
Porosity (and permeability) of the hosting reservoir will then be diminished
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and could potentially affect the injectivity at the injection site. On the positive
side, the seal capacity of the caprock could be enhanced because secondary
minerals could fill porosity and improve safety of the containment. On the
other hand, slow reactivities may not adversely affect the injectivity in the well
but problems derived from potential leakage of CO2 into overlying formations
could be encountered.

8.4.

Comparison of hematite and goethite as potential reservoirs for
C 0 2 mineral trapping

A potential storage site for CO2 sequestration needs to have three
characteristics: i) a capacity high enough to allow storage of large volumes of
CO2, ii) a high injectivity to allow injection at desired rates and iii) a caprock
seal to ensure CO2 containment in the reservoir. The formation capacity
depends on its porosity whereas a high injectivity depends on the permeability
of the reservoir. Reactions among S 02-bearing C 02-dominated gas, brine and
iron (hydr)oxides will lead to dissolution/precipitation processes that will affect
the site characteristics mentioned above.

The possibility of siderite to precipitate in iron (hydr)oxide-containing systems
is dependent on cation availability in formation water. A sufficient supply of
cations needs to be available to precipitate with the bicarbonate in solution.
Previous studies (Watson et al., 2004) have characterised late authigenic
carbonate cements derived from magmatic incursions in sedimentary
reservoirs, in an aim to identify which carbonates would occur as a result of
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geological sequestration of CO2. In sedimentary basins with pH levels of about
5.5 within C0 2 -rich accumulations, ferroan carbonates are the more stable
carbonate mineralogy. Naturally-occurring siderite can be found as small
concretions and disseminated precipitates in sedimentary basins; it can also be
present as a cement (with a micritic or sparry texture), filling porosity and
partially sealing fractures as well as reducing the overall permeability of the
reservoir rock by closing pore throats. Also, it can occur as bands, nodules and
individual crystals. Siderite is a typical carbonate in natural systems with very
high CO2 concentration fields. Ankerite (Ca(Fe,Mg,Mn)(C0 3 )2) and dolomite
(CaMg(CC>3)2) can also be found in moderately high CO2 fields, following
siderite precipitation (Watson et al., 2004). Thereby, siderite is a very
promising option to trap C 0 2 underground in a safe and stable form.

Hematite and goethite (as proxies for Fem in sediments) reactivity in C O 2 - S O 2 brine systems has been studied to elucidate which sample would be a better
host repository for underground

CO2

storage and comparisons between both

samples are established: long-term and short-term experiments are compared
and some remarks and implications for geological storage of CO2 are also
highlighted.

Firstly, when comparing the long-term experiments for both samples
(experiment described in section 8.1 and previous studies reported by Palandri
and co-workers (Palandri et al., 2005)), siderite precipitation was observed at
shorter reaction times (-576 h) in the experiment with goethite than in the one
with hematite (-611 h). In the former one, two other metastable phases
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precipitated early (—17 h) in the experiment, pyrite and S, which did not
precipitate in the experiment with goethite. Sodium carbonate and iron sulfate
were identified on the surface of the reacted goethite sample but their presence
was probably due to the quenching process rather than to the experiment.
Quantitatively, 76 mg of C 0 2 were sequestered in siderite per g of goethite
versus 1.4 mg of C 0 2 sequestered in siderite per g of hematite (as the best
estimation). Then, in a long-term experiment with high S0 2 contents (11-13%),
goethite reactivity was much higher than hematite one: not only siderite
precipitated faster but also the amount of C 0 2 trapped in mineral form was
much higher in goethite than in hematite. Thereby, formations containing aFeOOH (goethite) minerals, which for instance might occur as thin grain
coatings with large surface area in red beds, will be a much better host
repository for underground C 0 2 sequestration than those containing a-Fe20 3
(hematite).

Secondly, the whole set of short-term (ranging between 24 and 264 h)
experiments conducted with both samples and a gas stream representative of a
real-case scenario (section 7.1 in Chapter 7 for hematite and section 8.2 in this
chapter for goethite) provides very valuable and novel information on
mineralogy of the system under different reaction conditions. Alteration of
goethite yielded pyrite as the main reaction product; in the reactions with the
hematite sample, the kaolinite content of the sample seemed to be more altered
than the iron oxide itself. Dawsonite precipitated with increasing reaction times
in experiments with hematite and siderite could be only confirmed in the
sample reacted for 264h. The main conclusion from the short-term experiments
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as far as reactivity is concerned, is that goethite was much more reactive than
hematite, where its kaolinite content was responsible for most of the observed
mineral alterations. Pyrite precipitated in experiments with goethite will
eventually re-dissolve and released S that will reduce more Fe3+ to Fe2+, which
will further precipitate as iron carbonate. Hence, siderite is the ultimate stable
phase in hematite and goethite-containing systems, as it was proofed in the
long-term experiments.

The highest reactivity of goethite is in good agreement with previous studies
(dos Santos Afonso and Stumm, 1992) that concluded that goethite dissolution
was faster than the hematite one. Goethite can be considered as an extended
cross-linked polymer, which bears surface functional groups (-OH). The
dissolution of iron oxides can be rationalised as the breaking of surface
crystalline bonds, so the higher reactivity of goethite is related to the nature of
its hydrogen bonds, which are easier to break than the metal-oxygen-metal
bonds that characterise the hematite structure. The reductive dissolution of iron
(III) oxides has been extensively reviewed (Zinder et al., 1986, Suter et ah,
1991, dos Santos Afonso and Stumm, 1992) and reported to.be a surface
controlled reaction, where the dissolution rate is proportional to the surface
complex of the reductant bound to the surface of the oxidant (dos Santos
Afonso and Stumm, 1992).

It is also important to bear in mind that depending on the depth at which
injection will take place, the presence of one mineral might prevail over the
other. Hematite and goethite stability depends on conditions of temperature and
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pressure. In hydrothermal solutions neutral to weakly alkaline the
decomposition temperature of goethite to hematite can be taken to be
150±20°C (Smith and Kidd, 1949). This means that in injections at higher
depths than

6

km, provided that the geothermal gradient is the average

25°C/km, goethite will not be found in the host reservoir rock. However, such
deep injections are highly unlikely in a full-scale operation due to the high
drilling and operational costs involved. As for the pressure, the decomposition
temperature of goethite is virtually insensitive to pressures, raising less than
5°C per 1000 atm, up to 2000 atm (Smith and Kidd, 1949).

Assuming a 100% pure hematite and goethite-containing reservoirs, their
complete alteration to thermodynamically stable siderite will increase the
mineral volume 95 and 41% respectively. The porosity loss because of that
increase would be almost double in the hematite case (9%) than in the goethite
one (5%). This porosity reduction would greatly affect the dynamics of the
hydrothermal system, and if the porosity loss occurs in the pore throats, the
system permeability will be reduced as well. In this regards, goethite would
also be a much better host reservoir than hematite, since the porosity loss is
almost half the value obtained in a hematite-containing reservoir. However,
siderite precipitation, if pervasive enough, can occlude the remaining porosity
of the caprock and enhance its seal capacity.

One downside of the operation with goethite would be the precipitation of Sbearing phases close to the injection well, which has not been observed to the
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same extent in reactions with hematite. However, the porosity loss (2%) might
not pose a significant problem.

In some natural occurrences, siderite precipitation was observed after the
reservoir rock had undergone extensive dissolution and CC>2-water-reaction
(Watson et al., 2004). That is not the case in most of the experiments reported
here due to time constraints. It is remarkable how natural siderite precipitates
occur on grain boundaries, inhibiting the precipitation of other authigenic
minerals, like kaolinite and quartz, derived from the same C0 2 -induced
diagenetic event.

Dissolution of carbonate cements is likely to occur when injecting the acid-gas
mixture. Re-precipitation of those earlier carbonates will not obviously
mineralogically store any of the injected CO2. If net precipitation of secondary
minerals, carbonates, S-bearing minerals or any other minerals like halite, is
less than minerals dissolution, overall porosity and permeability in the
reservoir is enhanced. This is especially important in the vicinity of the
injection well, because injectivity is modified depending on the permeability
variation. Minerals dissolution/precipitation reactions are time-dependant
processes so injectivity will be a function of time as well.

In conclusion, goethite-containing reservoirs are a good option to
geochemically trap CO2-SO2 gas mixtures, and they are more promising than
hematite-containing reservoirs. The benefits of targeting goethite deposits
would be twofold: not only the mineral trapping process is faster with goethite
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but also the expected consequences on hydrologic properties of the aquifer are
not as limiting as for hematite-involving processes.
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9. Conclusions and future w ork

9.1.

Conclusions

Herein, modelling and experimental results from novel hydrothermal
experiments have been presented. Experiments emulate a CO2 sequestration
scenario by injecting CO2-SO2 gas streams into aNaCl-NaOH brine hosted in a
iron oxide-containing aquifer. Iron-bearing minerals are reactive phases of the
subsurface environment but this novel and promising concept has barely been
explored before.

Hence, this Thesis provides novel information on .the

mineralogical changes and fluid chemistry derived from the co-injection of
CO2-SO2 gas mixtures and their geochemical sequestration in the hydrothermal
systems mentioned above.

Firstly, a unique and state-of-the-art high pressure-high temperature system
was developed to conduct the experimental work. The high and challenging
complexity of dealing with gas mixtures and high pressures was successfully
resolved and further assessed in a laboratory scale. Even more challenging was
the operation with SO2 , which was one of the components of the gas stream; its
corrosive nature as well as its low vapour pressure at ambient temperature, was
the cause of several modifications and further optimization of the system. The
final optimised system has been proven to be a versatile piece of equipment,
capable of operating within a' wide range of temperature (ambient-345°C),
pressure (ambient-350 bar), stirring speed (0-1500 rpm) and gas concentration
conditions. Its applicability for short-term (24 h) as well as long-term (days,
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weeks or longer) experiments along with its flexibility have been successfully
demonstrated. Furthermore, the system could be adapted and used for many
other applications and mixtures of gases different from the one it was originally
built for.

In this work, geochemical modelling with CHILLER has been used to predict
mineral dissolution behaviour and carbonate precipitation under equilibrium
conditions. A wide range of reaction conditions were simulated that were
further reproduced in laboratory experiments. Geochemical models are
powerful tools to predict the final, i.e. equilibrium, stage in a geochemical
system but they could be at fault so they need to be validated and refined
through comparisons with laboratory experiments. Both, modelling and
empirical tests, were conducted to understand hydrothermal reactions that
closely match what would occur in CCS operations.

Experimental tests provided information on C 0 2 mineral trapping in siderite
and sensitivity of the reactive systems to different parameters: particle size of
the solids, reaction time, gas composition, temperature, pressure, solids-toliquid ratio and brine composition for experiments carried out with hematite.
Conditions under which the experiments were conducted indicate that brine
composition and its buffering effect play an important role on mineral
dissolution/precipitation reactions. In C 02-saturated systems, the acidity of
H2CO3 along with the one of dissolved H2S and H2SÛ4 derived from the S 0 2
disproportionation reaction accelerated and promoted the release of alkali
metals, i.e. Al, and reduced Fe

from the hematite sample into the solution;

simultaneously, the deposition of secondary minerals (siderite, dawsonite and
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probably gibbsite, boehmite and S-bearing minerals) was promoted. Injection
of CO2-SO2 gas mixtures in brines with initial low-pH values (< 7) could lead
to extremely acid (pH < 1) final environments, which would promote minerals
dissolution and enhancement of reservoir’s porosity and permeability.
However, injection in brines with initial high-pH values (> 12) lead to a
completely different environment, where secondary minerals can precipitate
like iron carbonate, which precipitation is the main target of this research work.
The SO2 content in the gas stream, i.e. gas composition, is strongly linked to
the pH of the system and consequently, to the derived brine chemistry and
altered mineralogy. The amount of siderite precipitate depends primarily on the
SO2 content of the gas stream: for typical SCVbearing C0 2 -dominated gas
streams derived from combustion of fossil fuels (SO2 content ranges between
0.15 and 2 % by volume), the highest amount of SO2 would be desirable in
order to get a maximum siderite precipitate and maximum amount of CO2
trapped in mineral form. The more S 0 2 present in the system, the more Fe2+
can be reduced from the hematite sample, which will be further available for its
precipitation in siderite. Experimental 24 h tests with increasing SO2 contents
in the gas stream indicated a more acidic environment, along with potential
precipitation of S-bearing phases (pyrite, Fe-S amorphous and S native) when
compared to experiments with lower SO2 contents. Such experiments would be
more representative of the initial situation in the reservoir area close to the well
upon acid gas injection.

Total iron in red beds averages 1.7 to 3.5% and 2.35% to 2.9% for all kinds of
sandstones (most of the iron is present as Fe2 0 3 versus FeO). Free (extractable)
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iron in the ferric oxide pigment averages about 0.67%; hence, these sediments
contain ferric iron in quantities that can scrub all the SO2 contained in a typical
CO2-SO2 gas mixture derived from a waste gas stream; however, most CO2
will remain in a supercritical or dissolved phase instead of being trapped as
siderite. Should the C0 2 :S0 2 ratio be higher than the one in the flue gas
derived from fossil fuel-fired power plants, especially when considering gas
fired power production, targeted sediments must contain additional divalent
metals such as Ca or Mg, or additional sulphur-bearing gas must be added to
the waste gas stream to effectively trap CO2 in carbonate form. However, the
latter option will not probably be allowed under current European Union
Directive on the geological storage of CO2 (2009/31/EC), where no wastes or
other matter can be added for the purpose of disposal to CO2 gas streams
derived from CO2 capture processes. Hence, the ideal repository for effectively
trap a CO2-SO2 gas stream derived from fossil fuel-fired power plants would be
a sandstone formation, where other cations prone to be carbonated, such as Ca
or Mg, are present as well as Fe so CO2 is not left unlocked in a free phase.

Although increasing reaction times obviously favoured the supersaturation and
precipitation of secondary minerals, the former ones were also favoured under
conditions of decreasing values of particle size of the solids, decreasing values
of solids-to-liquid ratio and increasing reaction temperatures up to 100°C.
Reaction pressure has a major effect on availability of dissolved SO2 and CO2
for further reaction with hematite and those cations in solution prone to be
carbonated. However, the pressure effect on the formation of carbonates is not
as important as reaction temperature.
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In experiments with goethite the effect of the following reaction variables on
the overall carbonation reaction was investigated: solids particle size, reaction
time and gas composition. The rest of variables are expected to have a similar
effect to the one reported in experiments with hematite. Reactivity of goethite
was observed to be very different from hematite reactivity under the same
reaction conditions. A comprehensive discussion on this is shown in Chapter 8 ,
where goethite is justified to be a better host repository for CO2 trapping in
mineral form than hematite.

Rock-brine-gas reactions are important not only for carbonate formation as a
trapping mechanism but also as for how they will affect mineralogy at injection
site and cements. The effect of studied reactions on the hydrologic properties
of the system, i.e. porosity and permeability, is also discussed in Chapters 7
and

8

as well as the relevance of each variable for the geological sequestration

ofC 0 2.

Siderite precipitation has been observed in hydrothermal natural systems at pH
of ~ 5.5; this pH would match well with the one expected from the
geochemical process described in this work in distant zones from the injection
well, which have also been reproduced in most of the experiments due to the
buffering effect of the brine. In natural environments, siderite is usually
precipitated within sediments during early diagenesis, where reducing
conditions have developed through bacterial decomposition of organic matter.
The iron for these minerals is Fe2+ in the pore waters, mostly liberated by
bacterial reduction of iron oxides/hydroxides on clays and organic matter in the
sediment. However, other reductants, such as H2S and S 02, could also be
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considered for the reduction of ferric iron contained in iron oxides/hydroxides,
which is within the scope of this research work. Siderite is more common in
non-marine sediments, although it does occur in many marine ironstones,
mostly as a later diagenetic cement. If there is insufficient Fe2+ relative to Ca2+
and Mg2+ in the pore waters, then ankerite, CaMgo sFeo.siCCb^ or ferroan
calcite or ferroan dolomite may form in preference to siderite.

Siderite was verified as a reaction product in experiments with hematite and
goethite reacted for 264 h and 576 h respectively. Experimental results
obtained under the conditions studied might be moving towards equilibrium, at
best, but most likely are far yet from the equilibrium case because of the
shortness of the time available for doing the experiments. It is also important to
note the difficulties on identifying the nature of precipitates; in some instances,
thermal and XPS analysis failured to characterise those precipitates.

The geochemical code used in this study was not able to predict the trends on
the effects of solids particle size and reaction time on the mineral carbonation
reaction because it does not account for reaction kinetics. Overall,
discrepancies between experimental and modelling results are considerable
and, although the thermodynamic part of the calculations is built upon a solid
framework, the modelling work could also be at fault or uncompleted: for
instance, thermodynamic data for gibbsite is absent in the code and its
precipitation is not considered. When considering the influence of aluminium
(i.e. kaolinite) in the modelling work with hematite, the altered mineral
assemblage is substantially different from simulation results considering a
100%

pure hematite sample. Consequently, the importance of fully characterise
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the solid sample before any simulations are computed is vital for representative
results. It is worth highlighting how geochemical modelling is only a tool to
predict equilibrium in a chemical system. However, experimental work
provides the real data to be input in the geochemical code in order to get a
reliable tool that can be applied in a real-case scenario.

’

Overall, this study has provided an insight into the geochemical fixation of
CO2-SO2 gas mixtures in brine-iron oxides hydrothermal systems. The
modelling and experimental work presented here provides a starting point to
move forward when studying underground storage of CO2-SO2 gas streams in
chemical systems containing ferric iron. In this work SO2, which may
specifically be acceptable/allowed under future CO2 capture regulations is the
required reductant for the mineral trapping process to take place and could be
co-injected with CO2 instead of separated from the gas stream at great expense.

9.2.

Suggestions for future work

Based on the results and conclusions from this research, there are several areas
that are worthy of further studies and that could contribute significantly to
augment fundamental research in the geological sequestration of CO2 when
other flue gas constituents are eliminated with it.

1. Equilibrium was not achieved in short-term (24h) experiments so fewer
longer term experiments would be more useful.
2. To assess the influence of reaction variables, a suitable experimental
design, that minimises the number of experiments to undertake, could
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also be defined. The response surface methodology can be then applied
as en empirical modelling-approach for determining the relationship
between operating variables and response variables.
3. Employment of other analytical techniques such as TGA-MS
(thermogravimetric analysis - mass spectrometry), SEM or XRD for
long term experiments will, undoubtly, help in identifying and
quantifying secondary minerals precipitated as a result of carbonation
reactions.
4. Study of the sensitivity of the carbonation reaction with goethite to
those variables that were not studied in this work, i.e. reaction
temperature and pressure, solids-to-liquid ratio and brine composition.
Additionally, stirring speed can also be included to assess the influence
of diffusion processes in the system.
5. Experimental measurements of dissolved CO2 as well as inorganic
carbon content in solid samples could be conducted with a CO2
coulometer in all experiments.
6.

A detailed study of the kinetics of the reaction could be conducted. The
reductive dissolution of hematite and goethite could be investigated
under relevant conditions for geological CO2 storage. The acquisition of
reaction rates is an important work because those could greatly impact
masses and forms of mineral trapping of CO2.

7. Modelling simulations could be obtained with other geochemical codes
that account for kinetics aspects and/or multiphase flow, which would
greatly help in predicting the performance of carbon repositories.
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8. Comparison amongst laboratory and simulation data with natural
analogues is fundamental to understanding any potential mineral
storage benefits of various geosequestration systems.
9. Reaction between CO2-SO2 gas mixtures-brine and other host
repositories, like typical red bed sandstone formations and silicate
minerals previously considered for mineral trapping studies (olivine,
serpentine, basalt,...), could be conducted. The effect of SO2 in
precipitation of secondary minerals could then be evaluated. Moreover,
a mineralogy characteristic of a current site where CO2 is being injected
could be targeted.
10. Experimental and modelling work of gas-rock-brine geochemical
reactions containing other pH buffers, like bicarbonate, more analogous
to most saline-aquifer sequestration targets, could be conducted.
11. Research studies of co-injection of CO2 and other components (N O x,
H2S, C H 4,...)

present in a flue-gas stream into a wide variety of

siliciclastic host rocks or carbonate rocks-hosted saline aquifers.
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A ppendix. R eactions in a hem atite-kaolinite-brineC 0 2- S 0 2 system

T able A - l . Initial test file for CHILLER: C 0 2- S 0 2 reaction at 100°C and 2 5 0 bar w ith 10 g o f
rock ( 82.58% o f hem atite and 17.42% o f k aolin ite) in 4 0 0 mL o f LOmNaCl, 0.5m N aO H brine
u sing 1 6 5 g (e x c e s s) C 0 2. Parameters in the table are d efin ed in C H IL L E R ’S m anual (R eed and
Spycher, 2 0 0 6 ).

< erpc>

< pH >

< pfluid >

< temp >

< tempe >

< volbox-1 >

< rhofresh >

0.1 E - ll

0.00

250.00

25.00

0.00

0.00

0.00

< sine >

< slim >

< totmix >

0.0001

0.004

< enth >

< senth >

< denth >

< totwat >

< solmin >

< rm>

< aqgrm >

< suprnt >

0.00

0.00

0.00

90.00

0.00

0.00

1049.747

1.00E-20

__

c

¡fra

¡pun

nioop

iste

iims

looc

0

3

0

2

400

0

i

0

ient

itre

idea

ipsa

incr

incp

mins

neut

0

0

0

i

0

0

i

0

saq>

< name >

< mtot >

< gamma >

< comtot >

i

H+

2

0.00

H20

0.40

1.00E+00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

< mtry>
1.00E-07

3

Cl-

0.40

0.99E+00

4

S04—

1.00E-05

1.00E-07

5

HC03-

1.00E-05

6.26E-06

6
7

HS-

1.00E-16

2.68E-17

Si02(aq)

1.00E-16

0.10E-16

8
11

AI+++

1.00 E-16

0.10E-18

Fe++

1.00E-16

1.47E-17

13

Nat

0.40

4.83E-02

< min >

< mintry >

< nomox>

< wtpc >

NaOH

100.0

< ppm>

< $upnam>
FCOZ-3.5
FCO2-3.0
< dontfr>

* The input file for CHILLER for the non-buffered case would be the same but
with no titration with NaOH.
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Figure A-1.Results from simulation at 100°C and 250 bar of the C 02-S02 reaction with 10 g of
rock (82.58% of hematite and 17.42% of kaolinite) in 400 mL of 1.OmNaCl, 0.5mNaOl 1 brine
using 165g (excess) C 02: mineral/gas phase assemblage (top) and fluid composition (bottom).

Log gram s S 0 2 added

Figure A-2.Results from simulation at 100°C and 250 bar of the C 02-S02 reaction with 10 g of
rock (82.58% of hematite and 17.42% of kaolinite) in 400 mL of 1.OmNaCl brine using 165g
(excess) C 02: mineral/gas phase assemblage (top) and fluid composition (bottom).
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