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ABSTRACT 

 

Kristin Lammers 

Doctor of Philosophy 

Temple University 2015 

Doctoral Advisory Committee Chair: Dr. Daniel R. Strongin 

 

Carbon dioxide (CO2) is formed when fossil fuels such as oil, gas and coal are 

burned in power producing plants.  CO2 is naturally found in the atmosphere as part of 

the carbon cycle, however it becomes a primary greenhouse gas when human activities 

disturb this natural balanced cycle by increasing levels in the atmosphere.  In light of this 

fact, greenhouse gas mitigation strategies have garnered a lot of attention.  Carbon 

capture, utilization and sequestration (CCUS) has emerged as a possible strategy to limit 

CO2 emissions into the atmosphere.  The technology involves capturing CO2 at the point 

sources, using it for other markets or transporting to geological formations for safe 

storage.  This thesis aims to understand and probe the chemistry of the reactions between 

CO2 and iron-bearing sediments to ensure secure storage for millennia.    

The dissertation work presented here focused on trapping CO2 as a carbonate 

mineral as a permanent and secure method of CO2 storage.  The research also explored 

the use of iron-bearing minerals found in the geological subsurface as candidates for 

trapping CO2 and sulfide gas mixtures as siderite (FeCO3) and iron sulfides.  Carbon 

dioxide sequestration via the use of sulfide reductants of the iron oxyhydroxide 

polymorphs lepidocrocite, goethite and akaganeite with supercritical CO2 (scCO2) was 
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investigated using in situ  attenuated total reflection Fourier transform infrared 

spectroscopy (ATR-FTIR), X-ray diffraction (XRD) and transmission electron 

microscopy (TEM).  The exposure of the different iron oxyhydroxides to aqueous sulfide 

in contact with scCO2 at ~70-100 ˚C resulted in the partial transformation of the minerals 

to siderite (FeCO3).  The order of mineral reactivity with regard to siderite formation in 

the scCO2/sulfide environment was goethite < lepidocrocite  ≤  akaganéite. Overall, the 

results suggested that the carbonation of lepidocrocite and akaganéite with a CO2 waste 

stream containing ~1-5% H2S would sequester both the carbon and sulfide efficiently. 

Hence, it might be possible to develop a process that could be associated with large CO2 

point sources in locations without suitable sedimentary strata for subsurface 

sequestration. 

This thesis also investigates the effect of salinity on the reactions between a 

ferric-bearing oxide phase, aqueous sulfide, and scCO2.  ATR-FTIR was again used as an 

in situ  probe to follow product formation in the reaction environment.  X-ray diffraction 

along with Rietveld refinement was used to determine the relative proportion of solid 

product phases. ATR-FTIR results showed the evolution of siderite (FeCO3) in solutions 

containing NaCl(aq) concentrations that varied from 0.10 to 4.0 M. The yield of siderite 

was greatest under solution ionic strength conditions associated with NaCl(aq) 

concentrations of 0.1-1 M (siderite yield 40% of solid product) and lowest at the highest 

ionic strength achieved with 4 M NaCl(aq) (20% of solid product). Based partly on 

thermochemical calculations, it is suggested that a decrease in the concentration of 

aqueous HCO3
- and a corresponding increase in co-ion formation, (i.e., NaHCO3) with 

increasing NaCl(aq) concentration resulted in the decreasing yield of siderite product. At 
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all the ionic strength conditions used in this study, the most abundant solid phase product 

present after reaction was hematite (Fe2O3) and pyrite (FeS2). The former product likely 

formed via dissolution/reprecipitation reactions, whereas the reductive dissolution of 

ferric iron by the aqueous sulfide likely preceded the formation of pyrite. 

These in situ  experiments allowed the ability to follow the reaction chemistry between 

the iron oxyhr(oxide), aqueous sulfide and CO2 under conditions relevant to subsurface 

conditions.  Furthermore, very important results from these small-scale experiments show 

this process can be a potentially superior and operable method for mitigating CO2 

emissions.     
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CHAPTER 1 

INTRODUCTION 

 

1.1 Overview 

 

Cutting greenhouse gases, notably carbon dioxide (CO2), is becoming urgent due to 

the warming of the global temperature.  CO2 is formed when fossil fuels such as coal, oil 

and gas are burned for industrial use and leads to a high concentration in the atmosphere, 

thus making it a primary greenhouse gas. The global mean surface temperature has 

increased almost linearly by 0.85˚C over the period 1880-2012 due to the start of the 

industrial revolution and resulting introduction of large quantities of CO2 into the 

atmosphere.1 Between 1990 and 2012, the warmest years since 1850, CO2 emissions have 

increased by 5%.2 Based on the current warming trend, it is predicted that by 2100 the 

temperature will increase by 1.9˚C,3 resulting in irreversible climate changes.   

In order to curb the amount of CO2 in the atmosphere and limit the extent of climate 

change (besides conservations), there must be new technologies to reduce CO2 release, 

while still providing the necessary energy for homes, businesses, transportation and 

industry.  Mitigating emissions in a fast manner is a challenge due to funding, politics, 

and policy issues.  More than 85% of commercial energy today is supplied by fossil fuels.  

One option to reduce CO2 emissions is via carbon capture, utilization, and storage 

(CCUS).  Capturing CO2 involves the separation of the gas from the power plant’s 

emissions, which can then be utilized for industry or stored away geologically (also 

termed carbon sequestration).  Storage of CO2 via sequestration in geological formations, 

which are chosen for their depth, porosity, and permeability, provides the potential to 
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store CO2 for ~1000 years.  CCUS is an existing technology that will allow usage of 

fossil fuels without emitting CO2 into the atmosphere. 

The goal of this thesis is to examine the chemistry of sequestering CO2 with iron-

bearing minerals present in the Earth’s subsurface.  The ferric iron (FeIII) sediments also 

referred to as redbeds, contain iron hydroxides and iron oxyhydroxides and are 

geographically widespread.4, 5 These sediments have abundant potential to trap CO2 as 

carbonate minerals when reduced to ferrous iron (FeII) by a sulfide reductant.   In 

particular, research has suggested that sulfide co-injectants can potentially increase the 

rate of long-term CO2 storage by the reduction of Fe(III) in specific mineral phases and 

the carbonation of the resulting ferrous iron product to form siderite.4, 5 Sulfur-bearing 

waste gases, such as hydrogen sulfide (H2S) and sulfur dioxide (SO2), are often already 

present in the CO2-bearing flue gas from combustion of natural gas and coal, respectively.    

1.2 Carbon Sequestration 

Carbon sequestration involves injection of high pressure CO2 into the Earth’s 

subsurface at >800 m depth.3 When CO2 is injected into deep geological formations it 

exists as a supercritical fluid, scCO2, due to conditions at or above the critical point of Tc 

= 31.1˚C and Pc = 73.0 bar.  In this form scCO2 has properties of both a gas and liquid; it 

has the expansion properties of a gas and the solvent capabilities of a liquid.  In addition, 

the density of scCO2 and the amount of scCO2 that can be stored will increase with depth 

(see Figure 1). This characteristic provides a significant advantage in mineral and 

solubility trapping (which will be described later), as scCO2 will diffuse to a greater 

degree through the pore spaces of storage rocks. 
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The approach of CCUS to reduce emissions is controversial.  There are debates in 

terms of energy and climate policy, along with the consideration of the cost burden that 

will need to be considered in order to make this technology commercially viable in the 

United States. Finally for CCUS to make noticeable reductions in atmospheric CO2, a 

billion metric tons or more must be sequestered annually.6 There are current sites where 

CO2 storage has been implemented, including the injection of more than 10 million tons 

of CO2 thus far since 1996 in Sleipner, Norway.1   

  

Figure 1.1: Density of CO2 as a function of depth.  The blue numbers show the volume 
of CO2 at each depth relative to the surface.3   
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1.2.1 Geological storage 

There are considerable number of targets for sequestration distributed around the 

world, which are characterized by the necessary depth, porosity, and permeability. 

Suitable formations have to be deeper than 800 m in order to successfully fill in the pore 

space with the now high-pressure scCO2.6 However, there are no specific regulatory 

requirements as of yet.6   Available CO2 repositories include temperature and pressure 

gradients within a single site.  Temperatures can range from 150-250 ˚C and pressures 

may range from a few bars of CO2 to several hundred bars.7 Locations for CO2 

repositories include depleted oil and gas reservoirs, which are optimum because there is 

data to suggest they are capable of holding CO2 permanently, as they have already held 

oil or gas.  Other possibilities include saline aquifers or deep saline formations (DSF), 

which have a large potential to hold CO2.8 The selection of appropriate sites can come 

from using existing data from monitoring underground sites for other applications and 

from monitoring at three current sequestration and pilot projects.9    

1.2.2 Trapping mechanisms 

ScCO2, when injected into a host formation can be secured by structural, residual, 

solubility, and/or mineral trapping, in order of increasing storage security as illustrated in 

Figure 2.6 The way in which CO2 will be secured is influenced by the physical properties 

of CO2, which vary with temperature and pressure; CO2 solubility increases with 

increasing pressure, but decreases with increasing temperature and salinity. Another 

crucial consideration is maintaining impermeable cap rock to prevent leakage of the 

buoyant CO2, which is of concern with structural trapping, the least secure storage 
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mechanism.    The injected CO2 is present in the pore space and may percolate up through 

the porous rock towards and trapped by the cap rock.  The next most secure mechanism, 

residual trapping illustrates the fluid-like property of scCO2 as it moves through the 

porous rock, which acts like a sponge and leaves droplets behind. During solubility 

trapping, carbon dioxide is dissolved into formation waters, usually filled with brine (e.g., 

highly saline environments) in nature. Since scCO2 is denser than the fluids, it will sink to 

the bottom as time goes on.  This is an inherent benefit to solubility trapping; as CO2 is 

dissolved, there are less buoyant forces that can drive it up to the surface.6 Mineral 

trapping, the most secure, and the subject of this thesis, is when CO2 reacts with sub-

surface minerals to form carbonate minerals, thus fixing CO2 for long periods of time.10, 11 

However, this process is very slow, as it involves the formation of carbonic acid from 

CO2 dissolution into an available aqueous phase.  As a consequence, the pH is driven 

down and this increase in acidity can result in dissolution of the host-formation.   

!

Figure 1.2:  Storage security as a function of time.3  
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1.2.2.1 Dissociation of CO2 in water 

 As mentioned above, the dissociation of CO2 in water has important consequences in 

regard to solubility trapping and mineral carbonation.  The solubility of CO2(g)  in water 

and the Henry’s law constants have been calculated over a wide range of temperatures 

and pressures.12 The thermodynamic equilibria of the carbonate system is first described 

by the dissolution of CO2 in water producing a weak acid, carbonic acid:  

CO2(aq) + H2O(l)  → H2CO3(aq)                                      (1) 

 It is also important to point out that the kinetics in forming H2CO3 are slow, with the 

majority of CO2 remaining as a solvated molecule shown in equation 2: 

K = [H2CO3(!")][CO2(!")]
≈ 1.3!×!10!!               (2) 

      

Carbonic acid then proceeds to dissociate in two steps, producing the bicarbonate and 

carbonate ion (pKa1 and pKa2 values at 25˚C and 1 atm):   

H2CO3(aq) + H2O(l)  → HCO3
-
(aq) + H3O+ (aq) 

                  pKa1
  = 6.37                  (3) 

HCO3
-
(aq) + H2O(l)  → CO3

2-
(aq) + H3O+ 

(aq)            pKa2  = 10.25           (4)  

The presence of (bi)carbonate ions is significant as these ions can interact with cations 

present in the formation waters and form carbonates, depending on the pH, temperature, 

and pressure of the system.  However, with geological conditions being far from standard, 

the CO2-H2O interface and its kinetics must be theoretically and experimentally 

considered when CO2 dissolves in brine, reacts with water, and in solubility trapping.13    
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In North America, DSF at subsurface depths of 1 - 3 km have varying salinities 

ranging from 5 to > 350 gL-1 and in low salinity formations ranging from 1 to 3 M 

NaCl.14-16 The interactions of injected scCO2 and host formations in regions of high 

salinity cause physical and chemical geological changes, which are different from simple 

aqueous scCO2 systems.  One example is the solubility of CO2 decreasing in solutions of 

high salinity, called the salting-out effect.17 Cohen and Rothman18 theoretically 

investigated the injection of CO2 and via modeling its reactive transport into a brine-rock 

environment and found a carbonate rich region was created within the brine that lead to 

mineral dissolution and subsequent migration of ions.  Experiments were conducted to 

investigate geochemical reactions among scCO2, brine and host-rock.  For example, 

Zhang et al. have shown that the density of CO2 in brine decreases with increasing 

temperature and increases with increasing pressure,8 whereas Rosenbauer et al. 

demonstrated the solubility of CO2 is enhanced in brine in the presence of limestone and 

sandstone.19 The effect of CO2/brine on host rock formation resulted in dissolution and 

precipitation of minerals under moderate pressure and temperature conditions.20 CO2 in 

brine was shown to be permanently stored as calcite under higher pressure and 

temperatures from numerical and experimental studies.21    

1.3 Mineral trapping with redox chemistry 

A considerable amount of research has been conducted on rock-scCO2-brine 

interactions to predict the long-term fate of injected CO2.  While mineral trapping of 

scCO2 underground is the most secure and permanent, conversion to carbonates can take 

hundreds to thousands of years to occur.   However, it is possible to take advantage of 

sulfide gases (H2S and SO2), also greenhouse gases, present in flue gases also from fossil 
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fuel combustion. These sulfide gases can reductively dissolve iron (III) to iron (II)(aq), 

which we can incorporate into sequestrating CO2. Iron is the fourth most abundant 

element in the earth’s crust and second most abundant metal.22 Iron occurs naturally in a 

variety of minerals, both in the Fe(II) and Fe(III) forms.  However, in order for it to form 

an iron carbonate, FeCO3 (siderite), iron must be in its divalent state to react with CO3
2-. 

Previous work4, 5, 23 (and thermodynamically) has indicated that SO2(g)  will dissolve in 

water and produce H2S in a disproportionation reaction (eqn. 5) and then, in the context 

of CO2 storage, reduce Fe(III) to Fe(II).            

4SO2(g)  + 4H2O(l) → H2S(aq) + 3H2SO4(aq)              (5) 

Extensive work exists on the kinetics and mechanisms, of the reductive dissolution in the 

reaction between iron (oxyhydr)oxides and H2S.24-27 There are different sulfide products 

(each with a different oxidation state) formed during the reduction of H2S; sulfate when 

H2S is oxidized (transfer of eight electrons), sulfur, pyrite or amorphous iron oxide as 

seen in equations 6, 7, 8 and 9 with hematite as the host mineral.5 

4Fe2O3(aq) + 15H+
(aq) + HS-

(aq) → 8Fe2+
(aq) + SO4

2-
(aq) + 8H2O(aq)          (6) 

4Fe2O3(aq) + 15H2S(aq) + H2SO4(aq)→ 8FeS2(pyrite)  + 16H2O(aq)         (7) 

4Fe2O3(aq)  + 9H2S(aq) → 8FeS(amorphous) + H2SO4(aq) + 8H2O(aq)         (8)           

4Fe2O3(aq)  + H2S(aq) + H+
(aq) → S0 + 2Fe2+

(aq) + 3H2O(aq)             (9) 
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After the redox chemistry that generates Fe(II), mineralization of CO2 occurs to produce 

siderite (eqn. 10), which competes with the side reaction of pyrite formation. These 

reactions will be discussed in further detail later in the manuscript.  

Fe2+
(aq) + CO3

2-
(aq) → FeCO3 (siderite)          (10) 

1.3.1 Iron-bearing minerals as a model system for mineral carbonation 

It is proposed in this thesis to accelerate the mineral carbonation mechanism by using 

a sulfide reductant with focus on iron-bearing minerals such as ferrihydrite, hematite and 

the iron oxyhydroxides (i.e. goethite, lepidocrocite and akaganéite). As introduced above, 

redbeds are widespread geographically and offer great permeability and great thickness, 

thus are good candidates for sequestering CO2.  Other subsurface sediments may be 

limited geographically or may not have the same permeability or porosity to trap CO2.  

Iron (III) containing minerals such as ferrihydrite, hematite and the iron oxyhydroxides 

are all present in soil, water and sediment systems and can play a significant role in the 

geochemical cycling of iron, and can be used in CO2 sequestration.  These oxide surfaces 

are also important environmental interfaces.28-30   Of note in this work, specifically, is 

ferrihydrite; a nanoscale amorphous iron hydroxide which naturally occurs in the earth’s 

crust, soils and sediments.31 Its chemical formula, despite a debate, is proposed to be 

5Fe2O3•9H2O.32, 33 There are two types of ferrihydrite, termed two-line and six-line due to 

the number of broadened peaks in the X-ray diffraction (XRD) patterns, although the 

topic of this thesis refers to the two-line variety only.22, 32 The size of the mineral ranges 

from 2 to 6 nm in diameter, giving it a large surface area and accounts for its high 

adsorptive capacity.22 Its high reactivity leads to sequestering toxic contaminants from 
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wastewaters and soils.32, 34 Due to its limited stability, ferrihydrite is a precursor to more 

stable iron oxides, such as goethite and hematite.22, 34 Trace Fe(II) can also accelerate the 

transformation of ferrihydrite to hematite either by dissolution reprecipitation or solid 

state transformation, whereas goethite forms via only dissolution reprecipitation.31, 35, 36 

This environment of iron-bearing sediments in deep saline foundations will provide 

understanding of the chemistry between host-rock, injected CO2 and sulfur components.   

  

1.4 Organization of Thesis 

 

Subsurface sequestration of scCO2 involving sulfur co-injectants emitted by fossil 

fuels is promising technology to reduce CO2 emissions.  Research presented in this thesis 

investigates iron-bearing mineral phases under scCO2-sulfide-water conditions, as well as 

NaCl brines.   The suite of experiments is designed to spectroscopically investigate in situ 

the mechanistic details of the transformation and reactivity of iron mineral phases during 

exposure to subsurface conditions and scCO2/sulfide.  These in situ experiments offer the 

benefit over post-reaction analyses to track possible phase changes while pressurized to 

simulate relevant conditions that are not subjected to oxidation or loss of CO2.  

Chapter 2 gives a description of materials, mineral synthesis, sample preparation and 

an overview of the analytical techniques used to analyze and carry out the experimental 

studies.  This chapter will also explain why in situ spectroscopy, out of all available 

technologies, is a valuable method to study carbon sequestration by mineral carbonation. 

Chapter 3 provides insight on the reactivity of the iron oxyhydroxide polymorphs with 

scCO2 and sulfide.  Chapter 4 addresses the reactivity of ferrihydrite with the scCO2 
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system, but as a function of ionic strength conditions representative of deep saline 

aquifers. Chapter 5 investigates alternative reductants, such as organic acids for iron 

oxide mineralization.  Finally, chapter 6 gives an overall summary and implications of 

the thesis along possible directions for the future. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

 

2.1 Materials 

 

 All chemicals used to conduct experiments presented in this thesis were analytical 

grade and purchased from Alfa Aesar, Fisher Scientific or Sigma Aldrich.  Nitrogen and 

carbon dioxide tanks were purchased from Airgas (99% purity).  All water was deionized 

using a Barnstead Nanopure I system (~18 MΩ•cm).  In addition, solutions reacting with 

sulfur species were sparged with nitrogen for a minimum of 10 minutes prior to reaction 

to remove dissolved oxygen. The solution was sparged until a dissolved oxygen meter 

(Hach) indicated that the O2 level was below the 0.1 mg/L detection limit. Sodium sulfide 

nonahydrate (Na2S•9H2O) was used instead of hydrogen sulfide, H2S, gas as the source of 

the sulfide-containing reductant to avoid corrosion of the ATR accessory.   A glove bag 

(Fisher) purged with nitrogen was used to prevent oxidation of products.  

2.2 Synthetic Minerals 

2.2.1 Lepidocrocite 

 Lepidocrocite (γ-FeOOH) used in Chapter 3 of this dissertation was synthesized 

by following the method developed by Cornell and Schwartzman.1 Preparation of the 

mineral started by precipitating 500 mL of 0.06 FeCl2 solution with a NaOH solution at 

pH ~ 7.  The resulting suspension was sparged with air (pre-purified grade) for oxidation 

of ferrous to ferric at the rate of 200 mL min-1 at pH 7 with constant stirring for three 

hours.   The resulting suspension was dialyzed with deionized water (18 MΩ•cm) for 4-5 
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days to remove counter ions, centrifuged and air-dried.  TEM (figure 3.5a in chapter 3), 

IR (figure A1 in appendix A) and XRD (figure A4 in appendix A) data confirmed the 

synthesis of lepidocrocite (chapter 3) with no measurable impurities  

2.2.2. Goethite  

 Goethite (α-FeOOH), used in chapters 3 and 4, was synthesized using a method 

adapted by Cornell and Schwertmann.1 Forty-grams of FeCl3 • 9H2O was added to 900 

mL of ultra pure water.  The pH was adjusted to 12 using 5 M NaOH while stirring to 

form a deep maroon colored suspension.  The suspension was heated in a closed vessel at 

90˚C for one week and the precipitate turned an orange-yellow color.  The resulting 

suspension was dialyzed with deionized water (18 MΩ•cm) for 4-5 days to remove 

counter ions, centrifuged and air-dried.  TEM (figure 3.5a in chapter 3), IR (figure A2 in 

appendix A) and XRD (figure A5 in appendix A) data confirmed the synthesis of goethite 

(chapter 3) with no measurable impurities. 

2.2.3. Ferrihydrite 

Preparation of ferrihydrite  (2-line) by a modified method of Cornell and Schwertmann, 

using FeCl3 in place of Fe(NO3)3 which is typically the precursor.1   This included 500 

mL of 0.1 M FeCl3 neutralized with 1 M NaOH solution. After synthesis, the suspension 

was centrifuged and dialyzed three times to remove counter ions and until the 

conductivity of the solution was below 0.01 mS and then dried in air. The structure and 

morphology of ferrihydrite was characterized with IR (Figure A5 in appendix A) and 

XRD (figure A6 in appendix A).  
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2.3 Supercritical CO2 Generation 

CO2 exists as a supercritical fluid above its critical temperature (31˚C) and 

pressure (71.8 bar).  Elevated pressure was achieved using a high-pressure generator from 

High Pressure equipment (HiP).  The generator consists of a piston with a crank at one 

end which is turned until the gauge reads the desired pressure.  The generator is 

connected to a CO2 tank fitted with a siphon tube to deliver liquid CO2 to the piston, 

which is compressed, as illustrated in Figure 2.1.  The CO2 is then delivered via 1/16” 

stainless steel tubing to the reaction setup (in situ  or ex situ).   

 

Figure 2.1:  Experimental setup for delivering CO2 to in sit and ex situ reactions.    

 

CO2$tank$
fitted$with$
siphon$
tube$

High$Pressure$
Generator$

1/16”$tubing$
delivering$CO2$to$
ATRBFTIR$or$ex$situ$
(not$shown)$$
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2.4 In situ ATR-FTIR 

Attenuated total reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

is a very sensitive surface technique ideal for analyzing the solid mineral-aqueous 

interface.   This technique also offers the benefit of having a short effective pathlength, 

which is useful for aqueous solutions as water has a very large absorption cross section 

and makes transmission FTIR impossible for our experiments.  ATR spectroscopy 

involves the use of an internal reflection element (IRE) with a high refractive index. The 

beam is internally reflected through the IRE, which creates an evanescent wave, which 

then penetrates the sample to the depth of one micrometer.2-4   To insure measurement 

quality, close contact between the sample and the IRE is required due to the thin 

penetration of the evanescent wave into the sample. The depth of penetration, Dp, is the 

qualitative measure of the depth, the degree to which the evanescent wave extends into 

the sample.4 Dp is defined as the distance from the IRE-sample interface to where the 

intensity decays to !! of its original value.4 Dp is calculated as:  

Dp = !
! !!! (sin!! − !!"! )            (11) 

where λ is the wavelength of infrared radiations, !! is the IRE’s refractive index and !!" 

is the ratio of the refractive indices of the sample and IRE.4 In order for internal reflection 

to occur, the angle of incident radiation, θ, must be greater than the critical angle θc.  The 

critical angle is a function of the refractive indices of the IRE and the sample and is 

defined as:  

!! = sin!! !!
!!              (12) 
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where n1 and n2 are the IRE’s and sample’s refractive index, respectively.2-4 IREs with 

higher refractive indices are recommended to minimize the critical angle; the most 

common include Ge, ZnSe, or diamond.  Diamond, with a refractive index of 2.4, is 

extremely durable, chemical resistant, and used in the experiments described in this 

manuscript.  The detector of choice for all experiments is the liquid nitrogen cooled 

detector mercury cadmium telluride (MCT) detector.  These detectors require cooling to 

decrease thermally excited carriers that give rise to noise.5 An illustration showing the 

overall experimental setup, including the internal reflection within the Golden GateTM 

accessory, is illustrated in Figure 2.2.    
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Figure 2.2:  Schematic of a Golden GateTM ATR accessory with an analyte (red) on top 

of the diamond internal reflection element (IRE).  The direction of the infrared beam 

enters the optics box from the right to the left, reflects off two mirrors and is focused by a 

lens into the diamond element.  The inset illustrates the point of total reflection, where 

the sample is in very close contact with the diamond surface so it is within the infrared 

beam.  The infrared beam then exits the accessory.    

!  
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The in situ ATR-FTIR experiments described in this dissertation were carried out 

by using a Golden GateTM ATR accessory (Specac) installed in a Nicolet (Thermo 

Scientific) spectrometer equipped with a MCT-B detector. The chemically inert and 

mechanically strong diamond element is held within a tungsten carbide plate, which 

allows for high temperature and pressure tolerance.  The accessory is also equipped with 

a heating element that could raise the temperature of the diamond element to 200˚C.  

Also fitted to the ATR accessory was a home built stainless steel microcell (total 

volume ~ 0.5 mL) and spacer for experimental observation on the diamond element of 

the in situ reaction.   The micro cell has an inlet port, which allows for the admission of 

CO2, an exit port on the underside, and a groove for a Kalrez® o-ring, which keeps a seal 

between the microcell and the spacer.  The spacer serves to keep the solution in place 

upon pressurizing and has a corresponding groove for a Kalrez® o-ring, which forms a 

seal between the microcell and tungsten carbide plate. The experimental setup is shown 

in Figure 2.3. 
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Figure 2.3: Picture showing the ATR-FTIR accessory (Golden Gate™) and microcell 

with spacer placed on top of the diamond element for in situ ATR experiments.   

 In situ ATR-FTIR experiments were carried out by first drying a thin film (~12 

mg/0.5 mL sonicated slurry) of the desired iron oxide (~25 µL) on the diamond ATR 

element in a N2 environment.   With the microcell secured over the sample film, an 

aqueous deoxygenated Na2S (pH ~11) solution was deposited on the film.  The 1/16” 

inlet was also filled with sodium sulfide solution to prevent displacement of water to 

other areas of the tubing.  Subsequently, the cell was pressurized to 77 bar CO2 at room 

temperature (RT) and allowed to sit for ~20 min., at which point the temperature was 

raised to 70˚C.  Spectra were taken every 30 min. either manually or by a macro using 

microcell$
and$spacer$$

Line$in$
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OmnicTM E.S.P. 5.1 and OmnicTM Macros basic E.S.P 5.1, respectively. Reference spectra 

were taken at corresponding pressure and temperature or against earlier spectra for data 

reprocessing.  

2.5 Batch (ex situ) Reactions 

 Batch experiments were performed to confirm and allow for product analysis and 

confirmation.   Two high-pressure stainless steel reactors were used for the experiments; 

one built in house and a second from Parr® Instrument Company.   Each cell had a 

Teflon insert, a gauge, and valves for introducing CO2.  The homemade high-pressure 

reactor, fitted with heating tape, was used for batch reactions for experiments listed in 

chapter three.  The concentration of aqueous sodium sulfide and temperature was varied 

depending on which iron oxyhydroxide suspension was used in chapters 3 and 4.   The 

reactor was then pressurized with scCO2 to 83 bar at certain temperatures for 24hr.   

The Parr high-pressure reactor was used for experiments in chapters 4 and 5.  The reactor 

vessel (total volume 75 mL) included a pressure gauge, dip tube, three valves, built in 

thermocouple, and a drop band with screw (for safety) all illustrated in Figure 2.4.  These 

batch reactions were conducted with ~ 55 mg ferrihydrite, 50 mM Na2S (total volume 40 

mL of deionized and deoxygenated water) and then pressurized with 77 bar scCO2, 

heated, and stirred at 70˚C for 24 hr.  All starting and final solutions were prepared and 

removed in the glove bag, respectively.  Final solutions were also centrifuged and 

decanted four times then allowed to dry in a desiccator.   
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2.6 Geochemical Modeling 

PHREEQC is a geochemical modeling program, which uses thermodynamic 

databases, including one of the same name, to calculate saturation indices, equilibrium 

speciation, and activity coefficients. Activity coefficients use the extended Debye-Hückel 

equation as the Debye-Hückel theory is only valid until an ionic strength ~ 5 mM.6, 7 

However, at higher ionic strengths (> 0.5-0.7 M) the calculation of activity coefficients is 

even out of range for the extended Debye-Hückel theory, thus the Pitzer aqueous model 

for high salinity waters must be used.6, 8 In addition, the solubility of CO2 at pressures 

above 20 bar deviates from Henry’s law because the fugacity coefficient of the gas 

Figure 2.4:  Picture of the Parr® reactor cell, heater and heater control box 

for batch reactions.    
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decreases.9 The general purpose of these calculations is to calculate the concentrations 

and solubilities as a result of CO2 speciation, with the accuracy dependent on the chosen 

database.  It is also important to note that these databases do not consider thermodynamic 

data considering redox reactions and equations.   

Equilibrium speciation of aqueous sulfide and CO2 in solution at 70˚C under 77 

bar scCO2 (chapter 3) was calculated using the PHREEQC database (version 2).7 This 

version did not include the Pitzer database and does not account for high-pressure work, 

however PHREEQC v3 code was available for reactions concerning high-pressure 

conditions in chapters 3 and 4.  The three databases of interest in this thesis are utilized 

for their efficiencies of activity models that calculate the activity coefficients for a range 

of ionic strengths.  As a result, all available databases can be complimentary to each other, 

but are not completely appropriate.  The evaluation of the correct thermodynamic 

database to adequately calculate the solubility of carbonates species as a function of 

salinity was compared.  Calculations were done using the three databases available for 

high saline conditions including the Pitzer formalism, the PHREEQC database, and the 

B-dot activity model (LLNL database), which is an extension of the Debye-Hückel model 

used for NaCl dominant solutions.8 All three databases have limitations associated with 

them as previously mentioned.  The Pitzer activity model was incomplete, as it did not 

include thermodynamic data for S or NaHCO3. The B-dot model was reported to have 

failed in reproducing salinities higher than 1 M NaCl.8 However, calculations using all 

three databases are presented in the Appendix.    

2.7. X-ray Diffraction 
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 Powder X-ray diffraction (XRD) was used to analyze products after the batch 

reactions.  XRD is a rapid analytical technique for determining the relative amounts of 

phases in a mixture by referencing the relative peak intensities.  The phenomenon of 

diffraction occurs when a beam of monochromatic X-rays are passed through a 

crystalline solid, which results in constructive and destructive interference.   The resulting 

diffraction pattern contains information about the atomic arrangement within the crystal 

diffraction and is described by Bragg’s Law: 

!" = 2! sin!            (13) 

where n equals an integer multiple of the wavelength (order of diffraction),  λ is the 

incident wavelength, sin θ is the scattering angle and d is the interplanar distance which 

separate the lattice planes that scatter the wave.  The intensities of the diffracted waves 

depend on the arrangement of atoms, the size and shape of the unit cell of the material, 

and the random orientation of the powdered material.   Each material has a unique set of 

d-spacings, which allows for identification by comparison of reference compound d-

spacings.  A schematic of equation 13 is shown in Figure 2.5.   

 XRD of batch reaction products from chapter 3 were collected on a Scintag PAD 

X diffractometer in an oxygen-free chamber under the following parameters: Cu Kα 

radiation, 40 kV, 25 mA , 5-90˚ 2Θ, 0.02˚ 2Θ step, and 10 sec/step  counting time at 

Stony Brook University. XRD of batch reactions from chapters 3-5 were collected on a 

Bruker APEX DUO (Temple University) using monochromatized Mo Kα radiation 

(0.71073 Å) with 30 kV and 30 mA.   A CCD area detector was used which collected 2θ 

from 0-50° in 5 images collected for 180 s each.  Batch reactions were probed with a Mo 
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anode since a fluorescence filter was not present to block Fe fluorescence that is 

associated with Cu Kα radiation for Fe rich products. Samples were packed into Boron-

Rich capillary tubes (Charles Supper) with an internal diameter of 0.1 and 0.7 mm and a 

wall thickness of 0.01 mm.  

!

Figure 2.5:  Schematic describing Bragg’s Law, which states when the x-ray is incident 

onto a crystal surface, its angle of incidence, θ, will reflect back with a same angle of 

scattering, θ. And, when the path difference, d is equal to a whole number, n, of 

wavelength, constructive interference will occur. 

2.7.1 Rietveld Refinement 

The Rietveld refinement procedure has proved to be superior to any other method 

involving either peak separation or the use of the total integrated intensity of groups of 

overlapping peaks.10 Rietveld refinement guidelines were formulated by the International 
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Union of Crystallography Commission for diffraction.11 The refinement, employing a 

least squares matching algorithm, reproduces the shape of the diffraction peaks (profile) 

as well as their intensity.  This method essentially quantitatively determines the 

percentages of different phases in samples by fitting the whole pattern at once. Since 

there is a lot of information hidden in the full powder diffraction pattern, many fitting 

parameters are required, including many experimental parameters, and hence the fits are 

almost never perfect. The refinement profile is determined by instrument and sample, 

whereas the intensities are determined by structural constraints such as unit cell and atom 

parameters. Additionally, combining functions together, such as Gaussian, Lorentzians, 

Voigt, pseudo-Voigt, and PearsonVII to form the observed profile shape, also forms peak 

shape profiles.  Combining fits from background, position, intensity, and profile, the 

calculated diffraction pattern is: 

yci = s Σ Lk 'Fk(
2 ϕ (2θI - θk) Pk A + ybi              (14) 

where yci is the calculated intensity, s is the scale factor, k are the miller indices, Lk is the 

multiplicity, Fk is the structure factor for the reflection, ϕ is the reflection profile function, 

Pk is the preferred orientation, A is the absorption factor, and ybi is the background 

intensity.   

 Topas Academic software was used for Rietveld refinement and phase abundance.  

Chapters 3 used match! software to identify phases, whereas in chapters 4 and 5, siderite, 

hematite, goethite, lepidocrocite, pyrite, halite, mackinawite, marcasite and pyrrhotite 

were selected for consideration.  Crystal structure information was obtained from the 

American mineralogist crystal structure database.12 
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2.8 Electron Microscopy 

2.8.1 Transmission Electron Microscopy (TEM) 

 Transmission electron microscopy uses electrons instead of light for imaging; 

probing specimens to the order of angstroms is made possible due to their shorter 

wavelength.  The TEM actually operates by demonstrating the wave-particle duality of 

electrons.   Kinetic energy is applied to the electron by accelerating it through a potential 

drop, V, with the potential equal to the kinetic energy in the form of momentum.13 The 

relationship between V and ! can then be established; increasing the accelerating voltage 

decreases the wavelength of the electrons.  It also should be noted that for voltages higher 

than 100 kV, non-relativistic effects must be considered due to the speed of the electron 

becoming greater than half the speed of light, thus requiring the non-relativistic electron 

wavelength be accounted for in the calculations. 

Knoll and Ruska first proposed the idea of an electron microscope producing 

electron images.14  A schematic of the TEM and its essential components is illustrated in 

Figure 2.6.  The electron gun contains the electron source, the cathode, which controls the 

fine beam of produced electrons.13  The most widely used cathode in modern TEMs is 

usually a LaB6
 crystal.  The heart of the TEM is the objective lens and the specimen stage 

where the beam-specimen interactions take place and thus forms the hhimages.13 The                   

objective lens is the most important lens, as its quality determines the information and 

resolution of the specimen (Figure 2.6).   There are several lenses to magnify the image 

produced by the objective lens and to focus them on the viewing screen.  As the electrons 

go through the specimen (unscattered), the image of the specimen will appear on the 
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fluorescent screen and the darkness of this image will depend on the density of the 

specimen.   

TEM images were collected at 120 keV with a FEI Tecnai 12 microscope at West 

Chester University in chapter 3.  The images in chapter 4 and 5 were recorded at 120 kV 

on a JEOL JEM 1400 with a LaB6 filament (Temple University).   Specimens were 

sonicated in filtered ultra-pure water and were prepared (2-4 µL) on carbon type-A 

support films with 300 mesh Cu grids (Ted Pella, Inc.).  

2.8.2 Scanning Electron Microscopy (SEM) 

Figure 2.6:  Schematic describing the path of the electron beam in the transmission 

electron microscope.  



! 34!

Scanning electron microscopy also uses electrons for imaging, albeit at lower 

energy (0.2-40 keV), but probes the specimen with a focused high energy-beam of 

electrons that is scanned across in a raster scan pattern.    The difference between TEM 

and SEM depends on the size of the specimen. SEM is good for surface analysis; it has a 

lower energy electron beam, allows for larger sample analysis and is based on scattered 

electrons (reflection) instead of transmitted electrons. The interaction of the beam’s 

electrons and the specimen’s atoms yields a variety of signals about the specimen’s 

characteristic features as the electrons decelerate.  This interaction produces low-energy 

(<50 eV) secondary electrons, back-scattered electrons (BSEs), X-ray emission 

(elemental dispersive spectroscopy, EDS), light emission and specimen current.15 As a 

result, special detectors are used to gather information from this technique.  SEM’s large 

depth of field can result in three-dimensional images due to secondary electrons, which is 

the main detector for routine SEM imaging.   BSEs are elastically scattered electrons 

from the sample and their intensity is dependent on the specimen’s atomic number and 

can show the specimen’s compositional differences.  The specialized detectors collect the 

signal from the dissipated energy as it interacts with the specimen’s surface, is converted 

into an amplified signal and then sent as a distribution of the emitted intensities to a 

monitor.  

Since SEM allows more of the specimen to be in focus at one time, it is optimal 

for determining semi-quantitative information about the specimen’s elemental 

composition through EDS.  The generation of characteristic X-rays results from when the 

electron beam excites a core electron.  The subsequent relaxation of this excited electron 

results in X-ray fluorescence, which is unique to each element.  The EDS detector 
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measures this intensity of the X-ray as a function of energy and can quantitatively 

determine the elemental abundance.  

Components of SEM include an electron gun, condenser lens, sample stage, 

stigmator, scan generator, and specialized detectors.  SEM images and EDS analysis of 

solid reactant and products from chapter 4 were obtained using a FEI Quanta450FEG and 

Oxford Aztec Energy Adv Xmax 50 EDS System, respectively.  Specimens were 

deposited on carbon tape and placed either on aluminum foil or silicon wafers for 

analysis.
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!

Figure 2.7: Schematic of electron-specimen interaction producing a number of signals 

detected by appropriate detectors.!!!

!
2.9 Gas Chromatography 

Carbonate formation was quantified in chapter 4 by acidifying the post reaction 

mass via HCl addition and measuring the amount of gaseous CO2 evolved by GC. An 

HP5890 GC was used with a thermal conductivity detector. The column (Restek) was 10’ 

x 1/8” ID and custom packed with a polymer, Hayesep S that provided the best separation 

of CO2.  The oven temperature was set to 100˚C for 8 min, the detector temperature was 

set to 240˚C, and the injector temperature was set to 150˚C.  Helium was used as a carrier 
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gas at a flow rate of 30 mL/min. PeakSimple software (SRI Inc) recorded the 

chromatograph and was used for peak analysis.  A calibration curve was generated from 

the peak area of CO2 produced from known amounts of siderite dissolution.  The weight 

percent of siderite from batch reactions was then determined.   

2.10 Experimental Strategies 

The unique chemistry of the mineralization of CO2 with greenhouse gasses 

investigated in this dissertation is analyzed collectively by in situ ATR-FTIR 

spectroscopy and XRD, described above.  The use of in situ spectroscopy is imperative in 

analyzing the results presented in this thesis.  Besides the objective of accelerating the 

mineralization of CO2, the technology used to observe the reductive dissolution and 

subsequent carbonation of iron oxides in the actual reaction environment as a function of 

time, in situ has advantages that cannot be observed with post-reaction phase analysis 

from batch reactions.  More specifically, at the end of a batch reaction, the high-pressure 

reactor must be opened to the atmosphere, causing a rise in the pH, which may alter 

results.  In situ spectroscopy can preserve reaction conditions and prevent possible 

skewed results; hence accompanying in situ reactions with Rietveld analyses of batch 

reactions can help confirm the unique chemistry of carbon sequestration by carbon 

mineralization.            

 

$  



! 38!

2.11 REFERENCES CITED 

1. Cornell, R. M.; Schwertmann, U., The Iron Oxides: Structure, Properties, 

Reactions, Occurrence and Uses. Wiley-VCH Verlag GmbH & Co: Weinheim, 2003. 

2. Coates, J., Vibrational Spectroscopy: Instrumentation for Infrared and Raman 

Spectroscopy in Ewing’s Analytical Instrumentation Handbook. 3rd ed.; Marcel Dekker, 

NY, 2005. 

3. Coleman, P. B., Practical Sampling Techniques for Infrared Analysis. CRC Press 

Inc: Boca Raton, FL, 1993. 

4. Mirabella, F. M., Modern Techniques in Applied Molecular Spectroscopy John 

Wiley & Sons: NY, 1998. 

5. Smith, B. C., Fundamentals of Fourier Transform Infrared Spectroscopy. CRC 

Press, Inc.: Boca Raton, FL. , 1996. 

6. Parkhurst, D. L.; Appelo, C. A. J., Description of Input and Examples for 

PHREEQC Version 3--A Computer Program for Speciation, Batch-Reaction, One-

Dimensional Transport, and Inverse Geochemical Calculations. In U.S. Geological 

Survey Techniques and Methods, book 6, chap. A43, 497 p., available only at 

http://pubs.usgs.gov/tm/06/a43/. 2013. 

7. Parkhurst, D. L.; Appelo, C. A. J., User's guide to PHREEQC (version 2) - a 

computer program for speciation, reation-path, 1D transport, and inverse geochemical 

calculations. 1999; p 312p. 



! 39!

8. Trémosa, J.; Castillo, C.; Vong, C. Q.; Kervévan, C.; Lassin, A.; Audigane, P., 

Long-term assessment of geochemical reactivity of CO2 storage in highly saline aquifers: 

Application to Ketzin, In Salah and Snøhvit storage sites. International Journal of 

Greenhouse Gas Control 2014, 20, (0), 2-26. 

9. Appelo, C. A. J.; Parkhurst, D. L.; Post, V. E. A., Equations for calculating 

hydrogeochemical reactions of minerals and gases such as CO2 at high pressures and 

temperatures. Geochimica et Cosmochimica Acta 2014, 125, (0), 49-67. 

10. Rietveld, H. M., A profile refinement method for nuclear and magnetic structures. 

Journal of Applied Crystallography 1969, 2, 65-71. 

11. McCuster, L. B.; Von Dreele, R. B. C., D.E.Louër, D.Scardi, P., Rietveld 

refinement guidelines. Journal of Applied Crystallography 1999, 32. 

12. Downs, R. T.; Hall-Wallace, M., The American Mineralogist Crystal Structure 

Database    American Mineralogist    2003, 88, 247-250. 

13. Williams, D. B.; Carter, C. B., Transmission Electron Microscopy. A Textbook for 

Materials Science. Springer: New York, NY, 2009. 

14. Knoll, M.; Ruska, E., Das Elektronenmikroskop  (The electron microscope). Z. 

Physik 1932, 78, 318-339. 

15. Scanning Electron Microscopy for the Life Sciences. Cambridge University Press: 

New York, NY, 2013. 

 



! 40!

CHAPTER 3 

 

CO2 SEQUESTRATION THROUGH MINERAL CARBONATION OF IRON 
OXYHYDROXIDES 

 

 

Content of this chapter is adapted with permission from the publication “Kristin Lammers, 

Riley Murphy, Amber Riendeau, Alexander Smirnov, Martin A. A. Schoonen, and 

Daniel R. Strongin, CO2 Sequestration through Mineral Carbonation of Iron 

Oxyhydroxides.  Environ. Sci. Technol., 2011, 45 (24), pp 10422–10428.” Copyright 

2011, American Chemical Society.”  

 

3.1 Introduction 

In this contribution, we investigated the carbon dioxide sequestration via the use 

of sulfide reductants and mineral carbonation of the iron oxyhydroxide polymorphs 

lepidocrocite (γ-FeOOH), goethite (α-FeOOH) and akaganéite (β-FeOOH) with 

supercritical CO2 (scCO2).  The mineral trapping of CO2 through subsurface carbonation 

reactions to form stable solid mineral phases is particularly attractive for the long-term 

storage of CO2. Consequently, there have been studies on the potential of mineral 

trapping in CO2 sequestration, with many of these studies focused on understanding 

whether sulfur-bearing waste gas in the scCO2 injectate can facilitate the formation of 

iron carbonates in the subsurface environment.1, 2,3  The current study extends our 

research to the investigation of the reactivity of different FeO(OH) polymorphs with the 

aim to resolve the fundamental reaction steps leading to the formation of siderite under 
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conditions relevant to carbon capture and sequestration.  Of these polymorphs, goethite is 

the most common to sedimentary phases and soils.4 The presence of lepidocrocite is more 

likely to be found in iron ore deposits and as an oxidation product of other iron-bearing 

minerals, whereas akaganéite is generally found in hot brines.4 While goethite is perhaps 

most relevant to subsurface carbon sequestration, an investigation of all three 

oxyhydroxides phases allows us to shed light on the microscopic controls that underlie 

the carbonation process in the presence of sulfide. Prior studies have investigated the 

reductive dissolution of these iron oxyhydroxides phases in the presence of aqueous 

sulfide, 5,6,7,8,9,10 and have shown that the rate of reduction of the minerals by sulfide 

varies in the following order: lepidocrocite> akaganéite>goethite.  A scientific goal of the 

present study is then to evaluate how the reduction rate of the polymorphs is affected 

under conditions relevant to CO2 sequestration.  In this contribution, we present and 

interpret results obtained during and after the exposure of the different FeO(OH) 

polymorphs to aqueous sulfide and scCO2 at temperatures ranging from 70-100oC. Such 

temperatures are common to those present at potential technologically relevant scCO2 

injection sites.1, 11, 12 In situ ATR-FTIR is used in this study as an in situ  probe to 

determine the chemical transformations of the polymorphs during exposure to 

scCO2/sulfide. This in situ technique also gives insight into the relative amount carbonate 

formation that occurred in the three different mineral systems for a given reaction time.  

XRD and TEM were also used to characterize the structure and morphology of the solid 

product. 

 

3.2 Results 
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3.2.1 ATR-FTIR Experiments 

Figure 3.1 exhibits in situ ATR-FTIR spectra associated with the reaction of 

lepidocrocite (top) and akaganéite (middle) at 70oC, and goethite (bottom) at 100oC in the 

presence of 83 bar scCO2 and aqueous sulfide. The data presented below will show that 

FeCO3 forms during these reactions. It is important to mention that we also carried out 

control experiments where the three polymorphs were individually exposed to 83 bar 

scCO2 at the same respective temperatures, but in the absence of sulfide.  Carbonate 

formation was never observed to form in these particular experiments Figure (3.2) where 

sulfide was not present, consistent with our results from prior studies.13,14 

In the lepidocrocite circumstance, the sulfide concentration used to obtain the 

ATR-FTIR data presented in Figure 3.1 was 14.5 mM, that based on calculation produces 

a H2S partial pressure above the solution that is ~0.5% of the scCO2 pressure (see Table 

3.1).  The initial pH of the aqueous sulfide solution in contact with the mineral slurry was 

11.3.  After 10 min. of reaction time, vibrational modes became apparent at ~1400 cm-1, 

861 cm-1, and 738 cm-1, which we attribute to the asymmetric stretch (ν3), out-of-plane 

(ν2) bending, and in-plane bending (ν4) modes, respectively, of siderite (spectra b-c).15  

Further inspection of the data shows that the ν2 and ν4 vibrational modes associated with 

this phase show no significant change in intensity between 50 and 60 min. of reaction, 

suggesting that the growth of this phase is largely complete after 50 min.  To better 

illustrate this contention, spectra are displayed in the inset to Figure 3.1 (lepidocrocite) 

that show the change in vibrational mode absorbances between successive spectra.  The 

spectra show that the vibrational mode at 1020 cm-1 that is associated with lepidocrocite 

decreases continuously in absorbance for times up to 40 min. This decrease occurs 
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concomitantly with an increase in the 861 cm-1 mode that is associated with siderite. The 

spectrum associated with the difference between the 50 and 60 minute spectrum shows 

insignificant changes in the 1020 and 861cm-1 vibrational modes, suggesting that there is 

no further loss in lepidocrocite and no further increase in siderite product yield after 50 

min. of reaction. 

Further inspection of lepidocrocite infrared data also shows that there is a shift in 

spectral weight between 1350 and 1450 cm-1 in spectra d-f.  This is likely the result of the 

evolution of aqueous bicarbonate and/or adsorbed bicarbonate. An aqueous bicarbonate 

mode at ~1360 cm-1 is perhaps most clearly isolated in spectrum a of the figure (denoted 

by an asterisk).  This species is likely an intermediate species for the formation of siderite, 

and its contribution to the vibrational spectra, largely at 1360 cm-1, increases with 

reaction time.  It is also of note that the 861 cm-1 mode, which has contributions from 

both siderite and bicarbonate, shows a marked growth up to 30 min. (see inset).  The 

growth in the absorbance of this mode exceeds the absorbance increase of the ν4 (738 cm-

1) mode that is a siderite-specific mode, consistent with the growth of the 861 cm-1 being 

due in part to an increase in the concentration of bicarbonate.  

ATR-FTIR spectra for akaganéite presented in Figure 3.1 show a similar reaction 

profile as lepidocrocite in the presence of scCO2 and aqueous sulfide (14.5 mM) at 70oC.  

However, the conversion to siderite was relatively fast and started prior to heating to 

70˚C and as soon as the akaganéite was exposed to the aqueous sulfide and scCO2.  This 

conversion of akaganéite to siderite at such a low temperature was not experimentally 

observed to occur for the lepidocrocite or goethite (shown below) systems. Within 60 min. 

of reaction the formation of siderite was largely complete based on the relatively constant 
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absorbances of the siderite derived modes after this reaction time.  Unfortunately, the 

experimental IR data of absorbance vs. wavenumber is qualitative and does not yield rate 

data of siderite formation from lepidocrocite and akaganéite to be compared. 

Figure 3.1 also exhibits in situ ATR-FTIR spectra of goethite before and after 

exposure to scCO2 and sulfide at a reaction temperature of 100˚C.  Spectrum a (i.e., time-

zero) exhibits modes at 790 and 890 cm-1 that arise from the out of plane and in-plane 

stretching of goethite’s hydroxyl group, respectively. The experimental conditions used 

to obtain the goethite’s spectral data involved a sulfide concentration of 3.7 mM (partial 

pressure of H2S is 0.21% of scCO2 pressure).  It is also important to mention that we also 

carried out experiments that exposed goethite to scCO2/sulfide (e.g., 14.5 mM) at 70oC, 

but in this circumstance, siderite product was not formed after 12 h of reaction time.  

Also, additional in situ experiments carried out on goethite suggested that conversion is 

more sensitive to sulfide concentration in the context of siderite formation than the other 

polymorphs. The transformation to siderite in the presence of scCO2 and sulfide was only 

experimentally observed in the presence of a relatively low concentration of sulfide (3.7 

mM) and 100˚C (in contrast to lepidocrocite and akaganeite).  At these reaction 

conditions, the exposure of goethite to scCO2/sulfide resulted in the evolution of siderite 

modes after ~1h of reaction (goethite, spectrum b).   Within ~3h, the intensity of the 

vibrational modes associated with siderite reached a maximum, which is evident in 

spectrum f.  Over the period of siderite formation there was a shift in the peak maxima 

associated with the spectral weight in the 1350 - 1400 cm-1 region.  Similar to our 

interpretation of the lepidocrocite and akaganeite systems, this spectral change is 

attributed to the growth of solution and/or surface-bound bicarbonate.   Prior research 
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also has suggested that the ν3 mode of the carbonates can show a redshift and increased 

broadening due to an alteration and distortion of siderite symmetry,16 and hence changes 

in the siderite structure may also contribute to the observed spectral changes.  Based on 

the retention of goethite vibrational modes throughout the reaction, it is surmised that 

there is significant amount of goethite remaining along with the siderite product.  A 

closer investigation of the preceding reaction is illustrated by the inset in goethite’s 

infrared data, which contains each spectrum referenced against the previous spectrum.  It 

is only after ~200 min., that goethite starts to diminish (see regions denoted by asterisks) 

and siderite grows based on the concomitant appearance of modes at 861 cm-1 and 737 

cm-1. 
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! !
Figure 3.1:  ATR-FTIR spectra obtained in situ for the transformation of lepidocrocite and 

akaganéite to siderite at 70 ˚C under 83 bar CO2 in the presence of aqueous sulfide and spectra 

of the transformation of goethite to siderite at 100 ˚C under 83 bar CO2 in the presence of 

aqueous sulfide. Spectra of lepidocrocite and akaganéite are referenced against water at the 

same temperature and were obtained in 10 min intervals. Spectra for goethite are referenced 

against water at the same conditions, obtained in 40 min intervals and are offset for clarity with 

spectrum a representing time 0. Spectrum e (goethite) was obtained after 3.3 h of reaction time 

illustrating that siderite and goethite are still present. The inset in the lepidocrocite and goethite 

plots show changes in absorbance between successive spectra. All spectra are offset for clarity. 
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Wavenumber (cm-1)

8001000120014001600

0.02

akaganeite, 70oC, ~1h 

goethite, 100oC, ~17h 

lepidocrocite, 70oC, ~6h 

Figure 3.2:  ATR-FTIR control spectra obtained in situ of goethite, akaganéite and 

lepidocrocite at the respective temperatures under scCO2 in the absence of aqueous 

sodium sulfide. Vibrational modes associated with siderite modes (shown with dotted 

lines) were not experimentally observed during reaction time. 



! 49!

Table 3.1: Product yields associated with the exposure of lepidocrocite and goethite to 

aqueous sulfide at 70 and 100˚C and 83 bar scCO2 

                                         Final mineralogy %# 

FeO(OH)^ Na2S (mM) % H2S* siderite  pyrite  sulfur  goethite lepidocrocite  marcasite 

Lp 14.5 0.470 44.67 - - - 55.33 - 

Lp 50.0 1.60 26.0 62.0 12.0 - - - 

Lp 100. 3.10 23.0 52.0 11.0 14.0 - - 

Gt 3.70 0.205 0.620 - - - - - 

Gt 100. 4.80 - 52.0 13.0 17.0 - 18.0 

Gt = goethite; Lp = lepidocrocite 

^  Lepdicrocite and goethite reacted at 70˚C and 100˚C, respectively. 

*%H2S is based on equilibrium pressure of gaseous H2S above the aqueous solution (relative to 

83 bar scCO2) resulting from the indicated sodium sulfide concentration using PHREEQC. 

# Quantitative analysis based on Rietveld refinement of the powder diffractogram using Topas 

Academic. 
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3.2.2 TEM experiments 

  Figure 3.3 displays a TEM image of lepidocrocite before reaction, after exposure 

to scCO2 at 70oC, and after exposure to aqueous sulfide (14.5 mM) and scCO2 at 70oC. 

Figure 3.3a shows the characteristic “needles” that is a morphological characteristic of 

lepidocrocite.   After the exposure of lepidocrocite to scCO2, TEM analysis shows that 

the characteristic needle-like appearance of the mineral was largely retained, although 

some distortions around the edges of the needles become apparent (indicated by black 

arrows) indicating partial dissolution (Figure 3.3b).  The distortion of the needle shape is 

possibly caused by a reduction in the pH (to ~3.5) of the aqueous phase resulting from 

the presence of the contacting scCO2 phase.  No detectable amount of siderite was 

experimentally observed under these experimental conditions.  In the presence of aqueous 

sulfide, the pH in the reaction system was determined experimentally to have decreased 

from its initial value of ~ 11 to 5.8 immediately after the reaction cell was opened and the 

scCO2 released from the cell (the calculated pH using PHREEQC was determined to be 

4.6). TEM of the post reaction mass resulting from the reaction of lepidocrocite with 

aqueous sulfide/scCO2 did not show evidence for the presence of lath-like crystals 

associated with lepidococite, and instead cubic-like crystals dominated the product 

morphology (Figure 3.3c).  Based on these particular morphological changes in crystal 

structure and size distribution, it is speculated that a large fraction of the lepidocrocite 

underwent (reductive) dissolution and this was followed by the reprecipitation of solid 

product. This notion is consistent with the results of the XRD analysis, presented below. 

TEM micrographs of akaganéite (Figure 3.4a) and post reaction akaganéite showed 
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morphological and particle size changes also consistent with reductive dissolution (Figure 

3.4b).  

Figure 3.5a shows the “needles” that are also characteristic of goethite.   

Comparison of TEM images of post reaction products of a control reaction of goethite 

particles exposed to only scCO2 (Fig. 3.5b) at 100oC and reacted with scCO2 and 3.5 mM 

aqueous sulfide (Fig. 3.5c) at the same temperature suggested that a fraction of the 

goethite converted to other phases during reaction.  In particular, the alteration in the 

acicular shape of the siderite product in Figure 3.5c is suggestive of a dissolution 

reprecipitation reaction on the goethite surface.   
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!
Figure 3.4: TEM of (a) akaganéite and (b) akaganéite exposed in situ to 83 bar scCO2 

and aqueous sulfide (14.5 mM) at 70˚C. Micrograph shows change in particle size and 

morphology. 

a b 

Figure 3.3: TEM of (a) lepidocrocite, (b) lepidocrocite exposed to 83 bar scCO2 at 70˚C, 

and (c) lepidocrocite exposed to 83 bar scCO2 and aqueous sulfide at 70˚C. Arrows 

indicate distortions around edges of lepidocrocite exposed to scCO2. Complete loss of the 

needle-like morphology suggests that dissolution and recrystallization reaction occurred. 

!



! 53!

!
Figure 3.5: TEM of (a) goethite, (b) goethite exposed to 83 bar scCO2 at 100˚C, and (c) 

goethite exposed to 83 bar scCO2 and aqueous sulfide at 100˚C.  In some cases the 

goethite particle morphology changed from acicular suggestion 

dissolution/reprecipitation reactions.  Post-reaction XRD showed that ~ 1% of goethite 

converted to other phases in the presence of scCO2 and sulfide.  

  

!!!a! !!!b! !!!c!
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3.2.3 XRD experiments 

A Rietveld refinement analysis of the XRD associated with the post reaction mass 

and with the ATR-FTIR experiments detailed above, was carried out. The results of these 

analyses are presented in Table 3.1.  An implicit assumption here is that the post-reaction 

products are representative of those products formed in the presence of scCO2. In the 

circumstance where goethite was exposed to scCO2 and 3.5 mM aqueous sulfide at 100oC 

for ~ 3h, the analysis shows that siderite made up less than 1% of the post reaction mass.    

In contrast, results shown in Table 1 suggest that the exposure of lepidocrocite to scCO2 

and 14.5 mM aqueous sulfide at 70oC for ~ 3h resulted in a greater amount of siderite 

formation (44.67%). 

We also carried out XRD on samples used for a series of batch experiments that 

exposed lepidocrocite and goethite to higher concentrations of aqueous sulfide compared 

to the levels used in the in situ ATR-FTIR experiments.  A Rietveld refinement analysis 

was also carried out on these samples before and after reaction and the results are 

presented in Table 3.1. For each iron oxyhydroxide, an increase in the amount of sulfide 

over a 0.5% H2S equivalent (see Table 3.1) led to an increase in the conversion of the 

iron oxyhydroxides to other phases, but the relative amount of siderite in the post-

reaction mass decreased compared to the respective mineral at lower sulfide 

concentration.  For example, an analysis of the post-reaction mass resulting from the 

exposure of goethite to scCO2 and a 100 mM aqueous sulfide concentration at 100oC 

contained < 20% goethite and no siderite product.  Instead, the balance of the reaction 

mass was pyrite, sulfur and marcasite. Similarly, the exposure of lepidocrocite to 50 mM 

sulfide and scCO2 at 70oC resulted in the complete conversion of the iron oxyhydroxide 
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to a mixture of siderite, pyrite, and sulfur.  Data in Table 3.1 also shows that the exposure 

of lepidocrocite to a 100 mM aqueous sulfide concentration results in a similar amount of 

siderite and pyrite compared to the 50 mM sulfide case, but goethite makes up a 

significant fraction of the post-reaction mass (14%).  We point out that the transformation 

of lepidocrocite to goethite has been observed to occur in prior work in anoxic 

environments in the presence of aqueous ferrous iron.4, 17  

3.3 Discussion 

Our results show that the exposure of the different iron oxyhydroxides to sulfide 

in contact with scCO2 at ~70-100˚C results in varying amounts of siderite and iron sulfide 

phases depending on the concentration of aqueous sulfide.  Either product is the result of 

the reduction of ferric iron by sulfide. It is useful then to introduce prior research that has 

investigated the reductive dissolution of iron oxyhydroxides with aqueous sulfide.  A 

seminal study by dos Santos Alfonso and Stumm8 and a later study by Poulton et al.10, 

suggested that reactions relevant to the reductive dissolution of the iron oxyhydroxides 

used in this study can be written as: 

>FeIIIOH + HS- = FeIIIS- + H2O          (15) 

>FeIIIS- = >FeIIS●              (16) 

>FeIIS●  + H2O = >FeIIOH2
+ + S●-          (17) 

>FeIIOH2
+ → surface site + FeII

(aq) + H+         (18) 

where > denotes a surface bound complex, equation (16) is related to the reduction of 

ferric iron to ferrous iron, equation (17) to the release of a sulfur radical that may proceed 

to sulfate, and equation (18) is related the pH dependent desorption of ferrous iron into 

solution.  The sulfur radical that is released is responsible for reducing additional Fe(III) 
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at the oxide surface (equation (17)) . It is at this detachment step, where released Fe(II) 

can either react with additional sulfide to form iron sulfides or under our experimental 

conditions react with HCO3
- to form iron (II) carbonate. Thus, in addition to equations 

15-18, our experimental observations suggest that the following reaction is operative 

 

FeII + HCO3
- → FeCO3 + H+          (19) 

 

in the presence of scCO2.  Also, at the high sulfide concentrations used in this study, we 

observe the formation of iron sulfide mineral phases.  In the case of pyrite formation we 

can envision reactions that can include the following reaction sequence 

 

FeII
(aq) + HS- = FeS(s) + H+           (20) 

FeS(s) + HS- → FeS2 + H+ + 2e-          (21) 

or pyrite can form on the FeS coated iron oxyhydroxides particle 

>FeS + HS- → >FeIIS2 + H+ + 2e-         (22) 

Reducing electrons formed via these reactions can conceivably result in the formation of 

additional ferrous iron from the iron oxyhydroxides. In each case, we suspect that pyrite 

formation occurs on FeS particles or on oxyhydroxide particles coated with FeS, 

considering that the growth of pyrite from solution phase ferrous iron and sulfide is 

kinetically hindered.18, 19 We point out that the prior research8,10 that investigated the 

reduction of iron oxyhydroxide by aqueous sulfide used sulfide concentrations that were 

significantly lower (~10 times less) than those used in the current.  However, similar to 

the redox chemistry proposed in the prior studies, it is expected that the initial reaction of 
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sulfide with the iron oxyhydroxides results in the rapid partitioning of ferrous iron into 

the aqueous phase.  The reaction of this ferrous iron to form siderite and/or pyrite is 

expected to depend on the relative rates of reaction (19) that leads to carbonate formation 

and reactions (20) and (21) that lead to sulfide product.  

 Analysis of our results suggests that in no case does goethite, lepidocrocite or 

akaganéite fully convert to a carbonate and/or sulfide mineral.  The most conversion we 

experimentally observe is ~50% in the aqueous sulfide/scCO2 lepidocrocite and 

akaganéite systems.  We emphasize that these conversions, which are based on the ex situ 

analysis of reaction product, are consistent with the in situ FTIR results that also show 

significantly more siderite product formation in the lepidocrocite and akaganéite systems 

than in the goethite circumstance. Based on prior work8 we suspect that the protonation 

of the surface that facilitates ferrous iron release into solution (equation (18)) becomes 

increasingly kinetically hindered on the iron oxyhydroxide surfaces as they undergo a 

large degree of sulfide surface complexation with increasing reaction time. Also, 50% 

conversion to siderite is the most we see perhaps within the 12 hour time frame.   

Our results analyzed in view of prior work suggests that differences in the amount 

of siderite forming from the reaction of different oxyhydroxides with aqueous sulfide and 

scCO2 is largely due to differences in the rate of reductive dissolution for the different 

iron oxyhydroxides. Prior research by Alfonso and Stumm8, for example, showed that the 

reductive dissolution of lepidocrocite by aqueous sulfide was significantly higher than 

goethite.  It is likely that the relatively fast reductive dissolution of lepidocrocite leads to 

more ferrous iron and siderite production than in the goethite circumstance over a similar 

reaction time.  It was also proposed in prior research that the lower dissolution rate of 
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goethite compared to lepidocrocite in the presence of aqueous sulfide is associated with 

the difference in the free energy gain for the reductive dissolution reaction: 

 

FeO(OH) + 3H+ + e- = Fe2+ + 2H2O           (23) 

 

and hence, the difference in reactivity can be related to the difference in the free energy 

gain in the reductive dissolution process. 4, 20  While we are unaware of studies that have 

investigated the rate of akaganéite dissolution in the presence of sulfide, we suspect it 

should be similar to lepidocrocite (in agreement with our experimental observations), 

based on the Gibbs free energies of formation for the different phases ΔG˚f :  -490.6 ± 1.5, 

-482.7 ± 3.1 and -481.7 ± 1.9 kJ/mol for goethite, lepidocrocite and akaganéite, 

respectively.21  We point out that it has been shown in prior research21 that the relative 

stability of the iron oxides is a function of particle size at the nanoscale.  However, based 

on the surface areas of the particles used in this study we are in a particle size regime 

where nanoscale effects should not significantly affect the relative phase stability of the 

three iron oxyhydroxide phases.  

Overall, the results highlighted in this contribution suggest that the carbonation of 

lepidocrocite and akaganéite with a CO2 waste stream containing H2S would sequester 

both the carbon and sulfide efficiently.  Hence, it might be possible to develop a process 

that could be operated associated with large CO2 point sources in locations without the 

need for suitable sedimentary strata for subsurface sequestration.  The results with 

goethite, which is present in some deep sediments, suggest that it will react with a CO2 
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waste stream containing H2S resulting in the mineralization and immobilization of a 

fraction of the CO2 as an iron carbonate.  
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CHAPTER 4 
 
 

EFFECT OF SALINITY ON THE CONVERSION OF FERRIHYDRITE TO 
SIDERITE IN THE PRESENCE OF SUPERCRITICAL CO2 AND SULFIDE 
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4.1 Introduction 

It has been suggested that geological formations such as deep coal seams, saline 

aquifers and depleted gas and oil reservoirs are large enough to store up to a centuries' 

worth of CO2 emissions 1-3. Long-term underground storage of CO2 includes structural 

and stratigraphic trapping, residual, solubility, and mineral trapping. Of all the trapping 

mechanisms, mineral trapping appears to be the most secure form of storage of CO2, but 

computer models have suggested that the process proceeds slowly, on a time-scale of 

thousands of years 1. 

Research suggests that securing CO2 as a carbonate mineral can be facilitated by 

co-injection of CO2 with sulfur-bearing waste gas such as H2S and SO2 4. These sulfur-

containing species are often present in the CO2 stream to be sequestered. Previous 

research has suggested that sulfide-CO2 gas mixtures can potentially increase the rate of 

the long-term storage of CO2 by the reduction of ferric iron in specific mineral phases and 

the subsequent carbonation of the ferrous iron product to form siderite (FeCO3) 4-6. 

Regions of Earth rich in ferric iron also known as red beds might have great potential to 

trap CO2 as carbonate minerals due to their widespread distribution, permeability and 

porosity 4.   
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 In general, CO2 capture and sequestration technology will involve the injection 

into deep saline formations (DSF), since they have the capacity to store large amounts of 

ranging from 5 to > 350 g L-1 and in low salinity formations ranging from 58 to 175 g L-1 

NaCl 8-10.  In view of the salinity of DSF, studies have investigated the mineral trapping 

of CO2 with brine11-15.  Recent studies involving theoretical and experimental work 

conducted on goethite and hematite as mineral traps for CO2-SO2 flue gas injected into a 

saline aquifer have shown that CO2 was sequestered as siderite in the system 6, 16, 17.  

 Overall, however, there have not been laboratory-based studies that have 

systematically investigated the chemistry related to the carbonation of iron oxides as a 

function of salt concentration. In an effort to help fill this knowledge gap, the current 

study investigates the effect of salinity on the reactions between a ferric-bearing oxide 

phase, aqueous sulfide, and supercritical CO2 (scCO2). The iron oxide phase used in this 

study is ferrihydrite (Fh), and prior research from our laboratory has shown that this 

material shows a relatively rapid conversion to siderite (relative to other iron 

(oxyhydr)oxides) in the presence of aqueous sulfide and scCO2 18, 19. These prior studies 

were carried out in solutions having ionic strength values in the mmol range, far below 

the ionic strength values associated with DSF (> 3 M). The present study extends the 

experimental conditions used in the prior studies to higher ionic strength values (up to 4 

M). The hypothesis that we test in the current research is whether the reduction of a ferric 

iron-bearing (oxyhydr)oxide by sulfide and the subsequent carbonation to form siderite is 

still a significant reaction pathway under ionic strength conditions that more closely 

approximate those associated with DSF. To test this hypothesis we used attenuated total 

reflection (ATR) Fourier transform infrared spectroscopy (FTIR) to follow the reaction 
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chemistry between Fh, aqueous sulfide, and scCO2 as a function of ionic strength. Solid 

product phases were also identified with ex situ X-ray diffraction (XRD) at the 

conclusion of the experiment. Their relative concentrations were estimated by using 

Rietveld refinement. We point out up front that ATR-FTIR allowed us to identify a 

subset of the products in the actual reaction environment.  Hence, this type of in situ 

spectroscopy allowed us to better evaluate whether post-reaction material phases 

identified and quantified by XRD were really present under reaction conditions.      

 

4.2 Results and Discussion 

4.2.1 Reaction of Fh with aqueous sulfide and scCO2 as a function of ionic strength 

Figure 4.1 shows the distribution of iron-bearing phases formed during the 24 h 

reaction of Fh with aqueous sulfide and 77 bar scCO2 at 70˚C at 5 different 

concentrations of NaCl(aq). The Rietveld method was used to quantify the XRD 

associated with the post reactant products and the results are presented in Figure 4.1.  

Siderite was observed over the entire range of salinities. An analysis of Figure 1 shows 

that in addition to siderite product, iron-bearing phases that include the oxide, hematite, 

and oxyhydroxide, goethite are present after reaction for every NaCl(aq) concentration 

investigated. The remaining balance of the solid reaction mass included the iron sulfides, 

pyrite, marcasite, and mackinawite; albeit the latter two were formed in relatively small 

amounts compared to pyrite.   

 The formation of ferrous iron bearing product, such as siderite, is likely preceded 

by the reaction of sulfide with Fh, forming a strong inner sphere complex with surface 

Fe(III) 22. The reductive dissolution reactions between iron (oxyhydr)oxides and 
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dissolved sulfide have been described in prior studies 19, 23-26. In general, the reduction of 

ferric iron to ferrous iron can be represented by the following composite reaction: 

 

8Fe3+ + HS- + 4H2O → 8Fe2+ +SO4
2- + 9H+        (24) 

 

  

 

Figure 4.1:  Product distribution for Fh that was exposed to aqueous sulfide and 

scCO2 at 70˚C for 24 hr reaction at various concentrations of NaCl(aq). Phases were 

identified with XRD and quantified by Rietveld Refinement. 
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Released ferrous iron can react with aqueous sulfide to form iron sulfides or react with 

HCO3
– (from the dissolution of CO2 in aqueous phase) to form iron (II) carbonate: 

 

HCO3
- + Fe2+ = FeCO3 + H+              (25) 

 

Also, the presence of aqueous Fe(II) has been shown previously to facilitate the 

transformation of Fh to hematite either by dissolution re-precipitation or solid state 

transformation, whereas goethite forms via dissolution re-precipitation 27, 28. The XRD 

data (Figure 4.1) suggests that hematite and goethite are formed over the entire range of 

salt concentration studied in these experiments.  

Certain trends can be extracted from the product distribution data presented in 

Figure 4.1. With regard to siderite, its relative yield increases as the concentration of 

NaCl(aq) is raised from 0.1 to 1.0 M. In the circumstance where Fh was exposed to 

scCO2 and sulfide at a 1.0 M NaCl(aq) concentration, siderite makes up ~43.2% of the 

post reaction mass (pH of 6.04 after the release of scCO2). This yield of siderite 

associated with the 1.0 M NaCl(aq) circumstance was higher than the siderite yield that 

was associated with any of the other NaCl(aq) concentrations. A further increase in the 

NaCl(aq) concentration to 3 M and then to 4 M results in a monotonic decrease in the 

siderite yield. This decrease in the siderite yield occurs along with an increase in the 

pyrite and hematite yield. This trend in siderite yield is supported by additional 

experimental evidence. Specifically, we determined the amount of carbonate in the dry 

reaction product mass (recovered from the reaction cell) by acidifying the mass and 
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analyzing the amount of CO2 product by gas chromatography (comparing to siderite 

reference material) as shown by equation 26.  

 

FeCO3 (s) + 2H+ = Fe2+ + CO2 (g) + H2O           (26) 

 

These data are presented in Figure B1 of Appendix B where we plot the weight % 

of the siderite product as a function of the NaCl(aq) concentration. The data show the 

same general trend as the Rietveld refinement analysis of the XRD.  In particular, the 

greatest amount of siderite is recovered after reaction in a 1 M NaCl(aq) solution and the 

least is produced at the highest NaCl(aq) concentration of 4 M.  

 

4.2.2 SEM and EDS analysis 

 Figure 4.2 exhibits SEM micrographs of post-reaction mass after a suspension of 

Fh was exposed to scCO2 at 70˚C and after a Fh suspension was exposed to aqueous 

sulfide, scCO2 at 70oC.  In both cases the NaCl(aq) concentration was 1 M. Elemental 

composition results obtained by EDS were taken at specific spatial locations, denoted by 

numbers, on the post-reaction mass micrographs. The elemental composition at each 

numbered location is given in Table 4.1. Figure 4.2a shows that the exposure of Fh to 

aqueous scCO2 at 70˚C (control) results in large aggregated particles that based on the 

XRD results is primarily hematite. Fh that was exposed to aqueous sulfide, 1 M NaCl(aq) 

and scCO2 at 70˚C (Figure 4.2b) shows a different particle morphology. The ~1-to-1 Fe-

to-C ratio determined by EDS at locations 1 and 4 is consistent with the elemental 

composition of siderite, and the rhombohedral shaped crystals associated with these 
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locations is consistent with the morphology of siderite 4. The areas represented by 2 and 3 

are associated with iron, sulfur, oxygen and carbon possibly due to neighboring particles 

that consist of siderite and pyrite.  

 

Figure 4.2:  SEM of Fh that was exposed to 77 bar scCO2 at 70˚C (a) and Fh that was 

exposed to 77 bar scCO2 at 70˚C, aqueous sulfide and 1.0 M NaCl (b). Numbers on the 

micrographs display the location in which the EDS spectra were collected (Table 4.1). 
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Table 4.1: Elemental distributions based on EDS corresponding to Figure 4.3a for 
ferrihydrite exposed to 1 M NaCl/aqueous sulfide/scCO2 at 70˚C.  
Location! C! O! Fe! S!
1! 24.87! 55.29! 19.85! -!
2! 35.68! 12.00! 18.38! 33.94!
3! -! 35.39! 23.34! 41.26!
4! 26.53! 56.25! 17.22! -!
aAll values are atomic %. 
 

 

4.2.3 ATR-FTIR Spectroscopy 

Figure 4.3 exhibits ATR-FTIR spectra associated with the reaction of Fh at 70˚C in the 

presence of 77 bar scCO2 and aqueous sulfide at varying NaCl(aq) salt concentrations. In 

general, the spectra exhibit broad spectral features between 1200 and 1600 cm-1 and 

narrower modes near ~860 and 740 cm-1. Data presented in Figure 4.3a, which is 

associated with the lowest salt concentration, exhibits for the shortest reaction time, 

modes at 1360, 1000 and 843 cm-1. These modes are assigned to the υ2(OCO) stretching, 

υ1(C-OH) stretching, and υ6(CO3) out-of-plane bending modes of HCO3
-, respectively 29. 

The presence of these modes is due to the partitioning of CO2 from the supercritical to 

aqueous phase 30. At latter times, modes at 1400 and 760 cm-1 appear along with an 

increase of mode intensity at 860 cm-1.  Modes at ~1400 cm-1 and 738 cm-1 are assigned 

to the asymmetric stretch (ν3) and in-plane bending (ν4) mode of siderite, and the 

increase in mode intensity at 860 cm-1 to the out-of-plane (ν2) bending mode of siderite 

31. This particular data set is consistent with our results published in a prior contribution 

18. 
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Figure 4.3: ATR-FTIR data obtained during the exposure of Fh to aqueous sulfide, 77 

bar scCO2 and no added NaCl(aq) (a), 0.1 M NaCl (b), 1.0 M NaCl (c), 3.0 M NaCl (d) 

and 4.0 M NaCl (e). All the experiments were carried out at a temperature of 70oC. The 

spectra were obtained in ~ 60 min intervals and are offset for clarity. Within each data 

set, spectra are referenced against an initial spectrum taken immediately after the system 

was pressurized with scCO2 and brought to a temperature of 70oC. Circles represent 

aqueous bicarbonate and asterisks represent adsorbed bicarbonate modes (see text). 

Data presented in Fig. 4.3b, associated with 0.1 M NaCl(aq), exhibits a significant 

increase in spectral intensity at 1360 cm-1 that we believe is due to an increase of 

carbonate species in the aqueous phase relative to what was present at the lower ionic 

strength conditions (Fig. 4.3a). Spectral intensity at 1070 and 861 cm-1 also becomes 

more prominent in the 0.1 M NaCl(aq) data (denoted by asterisks in Figure 4.3).  These 

modes are due to the growth of surface-bound bicarbonate and/or carbonate.5 Further 

increasing the NaCl(aq) concentration from 0.1 to 4 M leads to an increasing 
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concentration of carbonate species (i.e., spectral intensity at 1360 cm-1), until it appears 

as a distinct peak at 4 M NaCl(aq) (Fig. 4.3e).  

 To further support some of our assignments, we present reference spectra in 

Figure B2 in Appendix B, which includes a Fh suspension (3 M NaCl(aq)) that was 

exposed to scCO2 in the absence of sulfide (Fig. B2a), and a vibrational spectrum for 

siderite (verified with XRD) (Fig.B2b). Also included is data for Fh that was exposed to 

aqueous sulfide and 3 M NaCl(aq) under 77 bar scCO2 at 70 ˚C (Fig. B2c) (reproduced 

from Figure 4.3).  Comparison of the vibrational spectrum associated with 

Fh/NaCl/Na2S/scCO2 to the reference spectra supports our assertion that siderite and 

adsorbed bicarbonate species dominate the vibrational spectrum of Fh/NaCl/Na2S/scCO2. 

We believe that the contribution of these species largely accounts for the broadening of 

the peaks at 1353 and 1295 cm-1 for the Fh/NaCl/Na2S/scCO2 reaction system. It is also 

important to mention that we also carried out control experiments where Fh was exposed 

to 77 bar scCO2, 70˚C and the same respective sodium chloride concentrations, but in the 

absence of sulfide. Siderite formation was not observed in these experiments (Fig B3).   

  Consistent with the post-reaction XRD analysis presented above, ATR-FTIR data 

shows that the amount of siderite formed for a given reaction time depends on the 

NaCl(aq) concentration. Figure B4 (Appendix B) plots the intensity of the ν4 mode of 

siderite associated with each 8 h spectrum in Figure 4.3 as a function of the NaCl(aq) 

concentration. There is an increase in the amount of siderite product (based on the ν4 

mode intensity) as the NaCl(aq) concentration is increased to 1 M. A further increase to 4 

M NaCl(aq) leads to a decrease in the siderite yield, although the amount of siderite 

present at 4 M is greater than at the reaction system where NaCl(aq) was not present. 
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These ATR-FTIR data show the same qualitative trend in siderite formation as the XRD 

data, and confirm that this trend is operative under actual reaction conditions. 

 

4.2.4 Product formation as a function of ionic strength 

 While our data cannot definitively determine the reasons for the trend in siderite 

formation, some possibilities may be worth bringing forward. First, prior studies 32 have 

shown that the solubility of siderite increases at elevated ionic strength, which would be 

consistent with our observation of decreased siderite yield at high salinity. Another 

possibility is that the availability of aqueous bicarbonate decreases with increasing ionic 

strength, and this suppresses the reaction described by eqn 25. This scenario is supported 

by thermochemical calculations using PHREEQC (found in Appendix C3 - C17) that 

suggest that [HCO3
-] decreases due to the increasing amount of co-ion complexation to 

form NaHCO3 at high NaCl salt concentrations: 

 

  Na+ + HCO3
- = NaHCO3          (27) 

 

Hence, the decrease of siderite formation at the highest ionic strengths (>1 M) might be 

due to the increasing contribution of eqn. 27, which impedes the formation of siderite 

through eqn 25. We mention that the ATR-FTIR data described above exhibits an 

increasing amount of spectral region between 1200 and 1600 cm-1 as the concentration of 

NaCl(aq) is increased from 0.1 to 4 M. It is likely that changes in this spectral region are 

due to changes in the concentration of HCO3
- and/or NaHCO3. The thermochemical 

calculations show that the sum of [HCO3
-] and [NaHCO3] is relatively constant with ionic 
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strength (see Table B1, appendix B), but there is an increase in the concentration of 

NaHCO3 relative to HCO3
-. Hence, the increase in spectral weight may be due this 

increase in NaHCO3 concentration. To support this, we included vibrational spectra of 

aqueous sodium bicarbonate at the respective ionic strengths, which shows the effect of 

increasing the bicarbonate concentration (Fig. B5, Appendix B). We do note, however, 

that we cannot rule out a scenario where the charge behavior on the solid product is 

altered due to Na+ and/or Cl- becoming potential determining ions at high salt 

concentrations. It is conceivable that this can increase the amount of bicarbonate (HCO3
- 

and/or NaHCO3) that is localized at the solid product surface, thus leading to the 

enhanced absorption in the ATR-FTIR experiment.  

 The decreasing siderite yield above 1 M NaCl(aq) occurs along with an increasing 

amount of hematite product. The loss in siderite yield does not appear to be due to a 

decrease in ability of sulfide to reduce ferric iron when one considers that the pyrite yield 

is relatively constant.  This experimental observation that the pyrite formation is stable at 

high ionic strengths may be because it does not need the bicarbonate/carbonate species 

and it is likely formed on the surface of particles. It is unlikely that the partitioning of 

ferrous iron into solution results in pyrite formation, since the nucleation of this particular 

sulfide from solution phase ferrous iron and sulfide is kinetically hindered 33.  

Previous thermodynamic simulation studies have shown the formation of siderite 

occurs during the exposure of iron oxyhydroxides to CO2-SO2 streams at saline 

conditions at ionic strength up to 1.5 M16. Once H2S forms the reduction of ferric iron 

and the reaction of the resulting ferrous iron with bicarbonate can occur to form siderite 

(eqns. 25 and 26). On the basis of our results, siderite formation is a viable reaction 
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channel over a range of ionic strengths. Furthermore, the observation of siderite 

formation via in situ spectroscopy verifies that the phase is forming under the highly 

saline reaction conditions. Also, this result suggests that reduction of ferric-iron-bearing 

mineral by sulfide also remains a productive reaction channel at highly saline conditions. 

The yield of siderite, however, does show a complex behavior as a function of ionic 

strength, suggesting that a series of ionic strength dependent reactions are occurring 

during the formation of siderite. A broader impact of this study is that the results suggest 

that not only does the co-injection of CO2 with H2S facilitate the immobilization of CO2, 

but also the carbonation reaction occurs under a range of salt concentrations likely to 

exist in deep saline aquifers. 
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CHAPTER 5 
 
 

MINERAL CARBONATION IN THE PRESENCE OF ORGANIC REDUCTANTS 
 
 
 

5.1 Introduction  
 

 Experiments in this final chapter involve testing alternative reductants (organic 

acids) as coinjectants to scCO2 to facilitate mineral carbonation of iron (oxyhydr)oxides 

and control the pH with carbon capture relevant solvents ammonium hydroxide (NH4OH) 

and monoethanolamine (MEA). In prior chapters (3 and 4), the iron oxy(hydr)oxides in 

the presence of aqueous sulfide at varying ionic strengths generated ferrous ions for the 

subsequent carbonation upon pressurizing with scCO2 and heating.  The concept of 

carbon capture is introduced in this chapter as we try to incorporate these solvents into 

our reduction and subsequent sequestration system.  Carbon capture solvents, generally 

amines, absorb CO2 by chemical absorption.  There are several other processes for CO2 

capture, but most are in the development stage and absorption is by far the most 

immediate and understood capture technology.  However, there is a large energy penalty 

involved in separating CO2. A simple overview of the capture processes is illustrated in 

Figure 5.1.  The use of carbon capture solvents in this multicomponent system is two-

fold; they would help control the acidic pH needed for carbonation and potentially 

eliminate the energy penalty required to separate them from the flue gas and instead, co-

inject with CO2 in following the same theory with the sulfide reducants. The hypothesis 

that we test in the current chapter is whether the reduction of ferric oxides using organic 

acids oxalic and ascorbic acid along with NH4OH or MEA speeds up the subsequent 
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carbonation reaction and is significant in conditions relevant to geological sequestration, 

which has never been studied before.   

!
Figure 5.1: Simple schematic regarding the CO2 capture process.1  

 Iron minerals, found in soil, sediments and aquifers, control the cycling of trace 

organic compounds and inorganic elements in these environments. Ferric iron is typically 

the dominant species as a result of oxidizing conditions and is in the form of iron 

oxy(hydr)oxides.  The transport of organic matter, including reducing agents into the 

sediment or soil can lead to the reductive dissolution of these iron-bearing minerals.2 

Reductive dissolution of iron oxides is of significance for the cycling of iron in the 

environment, as they are electron acceptors for the oxidation of matter in aquifers and 

sediments.3 Ascorbic acid, C6H8O6, and oxalic acid, H2C2O4, are both organic oxy acids 

with a broad presence in nature as bi-products that form insoluble complexes (ascorbate, 

C6H7O6
- and oxalate, C2O4

2-) with iron species that lead to their reductive dissolution.  

Their structures are shown in Figure 5.2. These organic acids are inexpensive and have 

been associated with iron oxides in many fields.   
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 The dissolution rates involving these reductants have been studied extensively for 

a variety of iron oxides.2-7 The rate of iron oxide reduction depends on the intrinsic 

reactivity of the iron oxides and the reducing agent.8 It has been shown that the redox 

reaction processes occur at the liquid-solid interface of the iron oxides’ hydrated ions and 

the chelating organic ligand.7   Furthermore, Banwart et al. have demonstrated the effect 

of both reductants on the rate of dissolution; the adsorption of oxalate on the mineral 

surface in the presence of ascorbate increases the rate of dissolution despite displacing 

ascorbate from active sites.7 More specifically, the reactivity of iron oxides such as 

ferrihydrite, goethite, and lepidocrocite during reductive dissolution in 10 mM ascorbic 

acid is dependent on surface area, particle size distribution and reactive site density.3 The 

optimum pH range of dissolution for the iron oxides is around 2.7-3.0, with the 

dissolution of hematite slower than goethite and lepidocrocite.9 Banwart et al. studied the 

rate of the reductive dissolution hematite with ascorbate and oxalate; it was found that the 

a. b. 

Figure 5.2:  Chemical structures of (a) ascorbic acid, C6H8O6, and (b) oxalic acid, 

H2C2O4. 
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rate of reductive dissolution increases not only with ascorbate concentration, but also 

accelerated by presence of oxalate.7   

 In addition to using organic acids as reductants of ferric iron bearing oxides to 

form ferrous iron, the pH of the system must be considered in order for siderite 

precipitation to occur since it is more soluble in acidic conditions. The optimum pH range 

is ~ 4-6 due to the increased presence of CO3
2- and decreased solubility of siderite.  As a 

result, NH4OH and MEA are added to the reaction system to increase the pH.  More 

importantly, NH4OH and MEA are both used in industrial CO2 capture processes as they 

absorb CO2 and are possible co-contaminants associated with CO2 waste streams from 

fossil fuel-fired power plants.  

 Aqueous ammonia-based solvents (NH4OH) are attractive in absorption processes 

based on their less corrosive properties than other primary amine solvents. Ammonia and 

alkanolamines have played a big role in gas purification by processes of absorption.10 

However, their toxic release in the atmosphere is of concern.  Despite this fact, the CO2 

uptake by ammonia is three times that of MEA.11 Additionally, the amount of energy 

used to regenerate NH4OH based solvents is 1/3 that of regenerating MEA due to the 

NH4OH systems operating at lower temperatures and thus preventing volatility.12 The 

reversible reaction of ammonium hydroxide and CO2 forms ammonium carbamate, 

NH2COONH4: 

2NH4OH + CO2 ⇔ NH2COONH4          (29) 

 MEA, a primary amine, RNH2, has been used as a solvent in the absorbing of acid 

gases for over 60 years.13 Acid gas removal involves the use of amines to absorb and thus 

separate acid gases such as H2S and CO2 from gases in oil and natural gas production. 
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MEA has a high biodegradability, but amine decomposition in high concentrations can 

have a negative effect, as the best amine plants' aim is for minimum liquid waste and 

amine emissions.  Ongoing research aims to develop new and improved amines to lower 

the emission, lessen the degradation products, and ensure sound amine waste handling 

and recycling.  The absorption of CO2 in the MEA system is by an acid-base 

neutralization and results in the formation of carbamate, RNHCO2
-. There are three main 

parallel and reversible pathways of the MEA-CO2-H2O system and to be considered 

spectroscopically in the present system are (along with the speciation of CO2 in water, 

equation 1 in chapter 1) the reaction of carbonic acid, bicarbonate and dissolved CO2 with 

MEA:  

2RNH2 + H2CO3 ⇔ RNHCO2H + H2O         (30) 

RNH2 + HCO3
- ⇔ RNHCO2

- + H2O         (31) 

RNH2  + CO2(aq)  ⇔ RNHCO2H          (32) 

Theoretically, there are additional reaction paths, but these are the three relevant species 

for the interaction of MEA with CO2.14 The formation of carbamic acid is easily 

decomposed into bicarbonate or CO2 and CO2 is to be released upon heating. However, 

there is a high heat of absorption for CO2, resulting in a high-energy demand for 

regeneration.  The carbamate formation is actually undesirable for cycle capacity, as the 

ratio of CO2 to amine is 1:2.  

 This chapter illustrates the attempt to study this multifaceted system motivated by 

the efficient rates of reductive dissolution of iron oxides with organic reductants, while 

mitigating and securing CO2. This unique design incorporates the use of amine-based 

solvents as pH controls to facilitate mineral carbonation, while attempting to minimize 
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the accompanying energy penalty of separation and amine regeneration during the CO2 

capture process seen in Figure 5.1.  The use of in situ ATR-FTIR along with XRD 

coupled with Rietveld refinement for phase analysis is used to probe and study this 

unique system. 

 

5.2 Results  

5.2.1. NH4OH-Organic acid reductant system 

The choice of NH4OH as the suitable reagent for pH control instead of other bases 

such as KOH and NaOH is due to the precipitation of salts when combined with oxalate.9 

Additionally, this would decrease the amount of available oxalate or ascorbate needed for 

dissolution.  NH4OH precipitates the more soluble and less stable salt NH4HC2O4(s), 

which easily dissolves to regenerate oxalate.9   As a result, NH4OH was also used with 

ascorbic acid and oxalic acid. The use of oxalate as a reducing ligand has been discussed 

in detail.9, 15, 16 Additionally, the rates of reductive dissolution of iron oxides by ascorbate 

and mechanisms have also been studied extensively.5, 7, 15, 17 The speciation of oxalate is 

dependent on the pH; since the initial pH was ~6, the predominant species was C2O4
2-, 

however, this will change to HC2O4
2- as the pH will drop due to the introduction of CO2.  

Figure 5.3 exhibits ATR-FTIR spectra obtained every 20 min of lepidocrocite 

exposed to oxalic acid/NH4OH (5.3a) and ascorbic acid/NH4OH (5.3b) at a starting pH ~ 

6.0.  The maximum growth of siderite occurred ~ 3 hrs and 18 hrs (for oxalic and 

ascorbate, respectively) marked by vibrational modes 1400 cm-1 asymmetric stretch  (ν3), 

861 cm-1 out-of-plane (ν2) and 738 cm-1 in plane bending (ν4).18 Lepidocrocite was chosen 

since reductive dissolution depends of the oxyhyroxide’s reactivity as well as data 
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presented in chapter 3 using sulfide as the reductant.  However, not all in situ 

experiments with lepidocrocite would convert to in the same time frame or convert to 

siderite at all, as small changes in either direction of the pH and thus speciation can result 

in a failed reaction.  

Figure 5.4 displays TEM micrographs of lepidocrocite after exposure to oxalic 

acid/NH4OH and scCO2 at 70˚C (figure 5.4a) and after exposure to ascorbic acid/ NH4OH 

and scCO2 at 70˚C (figure 5.4b).  TEM analysis shows that the characteristic needle-like 

appearance of the mineral was largely retained, although some distortions around the 

edges of the needles become apparent.  Based on these particular morphological changes, 

it is speculated that a large fraction of the lepidocrocite underwent (reductive) 

dissolution. For TEM micrographs of lepidocrocite and lepidocrocite exposed to scCO2 

only, see Figure 3.3a and 3.3b, respectively (Ch.3).   

Corresponding batch reactions with lepidocrocite only showed conversion of the 

iron oxyhydr(oxides) to more stable phases goethite and hematite.  Consequently, 

ferrihydrite was chosen for the remaining batch reactions due to its high surface area and 

resulting high reactivity to test this complicated system.  XRD was carried out on the 

batch experiments that were initially exposed to oxalic or ascorbic acid and allowed to 

reduce for 2hr.  Anoxic NH4OH was then injected into the Parr® cell to bring up the pH 

before pressurizing the system with scCO2. Anoxic conditions were important because at 

high pH, and any trace amounts of oxygen can re-oxidize Fe2+.  Rietveld refinement 

quantified the distribution of iron mineral phases present after the subsequent reactions.  

Analysis of the post-reaction data for oxalic acid shows the formation of siderite (~6.6 %) 

and transformation to more stable iron oxides goethite and hematite at 18.7 % and 74.1%, 
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respectively.   Using ascorbic acid as the reducing ligand in the same manner, it was 

found that 10.9% siderite formed and the rest attributed to goethite (43.3%) and hematite 

(45.8%).    
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Figure 5.3: ATR-FTIR spectra obtained in situ for the transformation of lepidocrocite to 

siderite at 70 ˚C under 83 bar CO2 in the presence of oxalic acid/ascorbic and NH4OH at a 

starting pH ~6.  Spectra are referenced against water at the same temperature and were 

obtained in 20 min intervals, until maximum growth, ~ 3 hrs and 18hrs for oxalic and 

ascorbic acid solutions, respectively. Spectra are offset for clarity and siderite vibrational 

modes are indicated. The mode at ~ 1020 cm-1 (marked with an asterisk) indicates 

remaining lepidocrocite after!

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2. MEA-CO2-H2O and organic acids 

 The in situ and batch reactions utilizing organic reductants with MEA in the 

presence of scCO2 did not yield any conclusive results in terms of siderite formation. 

Several attempts were made for in situ and batch reactions, along with Rietveld analyses 

a. b. 

Figure 5.4:! !TEM micrographs of (a) lepidocrocite exposed 

to 83 bar scCO2 and oxalic acid/NH4OH at 70˚C, and (b) 

lepidocrocite exposed to 83 bar scCO2 and ascorbic acid/ 

NH4OH at 70˚C. Some loss of the needle-like morphology 

suggests that reductive dissolution occurred. 
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for product analysis.   The MEA-CO2-H2O system in itself is very complicated and is 

dependent on pH and temperature.   McCann et al. reported the mechanism of formation 

and rates of carbamate between MEA and dissolved CO2 along with carbonate species in 

aqueous solutions.14 There are three parallel reversible reactions of MEA with CO2, 

carbonic acid and bicarbonate that all occur simultaneously and cannot be separated from 

each other as seen above in equations (30-32).  In order to elucidate the effect of MEA in 

H2O and CO2 to try and understand our system better, IR spectra were taken of MEA in 

CO2/H2O at different temperatures.   Figure 5.5 displays aqueous MEA/CO2 spectra at 

room temperature (a), 35˚C (b) and 70˚C (c).  Spectrum 5.5a resembles the characteristic 

infrared spectrum of bicarbonate modes due to the dissociation of CO2 in water.  As the 

temperature is increases (and as the critical point is approached), to 35˚C, there is a 

negative peak around the shared ~ 1630 cm-1 bicarbonate/water mode.  This could be due 

to an artifact caused by slightly being just above or under the critical point of CO2. ScCO2 

is a generally a good solvent, which makes keeping water present and maintaining the 

mechanical and sealing nature of the fluoroelastomer O-rings challenging. Spectrum 5.5c, 

MEA/CO2/water at 70˚C shows a relative increase in the 1630 cm-1 mode.  The inset in 

figure 5.5 is a spectrum of a MEA fim deposited on the diamond element.  It is apparent 

that at low temperatures, where CO2 theoretically absorbs MEA, the formation of 

bicarbonate is indicated by modes around 1630, 1360, 1070 and 1012 cm-1. The 

remaining or slightly overlapping peaks are most likely indicative of carbamate 

formation.  The MEA film serves to aid in peak identification (Figure 5.4 inset).  It also is 

possible that bicarbonate can be reacting with additional MEA to form carbamate 

according to reaction equation (31), with the forward rate constant bigger than its 
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reverse.14 MEA is regenerated, or desorbed, upon the release of CO2(g) as temperatures 

increase. However, exact speciation from equations 30-32 cannot be determined in the IR 

spectra as a function of temperature at this time since the solubility of CO2 is so high 

being in the supercritical state.  

Figure 5.5: ATR-FTIR spectra of aqueous MEA/CO2 spectra at room temperature (a), 35˚C 

(b) and 70˚C (c).  The inset is a spectrum of a MEA film deposited on the diamond element. 
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5.3 Discussion 

Integrating two separate and extensively studied systems, amine-CO2 interaction 

and the reductive dissolution of ferric minerals hypothesizes facilitating and reducing 

CO2 emissions and reducing the cost and energy penalty of separating amine-based 

solvents from the flue-gas of power plants.  The chemistry regarding the amine-based 

(reversible) absorption of CO2 and its role in pH control and formation of bicarbonate 

ions for the carbonation of CO2 is investigated in situ to observe the formation of 

products in a closed reaction environment as a function of time.   

The reductive dissolution mechanisms happen via three steps: the adsorption of 

the complex ligand through the formation with surface ferric iron, electron transfer 

occurs within the complex yielding ferrous on the surface and the liberation of ferrous 

from the surface into the solution (the rate determining step).15-17 The formation of the 

iron oxyhyroxide and ascorbate/oxalate complex can described by, where > denotes 

surface complex):  

>FeIIIOH2
+ + HA- ⇔ >FeIIIHA + H2O         (33) 

The reduction and release of ferrous iron is via the formation of the radical HA•:15 

>FeIIIHA + H2O ⇔ >FeIIOH2 + HA•         (34) 

>FeIIOH2 → new surface site + Fe2+
(aq)         (35) 

The surface concentration of ferrous is dependent on the surface concentration of 

>FeIIIHA.6 

The in situ reactions follow the product formation in the actual reaction 

environment. They also provide an example of the reductive dissolution of 

lepidocrocite’s surface using an organic ligand for the formation of siderite with the pH 
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control of NH4OH in the presence of scCO2 at 70˚C.  The in situ reactions for both 

reductants showed formation of siderite. However, in the oxalic acid solution 

experiments, siderite formation occurred faster than reactions involving ascorbic 

acid/NH4OH.  Unfortunately, distinguishing the relative timescale of siderite formation 

between the two organic acid solutions is not possible due to irreproducibility.  

Nonetheless, due to the observed reproducibility of oxalic acid/NH4OH solutions in the 

precipitation of siderite formation, it is can be stated that oxalic acid was the better 

reductant.   Prior work in our lab showed that adsorbed oxalate adopts the mononuclear 

bidentate binding configuration on the ferrihydrite surface.19 Since it was found that the 

outer-sphere H-bonded oxalate binds to iron oxides via the Fe-O cluster, it can be 

postulated that the this structure and bonding can promote ligand-assisted reductive 

dissolution.   It also should be noted that there was no exposure of oxalate to irradiation 

since there are many studies on the photo-dissolution of iron oxides in the presence of 

oxalate. 

It is also interesting to note that there is still lepidocrocite present (Figure 5.2 a 

and b) by the predominant peak at 1020 cm-1 possibly indicating incomplete reductive 

dissolution by both organic reductants.  The initial pH for the in situ reactions may have 

slowed the rate of reductive dissolution since the optimum pH is ~ 2-4. It can be 

hypothesized from the presence of lepidocrocite that the quality and rate of the reductive 

dissolution was affected somewhat by blocked surface sites of the iron oxide.  This 

multicomponent system is pH sensitive in terms of the reductive dissolution rate 

considering the speciation of the complex reducing ligands, CO2 speciation alone and 

with NH4OH, iron oxide transformation and siderite formation.  The pH also controls the 
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surface sites species; the surface may be too concentrated with ferrous iron and/or 

organic ligands or more likely the formation of ferrous and ferric hydroxide.  The 

readsorption of ferrous onto the surface of iron oxyhyroxides above pH 5 limiting 

dissolution has been reported.17 A high pH in general also leads to a high CO2 absorption 

efficiency with NH4OH and MEA.  This absorption of CO2 can yield the formation of 

ammonium bicarbonate and/or ammonium carbonate, which may compete with the 

formation of iron carbonate.  Hence, these small pH changes in this complex system with 

possible parallel and simultaneous reactions occurring can be to blame for the observed 

irreproducibility.    

There are also several other reasons why incomplete conversion of the more 

stable iron oxyhydr(oxides) was observed. As pH increases, the oxalate ion is 

deprotonated to C2O4
2- and therefore hydroxyl ions from the solution will likely compete 

for the surface and affect eqt. 34.15 Consequently, ferrous will either bind with OH- or the 

formation of an insoluble ferric oxide complex, which will prevent and block further 

dissolution:15  

 >FeIII-O-FeII(OH) ⇔ >FeII-O-FeIII(OH)            (36) 

Additionally, the surface organic complexes decrease with pH, but reductive dissolution 

increases due to surface protonation.15 There also could be re-adsorption of ferrous iron 

onto the iron oxide’s surface at pH > 5, also blocking surface sites and decreasing 

reductive dissolution, along with possible trace amounts of oxygen resulting in the 

formation of ferric hydroxide.17 However, siderite precipitation is ideal at ~ pH 4-6.  As a 

result, there is a dependence on the optimal pH region for reductive dissolution to liberate 
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ferrous into solution and bind with carbonate to form siderite or even catalyze the 

transformation of lepidocrocite to goethite.20  

 The batch reactions likely differed in the observation of siderite formation from in 

situ reactions most likely due to a surface layer forming on the oxide film uniquely 

probed by in situ ATR-FTIR.  The corresponding batch reactions involve bulk material in 

which surfaces are not probed.  The pH of the in situ reactions is also higher, given that 

the reductant/NH4OH are premixed to the desired starting pH (~6.0), whereas the base is 

injected into the high-pressure cell after reduction and prior to pressurizing.  Another 

important fact to be made is when the high-pressure cell is open, CO2 is released and the 

pH of the solution will increase, affecting possible identity of post-reaction products.  As 

results suggest, even small pH changes can yield different products and results in this 

convoluted system.  

The infrared studies of the unique MEA-scCO2-H2O system revealed the presence 

of carbamate and bicarbonate.  This formation of bicarbonate is desired based on 

previous studies in chapters 3 and 5; the formation of bicarbonate is an intermediate to 

siderite formation.  However, the ongoing reaction of HCO3
- with MEA to form 

carbamate (eqtn. 31) is relatively fast, but highly undesirable for amine recycling because 

it reduces the cyclic ability of the amine.14  The lack of siderite formation observed in 

these reactions is most likely attributed to competition between ferrous and MEA for the 

bicarbonate ion. Considering the detailed rate of interactions, mechanisms and equilibria 

studies14 of the three main (simultaneous) reversible pathways of MEA in CO2, the 

analyses of carbonate (bicarbonate and CO2) and carbamate species are most likely too 

convoluted for the organic ligand/iron oxide system.   
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5.4 Conclusion and Implications 

 Carbon dioxide sequestration into the subsurface is an important approach for 

limiting CO2 emissions into the atmosphere.  Based primarily on the injection of CO2 

alone, only a small fraction of the gas is converted into mineral and the remainder either 

dissolves in water or is physically trapped.21 An option that is presented in this thesis has 

been the involvement of reductants to help facilitate mineral carbonation.  The concept of 

organic acids that are closely associated with the reductive dissolution of ferric minerals 

and pH controls (NH4OH and MEA) also relevant to the carbon capture process of 

CCUS, appeared like a system worth probing.  The information reported in the section 

yielded interesting insight regarding a unique, but complex system that perhaps could be 

a proxy for subsurface mineral carbonation.   The experimental setup used in chapters 3 

and 4 were based solely on the kinetics of CO2 dissolution in aqueous sulfide and 

provided a model system for reduction and carbonation due to an ideal working pH for 

both processes.  The use of organic ligands with an amine as a pH control to 

simultaneously reduce and form ferrous carbonate is dependent on pH, with a narrow 

optimum region for both reactions.  Iron oxyhyr(oxides) with high surface to volume 

ratio were used to test this pH sensitive system (with both reductants) in situ  ATR-FTIR 

and in batch reactions. Both illustrated the formation of siderite, along with the 

conversion to the more stable iron oxyhyr(oxides) (Figure 5.1).  Both organic acids 

illustrated reductive dissolution activity that yielded siderite, despite the pH increase, but 

oxalic would be a “greener” and preferred reductant due to its simpler structure.  

The use of MEA as a pH control for organic acids is not recommended, as the 

kinetics and pathways of the MEA-CO2-H2O system are complicated enough. The 
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formation of carbamate is likely interfering with the formation of iron carbonate due to 

the fast kinetics of MEA with the bicarbonate ion reported by McCann et al..14 In light of 

the obtained results, far from equilibrium conditions are necessary to explain the 

formation of siderite or the safe storage of CO2 in the subsurface.  This system is 

analogous to testing the reductive dissolution, which has been extensively studied (albeit 

at a lower pHs) and subsequent carbonation of iron oxides in a very controlled 

environment. 

Results from this chapter can provide a very initial insight into the alternative and 

inexpensive way to reduce and sequester CO2 as a mineral and how this combined system 

works at extreme condition found in the far field zones in geological sequestration.  

There are some challenges primarily due to pH, which dictates the organic acids’ 

speciation needed for optimum reductive dissolution, yet high enough for siderite 

precipitation and not ferrous hydroxide or ammonium carbonate.  Competition for surface 

sites is also an issue in these complicated systems; ascorbate/oxalate, ferrous and ferric 

all compete with carbonate for adsorption to the iron oxide surface.  Further work 

involving more detailed in situ reactions and pH studies may provide information and 

phase transformation as a function of kinetics, as reproducibility was an issue.  

Combining ascorbate and oxalate in these reactions may be a possible pathway for 

accelerating the reductive dissolution as there are studies7 based their promotion of 

reductive and non-reductive dissolution mechanisms.   

 

!  
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CHAPTER 6 
 

SUMMARY AND ENVIRONMENTAL IMPLICATIONS 
 
 

Iron oxides and iron oxyhydr(oxides) play an important role in soil, sediments and 

aquifer environments.  Results presented in this thesis have illustrated mineral 

carbonation of CO2 contaminated with sulfide gas through the use of ferric minerals.  

Inclusion of sulfide in the injected gas stream serves as a reductant to produce ferrous 

ions, which together with dissolved bicarbonate and carbonate from CO2 dissolution in 

water precipitate siderite.  It also rids the unwanted energy and price requirement of 

separating the flue gas components.  Iron (III)-bearing sediments (redbeds) including iron 

oxides and oxyhydr(oxides) are widespread geographically and great candidates for 

subsurface CO2 sequestration as they offer great permeability and are highly porous. This 

novel reaction sequence used in situ ATR-FTIR, as well as batch reaction techniques, 

was used to understand the iron redox chemistry and subsequent carbonation. The content 

of CO2 speciation, pH and partial pressures of H2S at equilibrium were estimated from 

geochemical calculations performed by PHREEQC.   

The overall goal of this thesis was to understand if the suggested sequestration 

chemistry that speeds up the secure method of CO2 fixation is suitable and realistic in 

sedimentary formations.  The in situ analyses allowed the observation of the formation of 

products in actual relevant sequestration conditions without affecting imperative 

variables such as pH and CO2 pressure.  The batch reactions were performed to verify 

and supplement data, however final product mineralogy could be incorrect due to an 

increase of pH as a result of releasing CO2 at the conclusion of the experiment. As stated 

in chapters 3-5, the solubility of siderite decreases as pH increases.  Consequently, as 
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CO2 is released from the batch reaction vessel, the formation of siderite could yield a 

false positive result.    

Results from Chapter 3 indicated that the exposure of the iron oxyhdroxides 

polymorphs to aqueous sulfide in contact with scCO2 at ~70-100 ˚C resulted in the partial 

transformation of the minerals to siderite sulfide phases such as pyrite was dependant on 

the initial sulfide concentration.  The intrinsic reactivity of the Fe-oxides, which depends 

on crystal structure and particle size, also contributed to the reductive dissolution; the 

order of mineral reactivity with regard to the amount of siderite formation in the 

scCO2/sulfide environment for a specific reaction time was goethite < lepidocrocite  ≤  

akaganéite.   

The effect of ionic strength was introduced to the aqueous sulfide/scCO2/ferric 

mineral system in chapter 4 to simulate the environment seen in deep saline aquifers 

(DSF), with ionic strength ~ 0-4 M NaCl.  Ferrihydrite was used as a proxy for the ferric 

system. The yield of siderite was greatest under solution ionic strength conditions 

associated ionic strength ~ 0.1-1 M and lowest at the highest ionic strength achieved with 

4 M.  In the context of carbon sequestration, this result is important since CO2 is likely 

injected into deep DSF, which vary in ionic strengths since they are considered the most 

promising CO2 storage sites for their size and pore space, permeability and existing 

background.  Mechanistically, there was decrease in the bicarbonate concentration and a 

corresponding increase in co-ion formation of sodium bicarbonate as NaCl increased, 

which may have resulted in the decrease in siderite formation. 

Chapter 5 introduced a novel system with organic reductants and relevant carbon 

capture solvents such as NH4OH and MEA to control the system pH since siderite 
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solubility is pH dependent.  Ascorbic and oxalic acid were chosen for their relevance in 

nature and have been associated with the reductive dissolution of iron oxides.  

Ferrihydrite, chosen for its high reactivity, illustrated conversion to siderite and more 

stable iron oxides using both organic reductants and NH4OH.  In situ monitoring of this 

system also illustrated that a coating of siderite formed on the surface of lepidocrocite.  

Inconclusive evidence from the MEA-CO2-organic acid system with iron oxides proved 

the complexity of this system and solvent in the formation of siderite.     

Employing this technology above ground, or at the surface is worth consideration. 

In general, 80% of the carbon stored in a forest is above ground. The technology will be 

slightly different than those described in this thesis, but the method of organic acids 

ascorbic and oxalic acid as reductants may find applications above surface, since they 

strongly influence the surface controlled dissolution of the iron oxides found in natural 

sediments. The source of CO2 will be different and lower in partial pressure, but the 

concept of taking advantage of organic reductants present in the soil can accelerate 

possible carbon trapping in the same method described in the subsurface sequestration.  

Microbial activity, in conjunction with organic ligands, participates in the iron oxide 

reductive dissolution rates and cycling of iron.  These processes are well documented, 

along with the removal of organics from soils via iron oxide adsorption.  However, soil 

respiration can be a potential source of CO2 and results from several sources including 

microbial decomposition of organic matter and dissolution of carbonates in the soil.  The 

chemistry of CO2 from the soil, along with the organic ligands and the iron 

oxyhydr(oxides) studied in this thesis, could potentially lead to aboveground carbonation 

in soils, though studied at lower partial pressures of CO2. 
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Identifying the transformed mineralogy as CO2/~1-5 % sulfide is injected add 

mechanistic details to how and when siderite is formed.   The results discussed here are 

very important since they suggest that this process can be a potentially superior method 

and alternative than just injecting CO2 into DSF and iron-bearing sediments, which can 

result in potential leakage. It is known that carbon mineralization is the most secure, but 

its slow rate of carbonation is a drawback, hence a need for novel chemistry. While 

carbon capture utilization and sequestration may not be the answer, it is part of one and 

could be a viable solution with the right policies and technologies set in place. Mineral 

trapping occurs through a series of reactions and it is anticipated that these experiments 

can provide mechanistic details on the surface chemistry with the aid of in situ ATR-

FTIR spectroscopy.  

Realistically, there are some disadvantages and uncertainties accompanying 

CCUS.  These include the risk of leakage, induced seismicity from injection near an 

undetected fault, variable capacities of saline reservoirs and clogging of pore spaces of 

formation rock. The need for data and better estimates of storage capacity can be 

investigated with pilot studies.  Large-scale pilot injection experiments are already 

occurring at the large scale to test possible sites such as old oil or gas reservoirs for 

storage capacity and enhanced oil recovery.   These large-scale studies could provide 

baseline data and to corroborate with computational geochemical modeling.  However, 

with large-scale injections, if results fail or are unfavorable, it may be too late and may 

lead to disaster and public aversion. Hopefully, the observations and data taken from 

these and other small-scale experiments can help develop more specific methodologies 

and frameworks for mineral carbonation by co-injecting a sulfide contaminant with CO2.  
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Furthermore, mineral carbonation is well known on the small-scale and in order to 

provide definite and convincing data on mineral carbonation as an option to speed up 

CO2 sequestration underground, the reactivities of not only iron oxides, but other suites 

of minerals, such as silicates need to be well understood.  The chemical reactions that 

need to be considered involve reductive dissolution, non-reductive dissolution yielding 

ions and reactions with brine-CO2-H2O.  A possible technique to analyze these pertinent 

reactions and add to these small-scale experiments would transport crushed reactive 

minerals perhaps from a red bed to a test plant and react first with scCO2 and follow up 

with another experiment involving a reductant added to the scCO2 stream.   After suitable 

reaction time, post-product analysis will occur with separating any carbonated minerals. 
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!
Figure 6.1: Mineral man. Adapted from lab mates in the Strongin Group.  
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APPENDIX A 
 

MINERAL IR AND XRD REFERENCES  
 

!
Figure A1:  ATR-FTIR spectrum of synthesized lepidocrocite (chapter two) in the 700-

1700 cm-1 region. The indicated vibrational modes confirm identity and match those 

present in literature.!
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!
Figure A2:!!ATR-FTIR spectrum of synthesized goethite (chapter 2) in the 700-1700 cm-

1 region. The indicated vibrational modes confirm identity and match those present in 

literature. 
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!
Figure A3:  ATR-FTIR spectrum of synthesized ferrihydrite (chapter two). Peaks 

confirm identity and match those present in literature 
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!
Figure A4.  X-ray diffractogram of synthesized lepidocrocite (chapter two).  Diffraction 

peaks confirm identity and match those present in literature 

!
Figure A5. X-ray diffractogram of synthesized goethite (chapter two). Diffraction peaks 

confirm identity and match those present in literature.  

!
Figure A6.! ! X-ray diffractogram of synthesized ferrihydrite (2-line) (chapter two). 

Diffraction peaks confirm identity and match those present in literature.!
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APPENDIX B 
 

SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

Figure B1: Plot of siderite weight percent associated with Fh that was exposed to 

aqueous sulfide and scCO2 at 70˚C after 24 hr reaction at various concentrations of 

NaCl(aq).   
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!
Figure B2:  ATR-FTIR spectra of Fh exposed to 3 M NaCl, 1 M NaOH at 70 ˚C and 77 

bar scCO2 (a). Also included is a siderite reference spectrum (b) and a spectrum 

associated with Fh that was exposed to 77 bar CO2 in the presence of aqueous sulfide 

with 3 M NaCl at 70˚C (c). Spectra are offset for clarity.  Spectrum (a) was multiplied by 

a factor of four to enhance spectral features.    

Wavenumber (cm-1)

8001000120014001600

A
bs

or
ba

nc
e 

(A
.U

.)
0.2

a

b

c

siderite
bicarbonate



! 114!

 
Figure B3: ATR-FTIR control spectra of ferrihydrite obtained in situ at 70˚C under 77 

bar CO2 in the absence of aqueous sulfide and 1 M NaOH with no NaCl (a), 0.1 M NaCl 

(b), 1.0 M NaCl (c), 3.0 M NaCl (d), 4.0 M NaCl (e).  Spectra are referenced water at the 

same reaction conditions and are offset for clarity. NaOH was added to maintain the pH. 
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!
Figure B4:! !Peak height of the siderite ν4 (734 cm-1) vibrational mode as a function the 

concentration of NaCl(aq).   
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Figure B5:  ATR-FTIR spectra of aqueous sodium bicarbonate at 1 M (a), 3 M (b) and 4 

M (c). Spectra are referenced water at the same reaction conditions and are offset for 

clarity.  The increase in the vibrational modes 1353 cm-1 and the appearance of  ~ 1295 

cm-1 show the effect of increasing the bicarbonate concentration.     
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!
Table B1: Experimental pH, calculated pH and calculated partial pressure concentrations 

of CO2, HCO3
-, and NaHCO3 at different ionic strengths of NaCl for batch reactions in 

the presence of 77 bar scCO2 and 70˚C.  Results are presented in chapter 4.  Data from 

tables C3-C7 (without 50 mM Na2S).  

Ionic Strength (m) Experimental pH Calculated pH HCO3
- 

(aq) (m) CO2 (m) NaHCO3 (aq) (m) 

9.04 x 10-3 6.39 4.60 1.81 x 10-2 8.44 x 10-1 - 

1.10 x 10-1 5.09 4.60 2.14 x 10-2 8.25 x 10-1 5.45 x 10-4 

1.01 6.04 4.59 2.44 x 10-2 6.71 x 10-1 3.86 x 10-3 

3.01 5.72 4.55 2.22 x 10-2 4.23 x 10-1 7.99 x 10-3 

4.01 5.19 4.53 2.09 x 10-2 3.36 x 10-1 9.19 x 10-3 
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Table B2: Experimental pH, calculated pH and calculated partial pressure concentrations 

of CO2, HCO3
-, and NaHCO3 at different ionic strengths of NaCl for batch reactions in 

the presence of 50 mM Na2S, 77 bar scCO2 and 70˚C.  Results pertain to chapter 4.  Data 

from tables C8-C12 (with 50 mM Na2S).  

Ionic Strength (m) Experimental pH Calculated pH H2S * 
(aq) (%) HCO3

- 
(aq) (m) CO2 (m) NaHCO3 (aq) (m) 

8.35 x 10-4 6.39 5.43 - 8.36 x 10-4 1.51 - 

1.97 x 10-1 5.09 5.41 1.42 9.09 x 10-2 8.09 x 10-1 4.07 x 10-3 

1.09 6.04 5.33 1.71 8.01 x 10-2 6.59 x 10-1 1.36 x 10-2 

3.08 5.72 5.25 2.59 6.68 x 10-2 4.17 x 10-1 2.46 x 10-2 

4.08 5.19 5.23 3.19 6.22 x 10-2 3.31 x 10-1 2.78 x 10-2 
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APPENDIX C 
 

RAW PHREEQC DATA 
 
 

Table C1:  PHREEQC (V.2) output data for a system exposed to 14.5 mM aqueous 

sodium sulfide at 70 ̊C and 84 bar CO2.  These results are presented in table 3.1 in chapter 

3.  

 
Input file : C:\DOCUME~1\Owner\LOCALS~1\Temp\phrq0000.tmp 
  Output file: D:\GC\Phreeqc for Na2S\input Na2S.out 
Database file: C:\Program Files\Phreeqc\Databases\Phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.92 10 
       SOLUTION 1 
       temp      70 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
       Na  29.2 
             S(-2) 14.6 
            density   1 
            water    .01 # kg 
------------------------------------------- 
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Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 Na                2.920e-02   2.920e-04 
 S(-2)             1.460e-02   1.460e-04 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  10.818      Charge balance 
                                       pe  =   4.000     
       Specific Conductance (uS/cm, 70 oC) = 9635 
                          Density (g/cm3)  =   0.97957 
                        Activity of water  =   0.999 
                           Ionic strength  =   3.155e-02 
                       Mass of water (kg)  =   1.000e-02 
                 Total alkalinity (eq/kg)  =   2.920e-02 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                      Temperature (deg C)  =  70.000 
                  Electrical balance (eq)  =  -2.501e-13 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =   9 
                                  Total H  = 1.110369e+00 
                                  Total O  = 5.551845e-01 
 
----------------------------Distribution of species---------------------------- 
 
                                                      Log       Log             Log  
   Species                 Molality    Activity  Molality  Activity     Gamma 
 
   OH-                    1.223e-02   1.012e-02    -1.913    -1.995    -0.082 
   H+                     1.765e-11   1.522e-11   -10.753   -10.818    -0.065 
   H2O                    5.551e+01   9.990e-01     1.744    -0.000     0.000 
H(0)             2.965e-33 
   H2                     1.483e-33   1.493e-33   -32.829   -32.826     0.003 
Na               2.920e-02 
   Na+                    2.919e-02   2.441e-02    -1.535    -1.612    -0.078 
   NaOH                   1.051e-05   1.059e-05    -4.978    -4.975     0.003 
O(0)             2.781e-14 
   O2                     1.390e-14   1.400e-14   -13.857   -13.854     0.003 
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S(-2)            1.460e-02 
   HS-                    1.223e-02   1.013e-02    -1.912    -1.994    -0.082 
   S-2                    2.365e-03   1.170e-03    -2.626    -2.932    -0.305 
   H2S                    5.726e-07   5.768e-07    -6.242    -6.239     0.003 
 
------------------------------Saturation indices------------------------------- 
 
 Phase               SI log IAP  log KT 
 
 H2(g)           -29.51  -32.83   -3.32  H2 
 H2O(g)           -0.50   -0.00    0.50  H2O 
 H2S(g)           -4.80   -6.24   -1.44  H2S 
 O2(g)           -10.76  -13.85   -3.09  O2 
 Sulfur           19.43   23.40    3.97  S 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase                  SI log IAP  log KT      Initial       Final       Delta 
 
CO2(g)               1.92    0.07   -1.85    1.000e+01   9.988e+00  -1.206e-02 
 
-----------------------------Solution composition------------------------------ 
 Elements           Molality       Moles 
 
 C                 1.206e+00   1.206e-02 
 Na                2.921e-02   2.920e-04 
 S                 1.460e-02   1.460e-04 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   4.626      Charge balance 
                                       pe  =  -1.777      Adjusted to redox equilibrium 
       Specific Conductance (uS/cm, 70 oC) = 5453 
                          Density (g/cm3)  =   0.98065 
                        Activity of water  =   0.979 
                           Ionic strength  =   2.900e-02 
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                       Mass of water (kg)  =   9.997e-03 
                 Total alkalinity (eq/kg)  =   2.898e-02 
                       Total CO2 (mol/kg)  =   1.206e+00 
                      Temperature (deg C)  =  70.000 
                  Electrical balance (eq)  =  -2.501e-13 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  33 
                                  Total H  = 1.110369e+00 
                                  Total O  = 5.793053e-01 
 
----------------------------Distribution of species---------------------------- 
 
                                                     Log       Log         Log  
   Species                 Molality    Activity  Molality  Activity     Gamma 
 
   H+                     2.734e-05   2.367e-05    -4.563    -4.626    -0.063 
   OH-                    7.651e-09   6.375e-09    -8.116    -8.196    -0.079 
   H2O                    5.551e+01   9.788e-01     1.744    -0.009     0.000 
C(-4)            1.154e-04 
   CH4                    1.154e-04   1.162e-04    -3.938    -3.935     0.003 
C(4)             1.206e+00 
   CO2                    1.177e+00   1.185e+00     0.071     0.074     0.003 
   HCO3-                  2.848e-02   2.410e-02    -1.545    -1.618    -0.073 
   NaHCO3                 3.268e-04   3.290e-04    -3.486    -3.483     0.003 
   NaCO3-                 2.937e-07   2.463e-07    -6.532    -6.609    -0.076 
   CO3-2                  1.480e-07   7.582e-08    -6.830    -7.120    -0.291 
H(0)             2.565e-09 
   H2                     1.282e-09   1.291e-09    -8.892    -8.889     0.003 
Na               2.921e-02 
   Na+                    2.887e-02   2.428e-02    -1.540    -1.615    -0.075 
   NaHCO3                 3.268e-04   3.290e-04    -3.486    -3.483     0.003 
   NaSO4-                 9.865e-06   8.274e-06    -5.006    -5.082    -0.076 
   NaCO3-                 2.937e-07   2.463e-07    -6.532    -6.609    -0.076 
   NaOH                   6.591e-12   6.635e-12   -11.181   -11.178     0.003 
O(0)             0.000e+00 
   O2                     0.000e+00   0.000e+00   -61.748   -61.745     0.003 
S(-2)            1.449e-02 
   H2S                    1.429e-02   1.439e-02    -1.845    -1.842     0.003 
   HS-                    1.950e-04   1.625e-04    -3.710    -3.789    -0.079 
   S-2                    2.385e-11   1.207e-11   -10.623   -10.918    -0.296 
S(6)             1.154e-04 
   SO4-2                  1.051e-04   5.306e-05    -3.978    -4.275    -0.297 
   NaSO4-                 9.865e-06   8.274e-06    -5.006    -5.082    -0.076 
   HSO4-                  4.500e-07   3.774e-07    -6.347    -6.423    -0.076 
 
------------------------------Saturation indices------------------------------- 
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 Phase               SI log IAP  log KT 
 
 CH4(g)           -0.75   -3.93   -3.18  CH4 
 CO2(g)            1.92    0.07   -1.85  CO2 
 H2(g)            -5.57   -8.89   -3.32  H2 
 H2O(g)           -0.51   -0.01    0.50  H2O 
 H2S(g)           -0.41   -1.84   -1.44  H2S 
 O2(g)           -58.66  -61.75   -3.09  O2 
 Sulfur           -0.11    3.86    3.97  S 
 
------------------ 
End of simulation. 
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Table C2: PHREEQC (V.2) output data for a system exposed to 100 mM aqueous 

sodium sulfide at 70 ̊C and 84 bar CO2.  These results are presented in table 3.1 in chapter 

3. 

   
 Input file: C:\DOCUME~1\STRONG~1\LOCALS~1\Temp\phrq0000.tmp 
  Output file: C:\Documents and Settings\Stronginlab\Desktop\input Na2S.out 
Database file: C:\Documents and 
Settings\Stronginlab\Desktop\Phreeqc\Databases\Phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.90 10 
       SOLUTION 1 
       temp      100 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
       Na  200 
             S(-2) 100 
            density   1 
            water    .01 # kg 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
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-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 Na                2.000e-01   2.000e-03 
 S(-2)             1.000e-01   1.000e-03 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  10.742      Charge balance 
                                       pe  =   4.000     
       Specific Conductance (uS/cm, 100 oC) = 64503 
                          Density (g/cm3)  =   0.97630 
                        Activity of water  =   0.994 
                           Ionic strength  =   2.539e-01 
                       Mass of water (kg)  =   1.000e-02 
                 Total alkalinity (eq/kg)  =   2.000e-01 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                      Temperature (deg C)  = 100.000 
                  Electrical balance (eq)  =   2.757e-14 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 
                               Iterations  =   8 
                                  Total H  = 1.111046e+00 
                                  Total O  = 5.555228e-01 
 
----------------------------Distribution of species---------------------------- 
 
                                                   Log       Log         Log  
   Species                 Molality    Activity  Molality  Activity     Gamma 
 
   OH-                    4.602e-02   2.977e-02    -1.337    -1.526    -0.189 
   H+                     2.383e-11   1.813e-11   -10.623   -10.742    -0.119 
   H2O                    5.551e+01   9.941e-01     1.744    -0.003     0.000 
H(0)             3.806e-33 
   H2                     1.903e-33   2.017e-33   -32.721   -32.695     0.025 
Na               2.000e-01 
   Na+                    2.000e-01   1.382e-01    -0.699    -0.860    -0.160 
   NaOH                   4.722e-05   5.007e-05    -4.326    -4.300     0.025 
O(0)             1.035e-07 
   O2                     5.174e-08   5.485e-08    -7.286    -7.261     0.025 
S(-2)            1.000e-01 
   S-2                    5.394e-02   1.203e-02    -1.268    -1.920    -0.652 
   HS-                    4.606e-02   2.980e-02    -1.337    -1.526    -0.189 
   H2S                    1.690e-06   1.791e-06    -5.772    -5.747     0.025 
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------------------------------Saturation indices------------------------------- 
 
 Phase               SI log IAP  log KT 
 
 H2(g)           -29.29  -32.70   -3.41  H2 
 H2O(g)            0.04   -0.00   -0.04  H2O 
 H2S(g)           -4.08   -5.75   -1.67  H2S 
 O2(g)            -4.15   -7.26   -3.11  O2 
 Sulfur           20.25   23.74    3.48  S 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase                  SI log IAP  log KT      Initial       Final       Delta 
 
CO2(g)               1.90   -0.08   -1.98    1.000e+01   9.990e+00  -9.767e-03 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 9.792e-01   9.767e-03 
 Na                2.005e-01   2.000e-03 
 S                 1.002e-01   1.000e-03 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   5.600      Charge balance 
                                       pe  =  -3.356      Adjusted to redox equilibrium 
       Specific Conductance (uS/cm, 100 oC) = 47020 
                          Density (g/cm3)  =   0.98388 
                        Activity of water  =   0.978 
                           Ionic strength  =   1.929e-01 
                       Mass of water (kg)  =   9.975e-03 
                 Total alkalinity (eq/kg)  =   1.946e-01 
                       Total CO2 (mol/kg)  =   9.762e-01 
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                      Temperature (deg C)  = 100.000 
                  Electrical balance (eq)  =   2.759e-14 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 
                               Iterations  =  27 
                                  Total H  = 1.111046e+00 
                                  Total O  = 5.750570e-01 
 
----------------------------Distribution of species---------------------------- 
 
                                                   Log       Log         Log  
   Species                 Molality    Activity  Molality  Activity     Gamma 
 
   H+                     3.256e-06   2.514e-06    -5.487    -5.600    -0.112 
   OH-                    3.148e-07   2.113e-07    -6.502    -6.675    -0.173 
   H2O                    5.551e+01   9.784e-01     1.744    -0.009     0.000 
C(-4)            2.951e-03 
   CH4                    2.951e-03   3.085e-03    -2.530    -2.511     0.019 
C(4)             9.762e-01 
   CO2                    7.972e-01   8.334e-01    -0.098    -0.079     0.019 
   HCO3-                  1.700e-01   1.215e-01    -0.770    -0.916    -0.146 
   NaHCO3                 8.806e-03   9.206e-03    -2.055    -2.036     0.019 
   NaCO3-                 2.455e-04   1.743e-04    -3.610    -3.759    -0.149 
   CO3-2                  1.296e-05   3.379e-06    -4.887    -5.471    -0.584 
H(0)             3.828e-08 
   H2                     1.914e-08   2.001e-08    -7.718    -7.699     0.019 
Na               2.005e-01 
   Na+                    1.907e-01   1.348e-01    -0.720    -0.870    -0.151 
   NaHCO3                 8.806e-03   9.206e-03    -2.055    -2.036     0.019 
   NaSO4-                 7.492e-04   5.317e-04    -3.125    -3.274    -0.149 
   NaCO3-                 2.455e-04   1.743e-04    -3.610    -3.759    -0.149 
   NaOH                   3.316e-10   3.466e-10    -9.479    -9.460     0.019 
O(0)             0.000e+00 
   O2                     0.000e+00   0.000e+00   -57.287   -57.268     0.019 
S(-2)            9.730e-02 
   H2S                    8.198e-02   8.570e-02    -1.086    -1.067     0.019 
   HS-                    1.532e-02   1.028e-02    -1.815    -1.988    -0.173 
   S-2                    1.202e-07   2.994e-08    -6.920    -7.524    -0.604 
S(6)             2.951e-03 
   SO4-2                  2.200e-03   5.382e-04    -2.658    -3.269    -0.612 
   NaSO4-                 7.492e-04   5.317e-04    -3.125    -3.274    -0.149 
   HSO4-                  1.366e-06   9.696e-07    -5.864    -6.013    -0.149 
 
------------------------------Saturation indices------------------------------- 
 
 Phase               SI log IAP  log KT 
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 CH4(g)            0.85   -2.51   -3.36  CH4 
 CO2(g)            1.90   -0.08   -1.98  CO2 
 H2(g)            -4.29   -7.70   -3.41  H2 
 H2O(g)            0.03   -0.01   -0.04  H2O 
 H2S(g)            0.60   -1.07   -1.67  H2S 
 O2(g)           -54.15  -57.27   -3.11  O2 
 Sulfur           -0.06    3.42    3.48  S 
 
------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
----------- 
End of run. 
----------- 
 
!
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Table C3:  PHREEQC (V.3) output data for an aqueous system at 70 ̊C and 77 bar CO2.  

These results are presented in chapter 4.   

 
   Input file: C:\Users\Joe\Desktop\research\Strongin 
Lab\PHREEQC\input77bar_ph11.pqi 
 
  Output file: C:\Users\Joe\Desktop\research\Strongin 
Lab\PHREEQC\output77bar_ph11.pqo 
 
Database file: C:\Program Files (x86)\USGS\Phreeqc Interactive 3.1.4-
8929\database\phreeqc.dat 
   ------------------  Reading data base.  ------------------     SOLUTION_MASTER_SPECIES   SOLUTION_SPECIES   PHASES   EXCHANGE_MASTER_SPECIES   EXCHANGE_SPECIES   SURFACE_MASTER_SPECIES   SURFACE_SPECIES   RATES   END  ------------------------------------  Reading input data for simulation 1.  ------------------------------------  
 
 
 DATABASE C:\Program Files (x86)\USGS\Phreeqc Interactive 3.1.4-
8929\database\phreeqc.dat 
  EQUILIBRIUM_PHASES 1         co2(g) 1.88 10        SOLUTION 1        temp  70        pH     11                pe     4        redox  pe        units  mmol/kgw         Density .97  -------------------------------------------  Beginning of initial solution calculations.  ------------------------------------------- 
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   Initial solution 1.     -----------------------------Solution composition------------------------------     Elements           Molality       Moles     Pure water         ----------------------------Description of solution----------------------------                                           pH  =  11.000                                             pe  =   4.000             Specific Conductance (µS/cm, 70∞C)  = 7360                            Density (g/cm≥)  =   0.97813                                 Volume (L)  =   1.02267                          Activity of water  =   1.000                             Ionic strength  =   9.012e-03                         Mass of water (kg)  =   1.000e+00                   Total alkalinity (eq/kg)  =   1.802e-02                      Total carbon (mol/kg)  =   0.000e+00                         Total CO2 (mol/kg)  =   0.000e+00                           Temperature (∞C)  =  70.00                    Electrical balance (eq)  =  -1.802e-02   Percent error, 100*(Cat-|An|)/(Cat+|An|)  = -100.00                                 Iterations  =   4                                    Total H  = 1.110305e+02                                    Total O  = 5.552424e+01    ----------------------------Distribution of species----------------------------                                                   Log       Log       Log    mole V     Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol       OH-             1.802e-02   1.615e-02    -1.744    -1.792    -0.048     -4.14     H+              1.099e-11   1.000e-11   -10.959   -11.000    -0.041      0.00     H2O             5.551e+01   9.997e-01     1.744    -0.000     0.000     18.43  H(0)          9.573e-34     H2              4.787e-34   4.796e-34   -33.320   -33.319     0.001     28.58  O(0)          1.500e-13     O2              7.501e-14   7.517e-14   -13.125   -13.124     0.001     32.79    ------------------------------Saturation indices-------------------------------      Phase               SI** log IAP   log K(343 K,   1 atm)    
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  H2(g)           -30.18    -33.32   -3.14  H2    H2O(g)           -0.52     -0.00    0.51  H2O    O2(g)           -10.03    -13.12   -3.09  O2    **For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm.    For ideal gases, phi = 1.    -----------------------------------------  Beginning of batch-reaction calculations.  -----------------------------------------    Reaction step 1.    Using solution 1.   Using pure phase assemblage 1.     -------------------------------Phase assemblage--------------------------------                                                          Moles in assemblage  Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta    CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.138e+00  -8.624e-01    -----------------------------Solution composition------------------------------     Elements           Molality       Moles     C                 8.624e-01   8.624e-01    ----------------------------Description of solution----------------------------                                           pH  =   4.599      Charge balance                                         pe  =  10.399      Adjusted to redox equilibrium         Specific Conductance (µS/cm, 70∞C)  = 1676                            Density (g/cm≥)  =   0.99604                                 Volume (L)  =   1.04239                          Activity of water  =   0.985                             Ionic strength  =   9.040e-03                         Mass of water (kg)  =   1.000e+00                   Total alkalinity (eq/kg)  =   1.802e-02                         Total CO2 (mol/kg)  =   8.624e-01                           Temperature (∞C)  =  70.00                    Electrical balance (eq)  =  -1.802e-02   Percent error, 100*(Cat-|An|)/(Cat+|An|)  = -99.69                                 Iterations  =  16                                    Total H  = 1.110305e+02                                    Total O  = 5.724903e+01 
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   ----------------------------Distribution of species----------------------------                                                   Log       Log       Log    mole V     Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol       H+              2.770e-05   2.519e-05    -4.558    -4.599    -0.041      0.00     OH-             7.053e-09   6.319e-09    -8.152    -8.199    -0.048     -4.14     H2O             5.551e+01   9.853e-01     1.744    -0.006     0.000     18.43  C(-4)         0.000e+00     CH4             0.000e+00   0.000e+00  -101.276  -101.275     0.001     32.22  C(4)          8.624e-01     CO2             8.443e-01   8.461e-01    -0.073    -0.073     0.001     22.71     HCO3-           1.805e-02   1.627e-02    -1.743    -1.789    -0.045     25.81     CO3-2           7.294e-08   4.808e-08    -7.137    -7.318    -0.181     -7.12  H(0)          9.671e-34     H2              4.835e-34   4.846e-34   -33.316   -33.315     0.001     28.58  O(0)          1.428e-13     O2              7.140e-14   7.155e-14   -13.146   -13.145     0.001     32.79    ------------------------------Saturation indices-------------------------------      Phase               SI** log IAP   log K(343 K,   1 atm)      CH4(g)          -98.23   -101.27   -3.05  CH4    CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755    H2(g)           -30.18    -33.31   -3.14  H2    H2O(g)           -0.52     -0.01    0.51  H2O    O2(g)           -10.06    -13.15   -3.09  O2    **For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm.    For ideal gases, phi = 1.    ------------------  End of simulation.  ------------------    ------------------------------------  Reading input data for simulation 2.  ------------------------------------    -------------------------------  End of Run after 0.235 Seconds.  -------------------------------    
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Table C4:  PHREEQC (V.3) output data for an aqueous system at 70 ̊C, 0.1 M NaCl and 

77 bar CO2.  These results are presented in chapter 4.   

   Input file: /Users/KristinLammers/Desktop/input77barpoint1phrpH.txt 
  Output file: /Users/KristinLammers/Desktop/output77barpoint1phrpH.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        11 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 100 
             Cl 100 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
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 Cl                1.000e-01   1.000e-01 
 Na                1.000e-01   1.000e-01 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  11.000     
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 31318 
                          Density (g/cm≥)  =   0.98214 
                               Volume (L)  =   1.02452 
                        Activity of water  =   0.996 
                           Ionic strength  =   1.109e-01 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   2.189e-02 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -2.189e-02 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -9.87 
                               Iterations  =   4 
                                  Total H  = 1.110343e+02 
                                  Total O  = 5.552811e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             2.189e-02   1.610e-02    -1.660    -1.793    -0.134     -3.68 
   H+              1.238e-11   1.000e-11   -10.907   -11.000    -0.093      0.00 
   H2O             5.551e+01   9.962e-01     1.744    -0.002     0.000     18.43 
Cl            1.000e-01 
   Cl-             1.000e-01   7.409e-02    -1.000    -1.130    -0.130     18.18 
H(0)          9.351e-34 
   H2              4.675e-34   4.796e-34   -33.330   -33.319     0.011     28.58 
Na            1.000e-01 
   Na+             1.000e-01   7.612e-02    -1.000    -1.118    -0.118      0.30 
   NaOH            1.194e-13   1.225e-13   -12.923   -12.912     0.011     (0)   
O(0)          1.455e-13 
   O2              7.276e-14   7.465e-14   -13.138   -13.127     0.011     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  H2(g)           -30.18    -33.32   -3.14  H2 
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  H2O(g)           -0.52     -0.00    0.51  H2O 
  Halite           -3.85     -2.25    1.60  NaCl 
  O2(g)           -10.04    -13.13   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.153e+00  -8.468e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 8.468e-01   8.468e-01 
 Cl                1.000e-01   1.000e-01 
 Na                1.000e-01   1.000e-01 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   4.603      Charge balance 
                                       pe  =  10.396      Adjusted to redox equilibrium 
       Specific Conductance (µS/cm, 70∞C)  = 25134 
                          Density (g/cm≥)  =   0.99961 
                               Volume (L)  =   1.04389 
                        Activity of water  =   0.982 
                           Ionic strength  =   1.104e-01 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   2.189e-02 
                       Total CO2 (mol/kg)  =   8.468e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -2.189e-02 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -9.91 



! 136!

                               Iterations  =  15 
                                  Total H  = 1.110343e+02 
                                  Total O  = 5.722166e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              3.086e-05   2.494e-05    -4.511    -4.603    -0.092      0.00 
   OH-             8.648e-09   6.362e-09    -8.063    -8.196    -0.133     -3.69 
   H2O             5.551e+01   9.822e-01     1.744    -0.008     0.000     18.43 
C(-4)         0.000e+00 
   CH4             0.000e+00   0.000e+00  -101.296  -101.285     0.011     32.22 
C(4)          8.468e-01 
   CO2             8.249e-01   8.461e-01    -0.084    -0.073     0.011     22.71 
   HCO3-           2.137e-02   1.638e-02    -1.670    -1.786    -0.116     26.32 
   NaHCO3          5.450e-04   5.590e-04    -3.264    -3.253     0.011      1.80 
   NaCO3-          6.542e-07   4.954e-07    -6.184    -6.305    -0.121      0.61 
   CO3-2           1.419e-07   4.889e-08    -6.848    -7.311    -0.463     -5.90 
Cl            1.000e-01 
   Cl-             1.000e-01   7.412e-02    -1.000    -1.130    -0.130     18.18 
H(0)          9.377e-34 
   H2              4.689e-34   4.809e-34   -33.329   -33.318     0.011     28.58 
Na            1.000e-01 
   Na+             9.945e-02   7.574e-02    -1.002    -1.121    -0.118      0.30 
   NaHCO3          5.450e-04   5.590e-04    -3.264    -3.253     0.011      1.80 
   NaCO3-          6.542e-07   4.954e-07    -6.184    -6.305    -0.121      0.61 
   NaOH            4.697e-20   4.818e-20   -19.328   -19.317     0.011     (0)   
O(0)          1.407e-13 
   O2              7.036e-14   7.217e-14   -13.153   -13.142     0.011     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)          -98.24   -101.29   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  H2(g)           -30.18    -33.32   -3.14  H2 
  H2O(g)           -0.52     -0.01    0.51  H2O 
  Halite           -3.85     -2.25    1.60  NaCl 
  O2(g)           -10.05    -13.14   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
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------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.025107 Seconds. 
---------------------------------- 
  



! 138!

Table C5:  PHREEQC (V.3) output data for an aqueous system at 70 ̊C, 1.0 M NaCl and 

77 bar CO2.  These results are presented in chapter 4.  

 
   Input file: /Users/KristinLammers/Desktop/inpuut77bar1MphrpH.txt 
  Output file: /Users/KristinLammers/Desktop/outpuut77bar1MphrpH.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        11 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 1000 
     Cl 1000 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
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 Cl                1.000e+00   1.000e+00 
 Na                1.000e+00   1.000e+00 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  11.000     
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 181469 
                          Density (g/cm≥)  =   1.01568 
                               Volume (L)  =   1.04258 
                        Activity of water  =   0.966 
                           Ionic strength  =   1.014e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   2.820e-02 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -2.820e-02 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -1.39 
                               Iterations  =   4 
                                  Total H  = 1.110406e+02 
                                  Total O  = 5.553442e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             2.820e-02   1.560e-02    -1.550    -1.807    -0.257     -1.72 
   H+              1.377e-11   1.000e-11   -10.861   -11.000    -0.139      0.00 
   H2O             5.551e+01   9.655e-01     1.744    -0.015     0.000     18.43 
Cl            1.000e+00 
   Cl-             1.000e+00   5.823e-01    -0.000    -0.235    -0.235     19.02 
H(0)          7.595e-34 
   H2              3.798e-34   4.796e-34   -33.420   -33.319     0.101     28.58 
Na            1.000e+00 
   Na+             1.000e+00   7.034e-01    -0.000    -0.153    -0.153      0.86 
   NaOH            8.687e-13   1.097e-12   -12.061   -11.960     0.101     (0)   
O(0)          1.110e-13 
   O2              5.551e-14   7.012e-14   -13.256   -13.154     0.101     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
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  H2(g)           -30.18    -33.32   -3.14  H2 
  H2O(g)           -0.53     -0.02    0.51  H2O 
  Halite           -1.99     -0.39    1.60  NaCl 
  O2(g)           -10.07    -13.15   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.301e+00  -6.987e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 6.987e-01   6.987e-01 
 Cl                1.000e+00   1.000e+00 
 Na                1.000e+00   1.000e+00 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   4.590      Charge balance 
                                       pe  =  10.413      Adjusted to redox equilibrium 
       Specific Conductance (µS/cm, 70∞C)  = 176081 
                          Density (g/cm≥)  =   1.02940 
                               Volume (L)  =   1.05855 
                        Activity of water  =   0.954 
                           Ionic strength  =   1.010e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   2.820e-02 
                       Total CO2 (mol/kg)  =   6.987e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -2.820e-02 
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 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -1.40 
                               Iterations  =  16 
                                  Total H  = 1.110406e+02 
                                  Total O  = 5.693187e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              3.541e-05   2.572e-05    -4.451    -4.590    -0.139      0.00 
   OH-             1.083e-08   5.993e-09    -7.965    -8.222    -0.257     -1.72 
   H2O             5.551e+01   9.542e-01     1.744    -0.020     0.000     18.43 
C(-4)         0.000e+00 
   CH4             0.000e+00   0.000e+00  -101.389  -101.288     0.101     32.22 
C(4)          6.987e-01 
   CO2             6.705e-01   8.461e-01    -0.174    -0.073     0.101     22.71 
   HCO3-           2.437e-02   1.543e-02    -1.613    -1.812    -0.199     28.77 
   NaHCO3          3.859e-03   4.870e-03    -2.414    -2.312     0.101      1.80 
   NaCO3-          5.399e-06   4.185e-06    -5.268    -5.378    -0.111      6.77 
   CO3-2           2.780e-07   4.465e-08    -6.556    -7.350    -0.794     -3.48 
Cl            1.000e+00 
   Cl-             1.000e+00   5.825e-01     0.000    -0.235    -0.235     19.02 
H(0)          7.501e-34 
   H2              3.751e-34   4.733e-34   -33.426   -33.325     0.101     28.58 
Na            1.000e+00 
   Na+             9.961e-01   7.005e-01    -0.002    -0.155    -0.153      0.85 
   NaHCO3          3.859e-03   4.870e-03    -2.414    -2.312     0.101      1.80 
   NaCO3-          5.399e-06   4.185e-06    -5.268    -5.378    -0.111      6.77 
   NaOH            3.327e-19   4.198e-19   -18.478   -18.377     0.101     (0)   
O(0)          1.115e-13 
   O2              5.573e-14   7.033e-14   -13.254   -13.153     0.101     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)          -98.24   -101.29   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  H2(g)           -30.19    -33.32   -3.14  H2 
  H2O(g)           -0.54     -0.02    0.51  H2O 
  Halite           -1.99     -0.39    1.60  NaCl 
  O2(g)           -10.06    -13.15   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
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------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.024005 Seconds. 
---------------------------------- 
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Table C6:  PHREEQC (V.3) output data for an aqueous system at 70 ̊C, 3.0 M NaCl and 

77 bar CO2.  These results are presented in chapter 4. 

 
   Input file: /Users/KristinLammers/Desktop/input77ba3MphrpH.txt 
  Output file: /Users/KristinLammers/Desktop/output77ba3MphrpH.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        11 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 3000           
     Cl 3000 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
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 Cl                3.000e+00   3.000e+00 
 Na                3.000e+00   3.000e+00 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  11.000     
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 464633 
                          Density (g/cm≥)  =   1.08269 
                               Volume (L)  =   1.08603 
                        Activity of water  =   0.897 
                           Ionic strength  =   3.015e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   3.018e-02 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -3.018e-02 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.50 
                               Iterations  =   4 
                                  Total H  = 1.110426e+02 
                                  Total O  = 5.553640e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             3.018e-02   1.450e-02    -1.520    -1.839    -0.318      1.53 
   H+              1.429e-11   1.000e-11   -10.845   -11.000    -0.155      0.00 
   H2O             5.551e+01   8.975e-01     1.744    -0.047     0.000     18.43 
Cl            3.000e+00 
   Cl-             3.000e+00   1.651e+00     0.477     0.218    -0.259     19.77 
H(0)          4.791e-34 
   H2              2.396e-34   4.796e-34   -33.621   -33.319     0.302     28.58 
Na            3.000e+00 
   Na+             3.000e+00   2.741e+00     0.477     0.438    -0.039      1.31 
   NaOH            1.985e-12   3.974e-12   -11.702   -11.401     0.302     (0)   
O(0)          6.052e-14 
   O2              3.026e-14   6.058e-14   -13.519   -13.218     0.302     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
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  H2(g)           -30.18    -33.32   -3.14  H2 
  H2O(g)           -0.56     -0.05    0.51  H2O 
  Halite           -0.95      0.66    1.60  NaCl 
  O2(g)           -10.13    -13.22   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.546e+00  -4.536e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 4.536e-01   4.536e-01 
 Cl                3.000e+00   3.000e+00 
 Na                3.000e+00   3.000e+00 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   4.545      Charge balance 
                                       pe  =  10.458      Adjusted to redox equilibrium 
       Specific Conductance (µS/cm, 70∞C)  = 460760 
                          Density (g/cm≥)  =   1.09074 
                               Volume (L)  =   1.09633 
                        Activity of water  =   0.890 
                           Ionic strength  =   3.007e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   3.018e-02 
                       Total CO2 (mol/kg)  =   4.536e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -3.018e-02 
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 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.50 
                               Iterations  =  15 
                                  Total H  = 1.110426e+02 
                                  Total O  = 5.644354e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              4.075e-05   2.853e-05    -4.390    -4.545    -0.155      0.00 
   OH-             1.049e-08   5.043e-09    -7.979    -8.297    -0.318      1.51 
   H2O             5.551e+01   8.904e-01     1.744    -0.050     0.000     18.43 
C(-4)         0.000e+00 
   CH4             0.000e+00   0.000e+00  -101.525  -101.224     0.301     32.22 
C(4)          4.536e-01 
   CO2             4.234e-01   8.461e-01    -0.373    -0.073     0.301     22.71 
   HCO3-           2.221e-02   1.298e-02    -1.653    -1.887    -0.233     33.09 
   NaHCO3          7.992e-03   1.597e-02    -2.097    -1.797     0.301      1.80 
   NaCO3-          8.773e-06   1.238e-05    -5.057    -4.907     0.150     19.31 
   CO3-2           2.904e-07   3.389e-08    -6.537    -7.470    -0.933     -2.54 
Cl            3.000e+00 
   Cl-             3.000e+00   1.651e+00     0.477     0.218    -0.259     19.77 
H(0)          4.745e-34 
   H2              2.373e-34   4.742e-34   -33.625   -33.324     0.301     28.58 
Na            3.000e+00 
   Na+             2.992e+00   2.730e+00     0.476     0.436    -0.040      1.31 
   NaHCO3          7.992e-03   1.597e-02    -2.097    -1.797     0.301      1.80 
   NaCO3-          8.773e-06   1.238e-05    -5.057    -4.907     0.150     19.31 
   NaOH            6.889e-19   1.377e-18   -18.162   -17.861     0.301     (0)   
O(0)          6.106e-14 
   O2              3.053e-14   6.101e-14   -13.515   -13.215     0.301     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)          -98.18   -101.22   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  H2(g)           -30.19    -33.32   -3.14  H2 
  H2O(g)           -0.57     -0.05    0.51  H2O 
  Halite           -0.95      0.65    1.60  NaCl 
  O2(g)           -10.13    -13.21   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 



! 147!

 
------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.024956 Seconds. 
---------------------------------- 
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Table C7:  PHREEQC (V.3) output data for an aqueous system at 70 ̊C, 4.0 M NaCl and 

77 bar CO2.  These results are presented in chapter 4. 

 
   Input file: /Users/KristinLammers/Desktop/input77bar4MphrpH.txt 
  Output file: /Users/KristinLammers/Desktop/output77bar4MphrpH.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        11 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 4000 
     Cl 4000 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
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 Cl                4.000e+00   4.000e+00 
 Na                4.000e+00   4.000e+00 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  11.000     
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 649154 
                          Density (g/cm≥)  =   1.11327 
                               Volume (L)  =   1.10870 
                        Activity of water  =   0.863 
                           Ionic strength  =   4.015e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   3.003e-02 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -3.003e-02 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.37 
                               Iterations  =   4 
                                  Total H  = 1.110425e+02 
                                  Total O  = 5.553625e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             3.003e-02   1.395e-02    -1.522    -1.855    -0.333      3.01 
   H+              1.440e-11   1.000e-11   -10.842   -11.000    -0.158      0.00 
   H2O             5.551e+01   8.635e-01     1.744    -0.064     0.000     18.43 
Cl            4.000e+00 
   Cl-             4.000e+00   2.217e+00     0.602     0.346    -0.256     20.01 
H(0)          3.806e-34 
   H2              1.903e-34   4.796e-34   -33.721   -33.319     0.402     28.58 
Na            4.000e+00 
   Na+             4.000e+00   4.296e+00     0.602     0.633     0.031      1.46 
   NaOH            2.378e-12   5.993e-12   -11.624   -11.222     0.402     (0)   
O(0)          4.450e-14 
   O2              2.225e-14   5.608e-14   -13.653   -13.251     0.402     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 



! 150!

  H2(g)           -30.18    -33.32   -3.14  H2 
  H2O(g)           -0.58     -0.06    0.51  H2O 
  Halite           -0.62      0.98    1.60  NaCl 
  O2(g)           -10.16    -13.25   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.634e+00  -3.664e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 3.664e-01   3.664e-01 
 Cl                4.000e+00   4.000e+00 
 Na                4.000e+00   4.000e+00 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   4.526      Charge balance 
                                       pe  =  10.484      Adjusted to redox equilibrium 
       Specific Conductance (µS/cm, 70∞C)  = 646244 
                          Density (g/cm≥)  =   1.11947 
                               Volume (L)  =   1.11697 
                        Activity of water  =   0.858 
                           Ionic strength  =   4.006e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   3.003e-02 
                       Total CO2 (mol/kg)  =   3.664e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -3.003e-02 
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 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.37 
                               Iterations  =  16 
                                  Total H  = 1.110425e+02 
                                  Total O  = 5.626915e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              4.287e-05   2.978e-05    -4.368    -4.526    -0.158      0.00 
   OH-             1.002e-08   4.655e-09    -7.999    -8.332    -0.333      2.99 
   H2O             5.551e+01   8.579e-01     1.744    -0.067     0.000     18.43 
C(-4)         0.000e+00 
   CH4             0.000e+00   0.000e+00  -101.655  -101.254     0.401     32.22 
C(4)          3.664e-01 
   CO2             3.364e-01   8.461e-01    -0.473    -0.073     0.401     22.71 
   HCO3-           2.087e-02   1.198e-02    -1.680    -1.921    -0.241     35.11 
   NaHCO3          9.187e-03   2.311e-02    -2.037    -1.636     0.401      1.80 
   NaCO3-          8.626e-06   1.715e-05    -5.064    -4.766     0.299     25.44 
   CO3-2           2.758e-07   2.996e-08    -6.559    -7.523    -0.964     -2.64 
Cl            4.000e+00 
   Cl-             4.000e+00   2.217e+00     0.602     0.346    -0.256     20.00 
H(0)          3.637e-34 
   H2              1.819e-34   4.575e-34   -33.740   -33.340     0.401     28.58 
Na            4.000e+00 
   Na+             3.991e+00   4.279e+00     0.601     0.631     0.030      1.46 
   NaHCO3          9.187e-03   2.311e-02    -2.037    -1.636     0.401      1.80 
   NaCO3-          8.626e-06   1.715e-05    -5.064    -4.766     0.299     25.44 
   NaOH            7.919e-19   1.992e-18   -18.101   -17.701     0.401     (0)   
O(0)          4.839e-14 
   O2              2.420e-14   6.086e-14   -13.616   -13.216     0.401     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)          -98.21   -101.25   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  H2(g)           -30.20    -33.34   -3.14  H2 
  H2O(g)           -0.58     -0.07    0.51  H2O 
  Halite           -0.62      0.98    1.60  NaCl 
  O2(g)           -10.13    -13.22   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
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------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.024866 Seconds. 
---------------------------------- 
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Table C8:  PHREEQC (V.3) output data for a system exposed to 50 mM aqueous sodium 

sulfide at 70 ̊C and 77 bar CO2.  These results pertain to chapter 4. 

 
Input file: /Users/KristinLammers/Desktop/input77bar50mMsulfidephrq.txt 
  Output file: /Users/KristinLammers/Desktop/output77bar50mMsulfidephrq.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
   
       SOLUTION 1 
       temp      70 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 100 
      S(-2) 50 
    Density .97 
     
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1. temp      70 
       pH        7 charge 
       pe        4 
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       redox     pe 
       units     mmol/kgw 
         Na 100 
      S(-2) 50 
    Density .97 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 Pure water      
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   7.000     
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 25∞C)  = 0 
                          Density (g/cm≥)  =   0.99704 
                               Volume (L)  =   1.00297 
                        Activity of water  =   1.000 
                           Ionic strength  =   1.007e-07 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.217e-09 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  25.00 
                  Electrical balance (eq)  =  -1.217e-09 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.60 
                               Iterations  =   0 
                                  Total H  = 1.110124e+02 
                                  Total O  = 5.550622e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             1.013e-07   1.012e-07    -6.995    -6.995    -0.000     -4.14 
   H+              1.001e-07   1.000e-07    -7.000    -7.000    -0.000      0.00 
   H2O             5.551e+01   1.000e+00     1.744     0.000     0.000     18.07 
H(0)          1.416e-25 
   H2              7.079e-26   7.079e-26   -25.150   -25.150     0.000     28.61 
O(0)          0.000e+00 
   O2              0.000e+00   0.000e+00   -42.080   -42.080     0.000     30.40 
 
------------------------------Saturation indices------------------------------- 
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  Phase               SI** log IAP   log K(298 K,   1 atm) 
 
  H2(g)           -22.05    -25.15   -3.10  H2 
  H2O(g)           -1.50      0.00    1.50  H2O 
  O2(g)           -39.19    -42.08   -2.89  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1. temp      70 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 100 
      S(-2) 50 
    Density .97 
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.64     0.18     -1.46    1.000e+01   8.486e+00  -1.514e+00 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 1.514e+00   1.514e+00 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   3.091      Charge balance 
                                       pe  =   2.844      Adjusted to redox equilibrium 
       Specific Conductance (µS/cm, 25∞C)  = 323 
                          Density (g/cm≥)  =   1.01877 
                               Volume (L)  =   1.04700 
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                        Activity of water  =   0.974 
                           Ionic strength  =   8.361e-04 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.217e-09 
                       Total CO2 (mol/kg)  =   1.514e+00 
                         Temperature (∞C)  =  25.00 
                  Electrical balance (eq)  =  -1.217e-09 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  14 
                                  Total H  = 1.110124e+02 
                                  Total O  = 5.853515e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              8.361e-04   8.104e-04    -3.078    -3.091    -0.014      0.00 
   OH-             1.258e-11   1.217e-11   -10.900   -10.915    -0.014     -4.11 
   H2O             5.551e+01   9.742e-01     1.744    -0.011     0.000     18.07 
C(-4)         1.289e-23 
   CH4             1.289e-23   1.289e-23   -22.890   -22.890     0.000     32.22 
C(4)          1.514e+00 
   CO2             1.514e+00   1.514e+00     0.180     0.180     0.000     29.09 
   HCO3-           8.361e-04   8.095e-04    -3.078    -3.092    -0.014     24.68 
   CO3-2           5.331e-11   4.685e-11   -10.273   -10.329    -0.056     -5.28 
H(0)          1.907e-15 
   H2              9.533e-16   9.534e-16   -15.021   -15.021     0.000     28.61 
O(0)          0.000e+00 
   O2              0.000e+00   0.000e+00   -62.361   -62.361     0.000     30.40 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(298 K,   1 atm) 
 
  CH4(g)          -20.05    -22.89   -2.84  CH4 
  CO2(g)            1.64      0.18   -1.46  CO2  Pressure  75.9 atm, phi 0.577 
  H2(g)           -11.92    -15.02   -3.10  H2 
  H2O(g)           -1.51     -0.01    1.50  H2O 
  O2(g)           -59.47    -62.36   -2.89  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
------------------ 
End of simulation. 
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------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.022085 Seconds 
  



! 158!

Table C9:  PHREEQC (V.3) output data for a system exposed to 50 mM aqueous sodium 

sulfide, 0.1 M NaCl at 70 ̊C and 77 bar CO2.  These results pertain to chapter 4. 

 
   Input file: /Users/KristinLammers/Desktop/input77bar50mMsulfidepoint1phr.txt 
  Output file: /Users/KristinLammers/Desktop/output77bar50mMsulfidepoint1phr.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 200 
      S(-2) 50 
             Cl 100 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
 
-----------------------------Solution composition------------------------------ 
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 Elements           Molality       Moles 
 
 Cl                1.000e-01   1.000e-01 
 Na                2.000e-01   2.000e-01 
 S(-2)             5.000e-02   5.000e-02 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  11.120      Charge balance 
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 48425 
                          Density (g/cm≥)  =   0.98544 
                               Volume (L)  =   1.02524 
                        Activity of water  =   0.994 
                           Ionic strength  =   2.188e-01 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.000e-01 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -1.172e-12 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =   9 
                                  Total H  = 1.110748e+02 
                                  Total O  = 5.553739e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             3.117e-02   2.115e-02    -1.506    -1.675    -0.168     -3.37 
   H+              9.732e-12   7.588e-12   -11.012   -11.120    -0.108      0.00 
   H2O             5.551e+01   9.935e-01     1.744    -0.003     0.000     18.43 
Cl            1.000e-01 
   Cl-             1.000e-01   6.879e-02    -1.000    -1.162    -0.162     18.36 
H(0)          5.252e-34 
   H2              2.626e-34   2.762e-34   -33.581   -33.559     0.022     28.58 
Na            2.000e-01 
   Na+             2.000e-01   1.445e-01    -0.699    -0.840    -0.141      0.44 
   NaOH            2.907e-13   3.057e-13   -12.537   -12.515     0.022     (0)   
O(0)          4.258e-13 
   O2              2.129e-13   2.239e-13   -12.672   -12.650     0.022     32.79 
S(-2)         5.000e-02 
   HS-             3.117e-02   2.115e-02    -1.506    -1.675    -0.168     21.57 
   S-2             1.883e-02   4.901e-03    -1.725    -2.310    -0.585     (0)   
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   H2S             5.712e-07   6.007e-07    -6.243    -6.221     0.022     37.27 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  H2(g)           -30.42    -33.56   -3.14  H2 
  H2O(g)           -0.52     -0.00    0.51  H2O 
  H2S(g)           -4.86    -12.79   -7.93  H2S 
  Halite           -3.60     -2.00    1.60  NaCl 
  O2(g)            -9.56    -12.65   -3.09  O2 
  Sulfur           20.05     24.02    3.97  S 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.096e+00  -9.036e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 9.047e-01   9.036e-01 
 Cl                1.001e-01   1.000e-01 
 Na                2.002e-01   2.000e-01 
 S                 5.006e-02   5.000e-02 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   5.212      Charge balance 
                                       pe  =  -2.501      Adjusted to redox equilibrium 
       Specific Conductance (µS/cm, 70∞C)  = 39241 



! 161!

                          Density (g/cm≥)  =   1.00386 
                               Volume (L)  =   1.04604 
                        Activity of water  =   0.979 
                           Ionic strength  =   1.967e-01 
                       Mass of water (kg)  =   9.988e-01 
                 Total alkalinity (eq/kg)  =   9.807e-02 
                       Total CO2 (mol/kg)  =   9.036e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -1.190e-12 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  28 
                                  Total H  = 1.110748e+02 
                                  Total O  = 5.734459e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              7.830e-06   6.139e-06    -5.106    -5.212    -0.106      0.00 
   OH-             3.746e-08   2.576e-08    -7.426    -7.589    -0.163     -3.43 
   H2O             5.551e+01   9.787e-01     1.744    -0.009     0.000     18.43 
C(-4)         1.024e-03 
   CH4             1.024e-03   1.071e-03    -2.990    -2.970     0.020     32.22 
C(4)          9.036e-01 
   CO2             8.086e-01   8.461e-01    -0.092    -0.073     0.020     22.71 
   HCO3-           9.091e-02   6.630e-02    -1.041    -1.178    -0.137     26.63 
   NaHCO3          4.074e-03   4.263e-03    -2.390    -2.370     0.020      1.80 
   NaCO3-          2.112e-05   1.535e-05    -4.675    -4.814    -0.139      1.27 
   CO3-2           2.843e-06   8.042e-07    -5.546    -6.095    -0.548     -5.40 
Cl            1.001e-01 
   Cl-             1.001e-01   6.971e-02    -0.999    -1.157    -0.157     18.33 
H(0)          3.479e-09 
   H2              1.739e-09   1.820e-09    -8.760    -8.740     0.020     28.58 
Na            2.002e-01 
   Na+             1.959e-01   1.426e-01    -0.708    -0.846    -0.138      0.41 
   NaHCO3          4.074e-03   4.263e-03    -2.390    -2.370     0.020      1.80 
   NaSO4-          2.564e-04   1.870e-04    -3.591    -3.728    -0.137     14.72 
   NaCO3-          2.112e-05   1.535e-05    -4.675    -4.814    -0.139      1.27 
   NaOH            3.512e-19   3.674e-19   -18.455   -18.435     0.020     (0)   
O(0)          0.000e+00 
   O2              0.000e+00   0.000e+00   -62.320   -62.301     0.020     32.79 
S(-2)         4.904e-02 
   H2S             4.599e-02   4.812e-02    -1.337    -1.318     0.020     37.27 
   HS-             3.046e-03   2.094e-03    -2.516    -2.679    -0.163     21.54 
   S-2             2.214e-09   5.998e-10    -8.655    -9.222    -0.567     (0)   
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S(6)          1.024e-03 
   SO4-2           7.670e-04   2.041e-04    -3.115    -3.690    -0.575     18.02 
   NaSO4-          2.564e-04   1.870e-04    -3.591    -3.728    -0.137     14.72 
   HSO4-           5.182e-07   3.766e-07    -6.286    -6.424    -0.139     41.94 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)            0.08     -2.97   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  H2(g)            -5.60     -8.74   -3.14  H2 
  H2O(g)           -0.52     -0.01    0.51  H2O 
  H2S(g)            0.04     -7.89   -7.93  H2S 
  Halite           -3.60     -2.00    1.60  NaCl 
  O2(g)           -59.21    -62.30   -3.09  O2 
  Sulfur            0.13      4.10    3.97  S 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.032474 Seconds. 
---------------------------------- 
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Table C10:  PHREEQC (V.3) output data for a system exposed to 50 mM aqueous 

sodium sulfide, 1.0 M NaCl at 70 ̊C and 77 bar CO2.  These results pertain to chapter 4. 

 

   Input file: /Users/KristinLammers/Desktop/input77bar50mMsulfide1Mphr.txt 
  Output file: /Users/KristinLammers/Desktop/output77bar50mMsulfide1Mphr.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 1100 
      S(-2) 50 
     Cl 1000 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
 
-----------------------------Solution composition------------------------------ 
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 Elements           Molality       Moles 
 
 Cl                1.000e+00   1.000e+00 
 Na                1.100e+00   1.100e+00 
 S(-2)             5.000e-02   5.000e-02 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  11.013      Charge balance 
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 188850 
                          Density (g/cm≥)  =   1.01864 
                               Volume (L)  =   1.04342 
                        Activity of water  =   0.963 
                           Ionic strength  =   1.121e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.000e-01 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -1.380e-10 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =   9 
                                  Total H  = 1.110712e+02 
                                  Total O  = 5.553562e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             2.940e-02   1.605e-02    -1.532    -1.795    -0.263     -1.53 
   H+              1.340e-11   9.696e-12   -10.873   -11.013    -0.141      0.00 
   H2O             5.551e+01   9.630e-01     1.744    -0.016     0.000     18.43 
Cl            1.000e+00 
   Cl-             1.000e+00   5.772e-01    -0.000    -0.239    -0.239     19.08 
H(0)          6.968e-34 
   H2              3.484e-34   4.510e-34   -33.458   -33.346     0.112     28.58 
Na            1.100e+00 
   Na+             1.100e+00   7.805e-01     0.041    -0.108    -0.149      0.89 
   NaOH            9.675e-13   1.252e-12   -12.014   -11.902     0.112     (0)   
O(0)          1.219e-13 
   O2              6.095e-14   7.889e-14   -13.215   -13.103     0.112     32.79 
S(-2)         5.000e-02 
   HS-             2.940e-02   1.604e-02    -1.532    -1.795    -0.263     22.43 
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   S-2             2.060e-02   2.909e-03    -1.686    -2.536    -0.850     (0)   
   H2S             4.498e-07   5.822e-07    -6.347    -6.235     0.112     37.27 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  H2(g)           -30.21    -33.35   -3.14  H2 
  H2O(g)           -0.53     -0.02    0.51  H2O 
  H2S(g)           -4.88    -12.81   -7.93  H2S 
  Halite           -1.95     -0.35    1.60  NaCl 
  O2(g)           -10.01    -13.10   -3.09  O2 
  Sulfur           19.82     23.79    3.97  S 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.247e+00  -7.528e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 7.538e-01   7.528e-01 
 Cl                1.001e+00   1.000e+00 
 Na                1.101e+00   1.100e+00 
 S                 5.006e-02   5.000e-02 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   5.105      Charge balance 
                                       pe  =  -2.418      Adjusted to redox equilibrium 
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       Specific Conductance (µS/cm, 70∞C)  = 183732 
                          Density (g/cm≥)  =   1.03334 
                               Volume (L)  =   1.06064 
                        Activity of water  =   0.951 
                           Ionic strength  =   1.088e+00 
                       Mass of water (kg)  =   9.988e-01 
                 Total alkalinity (eq/kg)  =   9.740e-02 
                       Total CO2 (mol/kg)  =   7.524e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -1.380e-10 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  28 
                                  Total H  = 1.110712e+02 
                                  Total O  = 5.704131e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              1.083e-05   7.846e-06    -4.965    -5.105    -0.140      0.00 
   OH-             3.573e-08   1.958e-08    -7.447    -7.708    -0.261     -1.58 
   H2O             5.551e+01   9.508e-01     1.744    -0.022     0.000     18.43 
C(-4)         1.359e-03 
   CH4             1.359e-03   1.746e-03    -2.867    -2.758     0.109     32.22 
C(4)          7.524e-01 
   CO2             6.586e-01   8.461e-01    -0.181    -0.073     0.109     22.71 
   HCO3-           8.008e-02   5.040e-02    -1.096    -1.298    -0.201     28.95 
   NaHCO3          1.360e-02   1.747e-02    -1.866    -1.758     0.109      1.80 
   NaCO3-          6.236e-05   4.922e-05    -4.205    -4.308    -0.103      7.27 
   CO3-2           3.049e-06   4.783e-07    -5.516    -6.320    -0.804     -3.38 
Cl            1.001e+00 
   Cl-             1.001e+00   5.794e-01     0.001    -0.237    -0.238     19.06 
H(0)          3.155e-09 
   H2              1.578e-09   2.027e-09    -8.802    -8.693     0.109     28.58 
Na            1.101e+00 
   Na+             1.087e+00   7.691e-01     0.036    -0.114    -0.150      0.88 
   NaHCO3          1.360e-02   1.747e-02    -1.866    -1.758     0.109      1.80 
   NaSO4-          6.839e-04   4.304e-04    -3.165    -3.366    -0.201     21.61 
   NaCO3-          6.236e-05   4.922e-05    -4.205    -4.308    -0.103      7.27 
   NaOH            1.172e-18   1.506e-18   -17.931   -17.822     0.109     (0)   
O(0)          0.000e+00 
   O2              0.000e+00   0.000e+00   -62.528   -62.419     0.109     32.79 
S(-2)         4.870e-02 
   H2S             4.510e-02   5.794e-02    -1.346    -1.237     0.109     37.27 
   HS-             3.601e-03   1.973e-03    -2.444    -2.705    -0.261     22.41 



! 167!

   S-2             3.098e-09   4.421e-10    -8.509    -9.354    -0.845     (0)   
S(6)          1.359e-03 
   NaSO4-          6.839e-04   4.304e-04    -3.165    -3.366    -0.201     21.61 
   SO4-2           6.748e-04   8.714e-05    -3.171    -4.060    -0.889     21.51 
   HSO4-           2.604e-07   2.055e-07    -6.584    -6.687    -0.103     42.66 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)            0.29     -2.76   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  H2(g)            -5.56     -8.69   -3.14  H2 
  H2O(g)           -0.54     -0.02    0.51  H2O 
  H2S(g)            0.12     -7.81   -7.93  H2S 
  Halite           -1.95     -0.35    1.60  NaCl 
  O2(g)           -59.33    -62.42   -3.09  O2 
  Sulfur            0.17      4.14    3.97  S 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.031315 Seconds. 
---------------------------------- 
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 Table C11.  PHREEQC (V.3) output data for a system exposed to 50 mM aqueous 
sodium sulfide, 3.0 M NaCl at 70 ̊C and 77 bar CO2.  These results pertain to chapter 4. 
 
  Input file: /Users/KristinLammers/Desktop/input77bar50mMsulfide3MNaClphr.txt 
  Output file: 
/Users/KristinLammers/Desktop/output77bar50mMsulfide3MNaClphr.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 3100 
      S(-2) 50 
     Cl 3000 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
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 Cl                3.000e+00   3.000e+00 
 Na                3.100e+00   3.100e+00 
 S(-2)             5.000e-02   5.000e-02 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  10.970      Charge balance 
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 480282 
                          Density (g/cm≥)  =   1.08535 
                               Volume (L)  =   1.08696 
                        Activity of water  =   0.895 
                           Ionic strength  =   3.122e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.000e-01 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -1.586e-10 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =   9 
                                  Total H  = 1.110688e+02 
                                  Total O  = 5.553442e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             2.820e-02   1.349e-02    -1.550    -1.870    -0.320      1.68 
   H+              1.532e-11   1.072e-11   -10.815   -10.970    -0.155      0.00 
   H2O             5.551e+01   8.950e-01     1.744    -0.048     0.000     18.43 
Cl            3.000e+00 
   Cl-             3.000e+00   1.651e+00     0.477     0.218    -0.259     19.80 
H(0)          5.369e-34 
   H2              2.684e-34   5.508e-34   -33.571   -33.259     0.312     28.58 
Na            3.100e+00 
   Na+             3.100e+00   2.880e+00     0.491     0.459    -0.032      1.32 
   NaOH            1.894e-12   3.886e-12   -11.723   -11.410     0.312     (0)   
O(0)          4.452e-14 
   O2              2.226e-14   4.568e-14   -13.652   -13.340     0.312     32.79 
S(-2)         5.000e-02 
   HS-             2.820e-02   1.349e-02    -1.550    -1.870    -0.320     23.47 
   S-2             2.180e-02   2.214e-03    -1.662    -2.655    -0.993     (0)   
   H2S             2.637e-07   5.411e-07    -6.579    -6.267     0.312     37.27 
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------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  H2(g)           -30.12    -33.26   -3.14  H2 
  H2O(g)           -0.56     -0.05    0.51  H2O 
  H2S(g)           -4.91    -12.84   -7.93  H2S 
  Halite           -0.92      0.68    1.60  NaCl 
  O2(g)           -10.25    -13.34   -3.09  O2 
  Sulfur           19.70     23.67    3.97  S 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.491e+00  -5.090e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 5.096e-01   5.090e-01 
 Cl                3.004e+00   3.000e+00 
 Na                3.104e+00   3.100e+00 
 S                 5.006e-02   5.000e-02 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   5.024      Charge balance 
                                       pe  =  -2.367      Adjusted to redox equilibrium 
       Specific Conductance (µS/cm, 70∞C)  = 474018 
                          Density (g/cm≥)  =   1.09437 
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                               Volume (L)  =   1.09848 
                        Activity of water  =   0.887 
                           Ionic strength  =   3.078e+00 
                       Mass of water (kg)  =   9.988e-01 
                 Total alkalinity (eq/kg)  =   9.666e-02 
                       Total CO2 (mol/kg)  =   5.079e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -1.586e-10 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  29 
                                  Total H  = 1.110688e+02 
                                  Total O  = 5.655244e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              1.353e-05   9.466e-06    -4.869    -5.024    -0.155      0.00 
   OH-             3.159e-08   1.514e-08    -7.500    -7.820    -0.319      1.62 
   H2O             5.551e+01   8.871e-01     1.744    -0.052     0.000     18.43 
C(-4)         1.732e-03 
   CH4             1.732e-03   3.519e-03    -2.761    -2.454     0.308     32.22 
C(4)          5.079e-01 
   CO2             4.165e-01   8.461e-01    -0.380    -0.073     0.308     22.71 
   HCO3-           6.678e-02   3.897e-02    -1.175    -1.409    -0.234     33.24 
   NaHCO3          2.455e-02   4.988e-02    -1.610    -1.302     0.308      1.80 
   NaCO3-          8.060e-05   1.165e-04    -4.094    -3.934     0.160     19.74 
   CO3-2           2.643e-06   3.066e-07    -5.578    -6.513    -0.936     -2.54 
Cl            3.004e+00 
   Cl-             3.004e+00   1.653e+00     0.478     0.218    -0.259     19.79 
H(0)          2.296e-09 
   H2              1.148e-09   2.333e-09    -8.940    -8.632     0.308     28.58 
Na            3.104e+00 
   Na+             3.078e+00   2.840e+00     0.488     0.453    -0.035      1.32 
   NaHCO3          2.455e-02   4.988e-02    -1.610    -1.302     0.308      1.80 
   NaSO4-          1.223e-03   7.135e-04    -2.913    -3.147    -0.234     30.06 
   NaCO3-          8.060e-05   1.165e-04    -4.094    -3.934     0.160     19.74 
   NaOH            2.116e-18   4.300e-18   -17.674   -17.367     0.308     (0)   
O(0)          0.000e+00 
   O2              0.000e+00   0.000e+00   -62.909   -62.602     0.308     32.79 
S(-2)         4.833e-02 
   H2S             4.316e-02   8.769e-02    -1.365    -1.057     0.308     37.27 
   HS-             5.165e-03   2.475e-03    -2.287    -2.606    -0.319     23.45 
   S-2             4.508e-09   4.597e-10    -8.346    -9.337    -0.992     (0)   
S(6)          1.732e-03 
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   NaSO4-          1.223e-03   7.135e-04    -2.913    -3.147    -0.234     30.06 
   SO4-2           5.094e-04   3.912e-05    -3.293    -4.408    -1.115     25.65 
   HSO4-           7.703e-08   1.113e-07    -7.113    -6.953     0.160     43.36 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)            0.59     -2.45   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  H2(g)            -5.50     -8.63   -3.14  H2 
  H2O(g)           -0.57     -0.05    0.51  H2O 
  H2S(g)            0.30     -7.63   -7.93  H2S 
  Halite           -0.93      0.67    1.60  NaCl 
  O2(g)           -59.51    -62.60   -3.09  O2 
  Sulfur            0.29      4.26    3.97  S 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.025845 Seconds. 
---------------------------------- 
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Table C12:  PHREEQC (V.3) output data for a system exposed to 50 mM aqueous 

sodium sulfide, 4.0 M NaCl at 70 ̊C and 77 bar CO2.  These results pertain to chapter 4. 

 
   Input file: /Users/KristinLammers/Desktop/input77bar50mMsulfide4M copy 2.txt 
  Output file: /Users/KristinLammers/Desktop/output77bar50mMsulfide4M copy 
2.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 4100 
            S(-2) 50 
     Cl 4000 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
 
-----------------------------Solution composition------------------------------ 
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 Elements           Molality       Moles 
 
 Cl                4.000e+00   4.000e+00 
 Na                4.100e+00   4.100e+00 
 S(-2)             5.000e-02   5.000e-02 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  10.966      Charge balance 
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 658552 
                          Density (g/cm≥)  =   1.11583 
                               Volume (L)  =   1.10965 
                        Activity of water  =   0.861 
                           Ionic strength  =   4.122e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.000e-01 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -1.323e-10 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =   9 
                                  Total H  = 1.110680e+02 
                                  Total O  = 5.553398e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             2.777e-02   1.286e-02    -1.556    -1.891    -0.334      3.15 
   H+              1.558e-11   1.082e-11   -10.807   -10.966    -0.159      0.00 
   H2O             5.551e+01   8.610e-01     1.744    -0.065     0.000     18.43 
Cl            4.000e+00 
   Cl-             4.000e+00   2.220e+00     0.602     0.346    -0.256     20.03 
H(0)          4.344e-34 
   H2              2.172e-34   5.612e-34   -33.663   -33.251     0.412     28.58 
Na            4.100e+00 
   Na+             4.100e+00   4.482e+00     0.613     0.652     0.039      1.47 
   NaOH            2.231e-12   5.764e-12   -11.651   -11.239     0.412     (0)   
O(0)          3.153e-14 
   O2              1.576e-14   4.073e-14   -13.802   -13.390     0.412     32.79 
S(-2)         5.000e-02 
   HS-             2.777e-02   1.286e-02    -1.556    -1.891    -0.334     23.85 
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   S-2             2.223e-02   2.090e-03    -1.653    -2.680    -1.027     (0)   
   H2S             2.015e-07   5.206e-07    -6.696    -6.284     0.412     37.27 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  H2(g)           -30.11    -33.25   -3.14  H2 
  H2O(g)           -0.58     -0.07    0.51  H2O 
  H2S(g)           -4.92    -12.86   -7.93  H2S 
  Halite           -0.60      1.00    1.60  NaCl 
  O2(g)           -10.30    -13.39   -3.09  O2 
  Sulfur           19.68     23.65    3.97  S 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.578e+00  -4.224e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 4.230e-01   4.224e-01 
 Cl                4.005e+00   4.000e+00 
 Na                4.105e+00   4.100e+00 
 S                 5.006e-02   5.000e-02 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   5.001      Charge balance 
                                       pe  =  -2.358      Adjusted to redox equilibrium 
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       Specific Conductance (µS/cm, 70∞C)  = 655608 
                          Density (g/cm≥)  =   1.12295 
                               Volume (L)  =   1.11916 
                        Activity of water  =   0.855 
                           Ionic strength  =   4.076e+00 
                       Mass of water (kg)  =   9.988e-01 
                 Total alkalinity (eq/kg)  =   9.633e-02 
                       Total CO2 (mol/kg)  =   4.211e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =  -1.340e-10 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  28 
                                  Total H  = 1.110680e+02 
                                  Total O  = 5.637888e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              1.435e-05   9.966e-06    -4.843    -5.001    -0.158      0.00 
   OH-             2.988e-08   1.385e-08    -7.525    -7.858    -0.334      3.09 
   H2O             5.551e+01   8.546e-01     1.744    -0.068     0.000     18.43 
C(-4)         1.893e-03 
   CH4             1.893e-03   4.839e-03    -2.723    -2.315     0.408     32.22 
C(4)          4.211e-01 
   CO2             3.310e-01   8.461e-01    -0.480    -0.073     0.408     22.71 
   HCO3-           6.218e-02   3.566e-02    -1.206    -1.448    -0.241     35.25 
   NaHCO3          2.780e-02   7.107e-02    -1.556    -1.148     0.408      1.80 
   NaCO3-          7.735e-05   1.576e-04    -4.112    -3.802     0.309     25.87 
   CO3-2           2.463e-06   2.665e-07    -5.609    -6.574    -0.966     -2.66 
Cl            4.005e+00 
   Cl-             4.005e+00   2.222e+00     0.603     0.347    -0.256     20.02 
H(0)          1.940e-09 
   H2              9.699e-10   2.479e-09    -9.013    -8.606     0.408     28.58 
Na            4.105e+00 
   Na+             4.076e+00   4.421e+00     0.610     0.646     0.035      1.47 
   NaHCO3          2.780e-02   7.107e-02    -1.556    -1.148     0.408      1.80 
   NaSO4-          1.443e-03   8.276e-04    -2.841    -3.082    -0.241     33.26 
   NaCO3-          7.735e-05   1.576e-04    -4.112    -3.802     0.309     25.87 
   NaOH            2.396e-18   6.126e-18   -17.620   -17.213     0.408     (0)   
O(0)          0.000e+00 
   O2              0.000e+00   0.000e+00   -63.095   -62.687     0.408     32.79 
S(-2)         4.817e-02 
   H2S             4.196e-02   1.073e-01    -1.377    -0.970     0.408     37.27 
   HS-             6.202e-03   2.876e-03    -2.207    -2.541    -0.334     23.83 
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   S-2             5.381e-09   5.074e-10    -8.269    -9.295    -1.026     (0)   
S(6)          1.893e-03 
   NaSO4-          1.443e-03   8.276e-04    -2.841    -3.082    -0.241     33.26 
   SO4-2           4.499e-04   2.915e-05    -3.347    -4.535    -1.189     27.19 
   HSO4-           4.284e-08   8.731e-08    -7.368    -7.059     0.309     43.58 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)            0.73     -2.32   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  H2(g)            -5.47     -8.61   -3.14  H2 
  H2O(g)           -0.58     -0.07    0.51  H2O 
  H2S(g)            0.39     -7.54   -7.93  H2S 
  Halite           -0.61      0.99    1.60  NaCl 
  O2(g)           -59.60    -62.69   -3.09  O2 
  Sulfur            0.35      4.32    3.97  S 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.023232 Seconds. 
---------------------------------- 
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Table C13:  PHREEQC (V.3) output data for an aqueous system with Fe+2 at 70 ˚C and 

77 bar CO2.  These results pertain to chapter 4, as PHREEQC does not account for redox 

thermodynamics. 

    

Input file: /Users/KristinLammers/Desktop/inputfe2.txt 

  Output file: /Users/KristinLammers/Desktop/outputfe2.txt.out 

Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 

 

------------------ 

Reading data base. 

------------------ 

 

 SOLUTION_MASTER_SPECIES 

 SOLUTION_SPECIES 

 PHASES 

 EXCHANGE_MASTER_SPECIES 

 EXCHANGE_SPECIES 

 SURFACE_MASTER_SPECIES 

 SURFACE_SPECIES 

 RATES 

 END 

------------------------------------ 

Reading input data for simulation 1. 

------------------------------------ 

 

 EQUILIBRIUM_PHASES 1 

  co2(g) 1.88 10 
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       SOLUTION 1 

       temp      70 

       pH        7 charge 

       pe        4 

       redox     pe 

       units     mmol/kgw 

      Fe(+2) 98 

    Density .97 

------------------------------------------- 

Beginning of initial solution calculations. 

------------------------------------------- 

 

Initial solution 1.  

 

-----------------------------Solution composition------------------------------ 

 

 Elements           Molality       Moles 

 

 Fe(2)             9.800e-02   9.800e-02 

 

----------------------------Description of solution---------------------------- 

 

                                       pH  =   9.929      Charge balance 

                                       pe  =   4.000     

       Specific Conductance (µS/cm, 70∞C)  = 790 

                          Density (g/cm≥)  =   0.98639 

                               Volume (L)  =   1.02272 
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                        Activity of water  =   0.998 

                           Ionic strength  =   2.792e-02 

                       Mass of water (kg)  =   1.000e+00 

                 Total alkalinity (eq/kg)  =   1.960e-01 

                    Total carbon (mol/kg)  =   0.000e+00 

                       Total CO2 (mol/kg)  =   0.000e+00 

                         Temperature (∞C)  =  70.00 

                  Electrical balance (eq)  =   1.114e-12 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 

                               Iterations  =  10 

                                  Total H  = 1.112084e+02 

                                  Total O  = 5.570222e+01 

 

----------------------------Distribution of species---------------------------- 

 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 

 

   OH-             1.639e-03   1.369e-03    -2.786    -2.863    -0.078     -4.02 

   H+              1.358e-10   1.178e-10    -9.867    -9.929    -0.062      0.00 

   H2O             5.551e+01   9.983e-01     1.744    -0.001     0.000     18.43 

Fe(2)         9.800e-02 

   Fe(OH)2         4.627e-02   4.656e-02    -1.335    -1.332     0.003     (0)   

   Fe(OH)3-        2.546e-02   2.153e-02    -1.594    -1.667    -0.073     (0)   

   FeOH+           2.545e-02   2.152e-02    -1.594    -1.667    -0.073     (0)   

   Fe+2            8.220e-04   4.324e-04    -3.085    -3.364    -0.279    -20.06 

H(0)          1.322e-31 
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   H2              6.611e-32   6.653e-32   -31.180   -31.177     0.003     28.58 

O(0)          7.741e-18 

   O2              3.871e-18   3.896e-18   -17.412   -17.409     0.003     32.79 

 

------------------------------Saturation indices------------------------------- 

 

  Phase               SI** log IAP   log K(343 K,   1 atm) 

 

  H2(g)           -28.04    -31.18   -3.14  H2 

  H2O(g)           -0.52     -0.00    0.51  H2O 

  O2(g)           -14.32    -17.41   -3.09  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

 

----------------------------------------- 

Beginning of batch-reaction calculations. 

----------------------------------------- 

 

Reaction step 1. 

 

Using solution 1.  

Using pure phase assemblage 1.  

 

-------------------------------Phase assemblage-------------------------------- 

 

                                                      Moles in assemblage 
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Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 

 

CO2(g)            1.76    -0.07     -1.83    1.000e+01   8.984e+00  -1.016e+00 

 

-----------------------------Solution composition------------------------------ 

 

 Elements           Molality       Moles 

 

 C                 1.016e+00   1.016e+00 

 Fe                9.800e-02   9.800e-02 

 

----------------------------Description of solution---------------------------- 

 

                                       pH  =   5.335      Charge balance 

                                       pe  =  -1.889      Adjusted to redox equilibrium 

       Specific Conductance (µS/cm, 70∞C)  = 12607 

                          Density (g/cm≥)  =   1.00902 

                               Volume (L)  =   1.04409 

                        Activity of water  =   0.982 

                           Ionic strength  =   1.370e-01 

                       Mass of water (kg)  =   1.000e+00 

                 Total alkalinity (eq/kg)  =   1.960e-01 

                       Total CO2 (mol/kg)  =   1.016e+00 

                         Temperature (∞C)  =  70.00 

                  Electrical balance (eq)  =   2.635e-10 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 

                               Iterations  =  41 
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                                  Total H  = 1.112084e+02 

                                  Total O  = 5.773343e+01 

 

----------------------------Distribution of species---------------------------- 

 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 

 

   H+              5.790e-06   4.626e-06    -5.237    -5.335    -0.097      0.00 

   OH-             4.779e-08   3.431e-08    -7.321    -7.465    -0.144     -3.60 

   H2O             5.551e+01   9.824e-01     1.744    -0.008     0.000     18.43 

C(-4)         1.346e-09 

   CH4             1.346e-09   1.390e-09    -8.871    -8.857     0.014     32.22 

C(4)          1.016e+00 

   CO2             8.198e-01   8.461e-01    -0.086    -0.073     0.014     22.71 

   HCO3-           1.174e-01   8.832e-02    -0.930    -1.054    -0.124     26.42 

   FeHCO3+         7.817e-02   5.824e-02    -1.107    -1.235    -0.128     (0)   

   FeCO3           2.179e-04   2.249e-04    -3.662    -3.648     0.014     (0)   

   CO3-2           4.435e-06   1.422e-06    -5.353    -5.847    -0.494     -5.73 

Fe(2)         9.800e-02 

   FeHCO3+         7.817e-02   5.824e-02    -1.107    -1.235    -0.128     (0)   

   Fe+2            1.960e-02   6.595e-03    -1.708    -2.181    -0.473    -19.52 

   FeCO3           2.179e-04   2.249e-04    -3.662    -3.648     0.014     (0)   

   FeOH+           1.103e-05   8.224e-06    -4.958    -5.085    -0.127     (0)   

   Fe(OH)2         4.319e-10   4.457e-10    -9.365    -9.351     0.014     (0)   

   Fe(OH)3-        6.922e-15   5.163e-15   -14.160   -14.287    -0.127     (0)   

Fe(3)         4.369e-10 
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   Fe(OH)2+        3.910e-10   2.942e-10    -9.408    -9.531    -0.124     (0)   

   Fe(OH)3         4.287e-11   4.424e-11   -10.368   -10.354     0.014     (0)   

   FeOH+2          3.068e-12   9.495e-13   -11.513   -12.022    -0.509     (0)   

   Fe(OH)4-        5.481e-14   4.124e-14   -13.261   -13.385    -0.124     (0)   

   Fe+3            5.219e-16   6.931e-17   -15.282   -16.159    -0.877     (0)   

   Fe2(OH)2+4      5.352e-22   4.823e-24   -21.271   -23.317    -2.045     (0)   

   Fe3(OH)4+5      1.261e-29   8.038e-33   -28.899   -32.095    -3.196     (0)   

H(0)          1.192e-10 

   H2              5.962e-11   6.153e-11   -10.225   -10.211     0.014     28.58 

O(0)          0.000e+00 

   O2              0.000e+00   0.000e+00   -59.369   -59.356     0.014     32.79 

 

------------------------------Saturation indices------------------------------- 

 

  Phase               SI** log IAP   log K(343 K,   1 atm) 

 

  CH4(g)           -5.81     -8.86   -3.05  CH4 

  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 

  Fe(OH)3(a)       -5.07     -0.18    4.89  Fe(OH)3 

  Goethite          2.22     -0.17   -2.39  FeOOH 

  H2(g)            -7.07    -10.21   -3.14  H2 

  H2O(g)           -0.52     -0.01    0.51  H2O 

  Hematite          6.64     -0.33   -6.97  Fe2O3 

  O2(g)           -56.27    -59.36   -3.09  O2 

  Siderite          3.10     -8.03  -11.13  FeCO3 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
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  For ideal gases, phi = 1. 

 

------------------ 

End of simulation. 

------------------ 

 

------------------------------------ 

Reading input data for simulation 2. 

------------------------------------ 

 

---------------------------------- 

End of Run after 0.026043 Seconds. 

---------------------------------- 
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Table C14:  PHREEQC (V.3) output data for an aqueous system with Fe+2 at 0.1 M 

NaCl, 70 ̊C and 77 bar CO2. These results pertain to chapter 4, as PHREEQC does not 

account for redox thermodynamics. 

 
 
   Input file: /Users/KristinLammers/Desktop/inputfe2poinone.txt 
  Output file: /Users/KristinLammers/Desktop/outputfe2poinone.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
         Na 100 
      Fe(+2) 98 
             Cl 100 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
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-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 Cl                1.000e-01   1.000e-01 
 Fe(2)             9.800e-02   9.800e-02 
 Na                1.000e-01   1.000e-01 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   9.935      Charge balance 
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 24021 
                          Density (g/cm≥)  =   0.99032 
                               Volume (L)  =   1.02457 
                        Activity of water  =   0.995 
                           Ionic strength  =   1.304e-01 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.960e-01 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =   2.229e-11 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 
                               Iterations  =   8 
                                  Total H  = 1.112084e+02 
                                  Total O  = 5.570222e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             1.915e-03   1.383e-03    -2.718    -2.859    -0.141     -3.62 
   H+              1.451e-10   1.162e-10    -9.838    -9.935    -0.096      0.00 
   H2O             5.551e+01   9.949e-01     1.744    -0.002     0.000     18.43 
Cl            1.000e-01 
   Cl-             9.995e-02   7.280e-02    -1.000    -1.138    -0.138     18.22 
   FeCl+           5.373e-05   4.018e-05    -4.270    -4.396    -0.126     (0)   
Fe(2)         9.800e-02 
   Fe(OH)2         4.260e-02   4.390e-02    -1.371    -1.358     0.013     (0)   
   Fe(OH)3-        2.735e-02   2.049e-02    -1.563    -1.688    -0.125     (0)   
   FeOH+           2.682e-02   2.010e-02    -1.572    -1.697    -0.125     (0)   
   Fe+2            1.170e-03   3.998e-04    -2.932    -3.398    -0.466    -19.54 
   FeCl+           5.373e-05   4.018e-05    -4.270    -4.396    -0.126     (0)   
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H(0)          1.258e-31 
   H2              6.289e-32   6.481e-32   -31.201   -31.188     0.013     28.58 
Na            1.000e-01 
   Na+             1.000e-01   7.515e-02    -1.000    -1.124    -0.124      0.33 
   NaOH            1.008e-14   1.039e-14   -13.996   -13.983     0.013     (0)   
O(0)          7.914e-18 
   O2              3.957e-18   4.078e-18   -17.403   -17.390     0.013     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  H2(g)           -28.05    -31.19   -3.14  H2 
  H2O(g)           -0.52     -0.00    0.51  H2O 
  Halite           -3.86     -2.26    1.60  NaCl 
  O2(g)           -14.30    -17.39   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.004e+00  -9.964e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 9.964e-01   9.964e-01 
 Cl                1.000e-01   1.000e-01 
 Fe                9.800e-02   9.800e-02 
 Na                1.000e-01   1.000e-01 
 
----------------------------Description of solution---------------------------- 
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                                       pH  =   5.319      Charge balance 
                                       pe  =  -1.653      Adjusted to redox equilibrium 
       Specific Conductance (µS/cm, 70∞C)  = 34619 
                          Density (g/cm≥)  =   1.01240 
                               Volume (L)  =   1.04554 
                        Activity of water  =   0.979 
                           Ionic strength  =   2.401e-01 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.960e-01 
                       Total CO2 (mol/kg)  =   9.964e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =   6.428e-10 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 
                               Iterations  =  39 
                                  Total H  = 1.112084e+02 
                                  Total O  = 5.769498e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              6.182e-06   4.797e-06    -5.209    -5.319    -0.110      0.00 
   OH-             4.917e-08   3.298e-08    -7.308    -7.482    -0.173     -3.31 
   H2O             5.551e+01   9.793e-01     1.744    -0.009     0.000     18.43 
C(-4)         2.299e-11 
   CH4             2.299e-11   2.430e-11   -10.638   -10.614     0.024     32.22 
C(4)          9.964e-01 
   CO2             8.006e-01   8.461e-01    -0.097    -0.073     0.024     22.71 
   HCO3-           1.185e-01   8.490e-02    -0.926    -1.071    -0.145     26.77 
   FeHCO3+         7.457e-02   5.361e-02    -1.127    -1.271    -0.143     (0)   
   NaHCO3          2.533e-03   2.677e-03    -2.596    -2.572     0.024      1.80 
   FeCO3           1.889e-04   1.996e-04    -3.724    -3.700     0.024     (0)   
   NaCO3-          1.716e-05   1.234e-05    -4.765    -4.909    -0.143      1.59 
   CO3-2           4.996e-06   1.318e-06    -5.301    -5.880    -0.579     -5.20 
Cl            1.000e-01 
   Cl-             9.918e-02   6.752e-02    -1.004    -1.171    -0.167     18.39 
   FeCl+           8.187e-04   5.885e-04    -3.087    -3.230    -0.143     (0)   
   FeCl+2          3.200e-15   8.043e-16   -14.495   -15.095    -0.600     (0)   
   FeCl2+          9.920e-17   7.024e-17   -16.004   -16.153    -0.150     (0)   
   FeCl3           4.487e-19   4.742e-19   -18.348   -18.324     0.024     (0)   
Fe(2)         9.800e-02 
   FeHCO3+         7.457e-02   5.361e-02    -1.127    -1.271    -0.143     (0)   
   Fe+2            2.241e-02   6.315e-03    -1.650    -2.200    -0.550    -19.29 
   FeCl+           8.187e-04   5.885e-04    -3.087    -3.230    -0.143     (0)   
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   FeCO3           1.889e-04   1.996e-04    -3.724    -3.700     0.024     (0)   
   FeOH+           1.069e-05   7.570e-06    -4.971    -5.121    -0.150     (0)   
   Fe(OH)2         3.732e-10   3.944e-10    -9.428    -9.404     0.024     (0)   
   Fe(OH)3-        6.202e-15   4.391e-15   -14.207   -14.357    -0.150     (0)   
Fe(3)         6.925e-10 
   Fe(OH)2+        6.251e-10   4.480e-10    -9.204    -9.349    -0.145     (0)   
   Fe(OH)3         6.128e-11   6.476e-11   -10.213   -10.189     0.024     (0)   
   FeOH+2          5.985e-12   1.504e-12   -11.223   -11.823    -0.600     (0)   
   Fe(OH)4-        8.098e-14   5.804e-14   -13.092   -13.236    -0.145     (0)   
   FeCl+2          3.200e-15   8.043e-16   -14.495   -15.095    -0.600     (0)   
   Fe+3            1.119e-15   1.142e-16   -14.951   -15.942    -0.991     (0)   
   FeCl2+          9.920e-17   7.024e-17   -16.004   -16.153    -0.150     (0)   
   FeCl3           4.487e-19   4.742e-19   -18.348   -18.324     0.024     (0)   
   Fe2(OH)2+4      2.379e-21   1.211e-23   -20.624   -22.917    -2.293     (0)   
   Fe3(OH)4+5      1.177e-28   3.072e-32   -27.929   -31.513    -3.583     (0)   
H(0)          4.228e-11 
   H2              2.114e-11   2.234e-11   -10.675   -10.651     0.024     28.58 
Na            1.000e-01 
   Na+             9.745e-02   6.998e-02    -1.011    -1.155    -0.144      0.46 
   NaHCO3          2.533e-03   2.677e-03    -2.596    -2.572     0.024      1.80 
   NaCO3-          1.716e-05   1.234e-05    -4.765    -4.909    -0.143      1.59 
   NaOH            2.184e-19   2.308e-19   -18.661   -18.637     0.024     (0)   
O(0)          0.000e+00 
   O2              0.000e+00   0.000e+00   -58.502   -58.478     0.024     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)           -7.57    -10.61   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  Fe(OH)3(a)       -4.90     -0.01    4.89  Fe(OH)3 
  Goethite          2.39     -0.00   -2.39  FeOOH 
  H2(g)            -7.51    -10.65   -3.14  H2 
  H2O(g)           -0.52     -0.01    0.51  H2O 
  Halite           -3.93     -2.33    1.60  NaCl 
  Hematite          6.98      0.00   -6.97  Fe2O3 
  O2(g)           -55.39    -58.48   -3.09  O2 
  Siderite          3.05     -8.08  -11.13  FeCO3 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
------------------ 
End of simulation. 
------------------ 
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------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.031766 Seconds. 
---------------------------------- 
 
 
  



! 192!

Table C15:  PHREEQC (V.3) output data for an aqueous system with Fe+2 at 1.0 M 

NaCl, 70 ̊C and 77 bar CO2. These results pertain to chapter 4, as PHREEQC does not 

account for redox thermodynamics. 

 
 
   Input file: /Users/KristinLammers/Desktop/inputfe21MNaCl.txt 
  Output file: /Users/KristinLammers/Desktop/outputfe21MNaCl.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
      Fe(+2) 98 
             Na 1000 
      Cl 1000 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
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-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 Cl                1.000e+00   1.000e+00 
 Fe(2)             9.800e-02   9.800e-02 
 Na                1.000e+00   1.000e+00 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   9.959      Charge balance 
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 174525 
                          Density (g/cm≥)  =   1.02365 
                               Volume (L)  =   1.04260 
                        Activity of water  =   0.964 
                           Ionic strength  =   1.037e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.960e-01 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =   1.256e-12 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 
                               Iterations  =   8 
                                  Total H  = 1.112084e+02 
                                  Total O  = 5.570222e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             2.571e-03   1.418e-03    -2.590    -2.848    -0.258     -1.68 
   H+              1.514e-10   1.099e-10    -9.820    -9.959    -0.139      0.00 
   H2O             5.551e+01   9.643e-01     1.744    -0.016     0.000     18.43 
Cl            1.000e+00 
   Cl-             9.996e-01   5.809e-01    -0.000    -0.236    -0.236     19.03 
   FeCl+           3.724e-04   2.904e-04    -3.429    -3.537    -0.108     (0)   
Fe(2)         9.800e-02 
   Fe(OH)2         3.294e-02   4.182e-02    -1.482    -1.379     0.104     (0)   
   Fe(OH)3-        3.244e-02   2.002e-02    -1.489    -1.698    -0.210     (0)   
   FeOH+           3.024e-02   1.867e-02    -1.519    -1.729    -0.210     (0)   
   Fe+2            2.009e-03   3.622e-04    -2.697    -3.441    -0.744    -18.55 
   FeCl+           3.724e-04   2.904e-04    -3.429    -3.537    -0.108     (0)   
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H(0)          9.120e-32 
   H2              4.560e-32   5.789e-32   -31.341   -31.237     0.104     28.58 
Na            1.000e+00 
   Na+             1.000e+00   7.046e-01    -0.000    -0.152    -0.152      0.86 
   NaOH            7.870e-14   9.992e-14   -13.104   -13.000     0.104     (0)   
O(0)          7.562e-18 
   O2              3.781e-18   4.800e-18   -17.422   -17.319     0.104     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  H2(g)           -28.10    -31.24   -3.14  H2 
  H2O(g)           -0.53     -0.02    0.51  H2O 
  Halite           -1.99     -0.39    1.60  NaCl 
  O2(g)           -14.23    -17.32   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.155e+00  -8.452e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 8.452e-01   8.452e-01 
 Cl                1.000e+00   1.000e+00 
 Fe                9.800e-02   9.800e-02 
 Na                1.000e+00   1.000e+00 
 
----------------------------Description of solution---------------------------- 
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                                       pH  =   5.279      Charge balance 
                                       pe  =  -1.665      Adjusted to redox equilibrium 
       Specific Conductance (µS/cm, 70∞C)  = 177828 
                          Density (g/cm≥)  =   1.04168 
                               Volume (L)  =   1.06025 
                        Activity of water  =   0.951 
                           Ionic strength  =   1.149e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.960e-01 
                       Total CO2 (mol/kg)  =   8.452e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =   5.275e-10 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 
                               Iterations  =  39 
                                  Total H  = 1.112084e+02 
                                  Total O  = 5.739254e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              7.270e-06   5.255e-06    -5.138    -5.279    -0.141      0.00 
   OH-             5.378e-08   2.925e-08    -7.269    -7.534    -0.265     -1.48 
   H2O             5.551e+01   9.514e-01     1.744    -0.022     0.000     18.43 
C(-4)         5.100e-11 
   CH4             5.100e-11   6.645e-11   -10.292   -10.178     0.115     32.22 
C(4)          8.452e-01 
   CO2             6.494e-01   8.461e-01    -0.187    -0.073     0.115     22.71 
   HCO3-           1.202e-01   7.529e-02    -0.920    -1.123    -0.203     29.09 
   FeHCO3+         5.715e-02   4.578e-02    -1.243    -1.339    -0.096     (0)   
   NaHCO3          1.819e-02   2.370e-02    -1.740    -1.625     0.115      1.80 
   NaCO3-          1.244e-04   9.967e-05    -3.905    -4.001    -0.096      7.66 
   FeCO3           1.194e-04   1.556e-04    -3.923    -3.808     0.115     (0)   
   CO3-2           6.920e-06   1.067e-06    -5.160    -5.972    -0.812     -3.32 
Cl            1.000e+00 
   Cl-             9.940e-01   5.725e-01    -0.003    -0.242    -0.240     19.10 
   FeCl+           6.000e-03   4.806e-03    -2.222    -2.318    -0.096     (0)   
   FeCl+2          4.565e-14   6.391e-15   -13.341   -14.194    -0.854     (0)   
   FeCl2+          7.736e-15   4.732e-15   -14.111   -14.325    -0.213     (0)   
   FeCl3           2.079e-16   2.709e-16   -15.682   -15.567     0.115     (0)   
Fe(2)         9.800e-02 
   FeHCO3+         5.715e-02   4.578e-02    -1.243    -1.339    -0.096     (0)   
   Fe+2            3.472e-02   6.081e-03    -1.459    -2.216    -0.757    -18.48 
   FeCl+           6.000e-03   4.806e-03    -2.222    -2.318    -0.096     (0)   
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   FeCO3           1.194e-04   1.556e-04    -3.923    -3.808     0.115     (0)   
   FeOH+           1.057e-05   6.464e-06    -4.976    -5.189    -0.213     (0)   
   Fe(OH)2         2.292e-10   2.987e-10    -9.640    -9.525     0.115     (0)   
   Fe(OH)3-        4.821e-15   2.949e-15   -14.317   -14.530    -0.213     (0)   
Fe(3)         5.683e-10 
   Fe(OH)2+        5.268e-10   3.301e-10    -9.278    -9.481    -0.203     (0)   
   Fe(OH)3         3.248e-11   4.232e-11   -10.488   -10.373     0.115     (0)   
   FeOH+2          8.928e-12   1.250e-12   -11.049   -11.903    -0.854     (0)   
   Fe(OH)4-        5.367e-14   3.363e-14   -13.270   -13.473    -0.203     (0)   
   FeCl+2          4.565e-14   6.391e-15   -13.341   -14.194    -0.854     (0)   
   FeCl2+          7.736e-15   4.732e-15   -14.111   -14.325    -0.213     (0)   
   Fe+3            1.986e-15   1.070e-16   -14.702   -15.971    -1.269     (0)   
   FeCl3           2.079e-16   2.709e-16   -15.682   -15.567     0.115     (0)   
   Fe2(OH)2+4      2.909e-22   8.358e-24   -21.536   -23.078    -1.542     (0)   
   Fe3(OH)4+5      4.008e-30   1.563e-32   -29.397   -31.806    -2.409     (0)   
H(0)          4.347e-11 
   H2              2.173e-11   2.832e-11   -10.663   -10.548     0.115     28.58 
Na            1.000e+00 
   Na+             9.817e-01   6.983e-01    -0.008    -0.156    -0.148      0.90 
   NaHCO3          1.819e-02   2.370e-02    -1.740    -1.625     0.115      1.80 
   NaCO3-          1.244e-04   9.967e-05    -3.905    -4.001    -0.096      7.66 
   NaOH            1.568e-18   2.042e-18   -17.805   -17.690     0.115     (0)   
O(0)          0.000e+00 
   O2              0.000e+00   0.000e+00   -58.824   -58.709     0.115     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)           -7.13    -10.18   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  Fe(OH)3(a)       -5.09     -0.20    4.89  Fe(OH)3 
  Goethite          2.22     -0.18   -2.39  FeOOH 
  H2(g)            -7.41    -10.55   -3.14  H2 
  H2O(g)           -0.54     -0.02    0.51  H2O 
  Halite           -2.00     -0.40    1.60  NaCl 
  Hematite          6.64     -0.33   -6.97  Fe2O3 
  O2(g)           -55.62    -58.71   -3.09  O2 
  Siderite          2.94     -8.19  -11.13  FeCO3 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
------------------ 
End of simulation. 
------------------ 
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------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.023881 Seconds. 
---------------------------------- 
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Table C16:  PHREEQC (V.3) output data for an aqueous system with Fe+2 at 3.0 M 

NaCl, 70 ̊C and 77 bar CO2. These results pertain to chapter 4, as PHREEQC does not 

account for redox thermodynamics. 

   Input file: /Users/KristinLammers/Desktop/inputfe23MNaCl.txt 

  Output file: /Users/KristinLammers/Desktop/outputfe23MNaCl.txt.out 

Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 

 

------------------ 

Reading data base. 

------------------ 

 

 SOLUTION_MASTER_SPECIES 

 SOLUTION_SPECIES 

 PHASES 

 EXCHANGE_MASTER_SPECIES 

 EXCHANGE_SPECIES 

 SURFACE_MASTER_SPECIES 

 SURFACE_SPECIES 

 RATES 

 END 

------------------------------------ 

Reading input data for simulation 1. 

------------------------------------ 

 

 EQUILIBRIUM_PHASES 1 

  co2(g) 1.88 10 

       SOLUTION 1 



! 199!

       temp      70 

       pH        7 charge 

       pe        4 

       redox     pe 

       units     mmol/kgw 

      Fe(+2) 98 

             Na 3000 

      Cl 3000 

    Density .97 

------------------------------------------- 

Beginning of initial solution calculations. 

------------------------------------------- 

 

Initial solution 1.  

 

-----------------------------Solution composition------------------------------ 

 

 Elements           Molality       Moles 

 

 Cl                3.000e+00   3.000e+00 

 Fe(2)             9.800e-02   9.800e-02 

 Na                3.000e+00   3.000e+00 

 

----------------------------Description of solution---------------------------- 

 

                                       pH  =   9.997      Charge balance 

                                       pe  =   4.000     
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       Specific Conductance (µS/cm, 70∞C)  = 462512 

                          Density (g/cm≥)  =   1.09040 

                               Volume (L)  =   1.08596 

                        Activity of water  =   0.896 

                           Ionic strength  =   3.043e+00 

                       Mass of water (kg)  =   1.000e+00 

                 Total alkalinity (eq/kg)  =   1.960e-01 

                    Total carbon (mol/kg)  =   0.000e+00 

                       Total CO2 (mol/kg)  =   0.000e+00 

                         Temperature (∞C)  =  70.00 

                  Electrical balance (eq)  =   9.369e-10 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 

                               Iterations  =   7 

                                  Total H  = 1.112084e+02 

                                  Total O  = 5.570222e+01 

 

----------------------------Distribution of species---------------------------- 

 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 

 

   OH-             2.999e-03   1.439e-03    -2.523    -2.842    -0.319      1.56 

   H+              1.438e-10   1.006e-10    -9.842    -9.997    -0.155      0.00 

   H2O             5.551e+01   8.963e-01     1.744    -0.048     0.000     18.43 

Cl            3.000e+00 

   Cl-             2.999e+00   1.651e+00     0.477     0.218    -0.259     19.78 

   FeCl+           5.955e-04   8.505e-04    -3.225    -3.070     0.155     (0)   
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Fe(2)         9.800e-02 

   Fe(OH)3-        3.814e-02   2.157e-02    -1.419    -1.666    -0.248     (0)   

   FeOH+           3.452e-02   1.952e-02    -1.462    -1.709    -0.248     (0)   

   Fe(OH)2         2.203e-02   4.439e-02    -1.657    -1.353     0.304     (0)   

   Fe+2            2.714e-03   3.732e-04    -2.566    -3.428    -0.862    -17.63 

   FeCl+           5.955e-04   8.505e-04    -3.225    -3.070     0.155     (0)   

H(0)          4.819e-32 

   H2              2.409e-32   4.855e-32   -31.618   -31.314     0.304     28.58 

Na            3.000e+00 

   Na+             3.000e+00   2.753e+00     0.477     0.440    -0.037      1.31 

   NaOH            1.966e-13   3.962e-13   -12.706   -12.402     0.304     (0)   

O(0)          5.852e-18 

   O2              2.926e-18   5.897e-18   -17.534   -17.229     0.304     32.79 

 

------------------------------Saturation indices------------------------------- 

 

  Phase               SI** log IAP   log K(343 K,   1 atm) 

 

  H2(g)           -28.18    -31.31   -3.14  H2 

  H2O(g)           -0.56     -0.05    0.51  H2O 

  Halite           -0.94      0.66    1.60  NaCl 

  O2(g)           -14.14    -17.23   -3.09  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

 

----------------------------------------- 
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Beginning of batch-reaction calculations. 

----------------------------------------- 

 

Reaction step 1. 

 

Using solution 1.  

Using pure phase assemblage 1.  

 

-------------------------------Phase assemblage-------------------------------- 

 

                                                      Moles in assemblage 

Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 

 

CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.396e+00  -6.042e-01 

 

-----------------------------Solution composition------------------------------ 

 

 Elements           Molality       Moles 

 

 C                 6.042e-01   6.042e-01 

 Cl                3.000e+00   3.000e+00 

 Fe                9.800e-02   9.800e-02 

 Na                3.000e+00   3.000e+00 

 

----------------------------Description of solution---------------------------- 

 

                                       pH  =   5.276      Charge balance 
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                                       pe  =  -1.825      Adjusted to redox equilibrium 

       Specific Conductance (µS/cm, 70∞C)  = 469245 

                          Density (g/cm≥)  =   1.10234 

                               Volume (L)  =   1.09833 

                        Activity of water  =   0.888 

                           Ionic strength  =   3.162e+00 

                       Mass of water (kg)  =   1.000e+00 

                 Total alkalinity (eq/kg)  =   1.960e-01 

                       Total CO2 (mol/kg)  =   6.042e-01 

                         Temperature (∞C)  =  70.00 

                  Electrical balance (eq)  =   1.304e-09 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 

                               Iterations  =  40 

                                  Total H  = 1.112084e+02 

                                  Total O  = 5.691065e+01 

 

----------------------------Distribution of species---------------------------- 

 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 

 

   H+              7.582e-06   5.300e-06    -5.120    -5.276    -0.155      0.00 

   OH-             5.664e-08   2.706e-08    -7.247    -7.568    -0.321      1.75 

   H2O             5.551e+01   8.875e-01     1.744    -0.052     0.000     18.43 

C(-4)         7.561e-10 

   CH4             7.561e-10   1.566e-09    -9.121    -8.805     0.316     32.22 

C(4)          6.042e-01 
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   CO2             4.086e-01   8.461e-01    -0.389    -0.073     0.316     22.71 

   HCO3-           1.195e-01   6.965e-02    -0.922    -1.157    -0.235     33.41 

   NaHCO3          4.191e-02   8.680e-02    -1.378    -1.061     0.316      1.80 

   FeHCO3+         3.387e-02   5.034e-02    -1.470    -1.298     0.172     (0)   

   NaCO3-          2.435e-04   3.620e-04    -3.613    -3.441     0.172     20.27 

   FeCO3           8.193e-05   1.697e-04    -4.087    -3.770     0.316     (0)   

   CO3-2           8.495e-06   9.785e-07    -5.071    -6.009    -0.939     -2.54 

Cl            3.000e+00 

   Cl-             2.989e+00   1.645e+00     0.476     0.216    -0.259     19.81 

   FeCl+           1.104e-02   1.642e-02    -1.957    -1.785     0.172     (0)   

   FeCl+2          1.492e-13   1.509e-14   -12.826   -13.821    -0.995     (0)   

   FeCl2+          5.695e-14   3.212e-14   -13.244   -13.493    -0.249     (0)   

   FeCl3           2.552e-15   5.286e-15   -14.593   -14.277     0.316     (0)   

Fe(2)         9.800e-02 

   Fe+2            5.299e-02   7.228e-03    -1.276    -2.141    -0.865    -17.59 

   FeHCO3+         3.387e-02   5.034e-02    -1.470    -1.298     0.172     (0)   

   FeCl+           1.104e-02   1.642e-02    -1.957    -1.785     0.172     (0)   

   FeCO3           8.193e-05   1.697e-04    -4.087    -3.770     0.316     (0)   

   FeOH+           1.260e-05   7.108e-06    -4.900    -5.148    -0.249     (0)   

   Fe(OH)2         1.467e-10   3.038e-10    -9.834    -9.517     0.316     (0)   

   Fe(OH)3-        4.920e-15   2.775e-15   -14.308   -14.557    -0.249     (0)   

Fe(3)         4.214e-10 

   Fe(OH)2+        3.985e-10   2.321e-10    -9.400    -9.634    -0.235     (0)   

   Fe(OH)3         1.329e-11   2.753e-11   -10.876   -10.560     0.316     (0)   

   FeOH+2          9.390e-12   9.502e-13   -11.027   -12.022    -0.995     (0)   

   FeCl+2          1.492e-13   1.509e-14   -12.826   -13.821    -0.995     (0)   

   FeCl2+          5.695e-14   3.212e-14   -13.244   -13.493    -0.249     (0)   
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   Fe(OH)4-        3.474e-14   2.024e-14   -13.459   -13.694    -0.235     (0)   

   FeCl3           2.552e-15   5.286e-15   -14.593   -14.277     0.316     (0)   

   Fe+3            2.206e-15   8.795e-17   -14.656   -16.056    -1.399     (0)   

   Fe2(OH)2+4      8.499e-27   4.830e-24   -26.071   -23.316     2.755     (0)   

   Fe3(OH)4+5      3.154e-37   6.351e-33   -36.501   -32.197     4.304     (0)   

H(0)          5.819e-11 

   H2              2.910e-11   6.026e-11   -10.536   -10.220     0.316     28.58 

Na            3.000e+00 

   Na+             2.958e+00   2.765e+00     0.471     0.442    -0.029      1.33 

   NaHCO3          4.191e-02   8.680e-02    -1.378    -1.061     0.316      1.80 

   NaCO3-          2.435e-04   3.620e-04    -3.613    -3.441     0.172     20.27 

   NaOH            3.613e-18   7.482e-18   -17.442   -17.126     0.316     (0)   

O(0)          0.000e+00 

   O2              0.000e+00   0.000e+00   -59.742   -59.426     0.316     32.79 

 

------------------------------Saturation indices------------------------------- 

 

  Phase               SI** log IAP   log K(343 K,   1 atm) 

 

  CH4(g)           -5.76     -8.81   -3.05  CH4 

  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 

  Fe(OH)3(a)       -5.28     -0.38    4.89  Fe(OH)3 

  Goethite          2.06     -0.33   -2.39  FeOOH 

  H2(g)            -7.08    -10.22   -3.14  H2 

  H2O(g)           -0.57     -0.05    0.51  H2O 

  Halite           -0.94      0.66    1.60  NaCl 

  Hematite          6.36     -0.61   -6.97  Fe2O3 
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  O2(g)           -56.34    -59.43   -3.09  O2 

  Siderite          2.98     -8.15  -11.13  FeCO3 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

 

------------------ 

End of simulation. 

------------------ 

 

------------------------------------ 

Reading input data for simulation 2. 

------------------------------------ 

 

---------------------------------- 

End of Run after 0.028589 Seconds. 

---------------------------------- 
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Table C17:  PHREEQC (V.3) output data for an aqueous system with Fe+2 at 4.0 M 

NaCl, 70 ̊C and 77 bar CO2. These results pertain to chapter 4, as PHREEQC does not 

account for redox thermodynamics. 

   Input file: /Users/KristinLammers/Desktop/inputfe24MNaCl.txt 
  Output file: /Users/KristinLammers/Desktop/outputfe24MNaCl.txt.out 
Database file: /Applications/phreeqc-3.1.3-8914/database/phreeqc.dat 
 
------------------ 
Reading data base. 
------------------ 
 
 SOLUTION_MASTER_SPECIES 
 SOLUTION_SPECIES 
 PHASES 
 EXCHANGE_MASTER_SPECIES 
 EXCHANGE_SPECIES 
 SURFACE_MASTER_SPECIES 
 SURFACE_SPECIES 
 RATES 
 END 
------------------------------------ 
Reading input data for simulation 1. 
------------------------------------ 
 
 EQUILIBRIUM_PHASES 1 
  co2(g) 1.88 10 
       SOLUTION 1 
       temp      70 
       pH        7 charge 
       pe        4 
       redox     pe 
       units     mmol/kgw 
      Fe(+2) 98 
             Na 4000 
      Cl 4000 
    Density .97 
------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 
 
Initial solution 1.  
 
-----------------------------Solution composition------------------------------ 
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 Elements           Molality       Moles 
 
 Cl                4.000e+00   4.000e+00 
 Fe(2)             9.800e-02   9.800e-02 
 Na                4.000e+00   4.000e+00 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  10.015      Charge balance 
                                       pe  =   4.000     
       Specific Conductance (µS/cm, 70∞C)  = 645914 
                          Density (g/cm≥)  =   1.12086 
                               Volume (L)  =   1.10859 
                        Activity of water  =   0.862 
                           Ionic strength  =   4.046e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.960e-01 
                    Total carbon (mol/kg)  =   0.000e+00 
                       Total CO2 (mol/kg)  =   0.000e+00 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =   5.177e-10 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 
                               Iterations  =   7 
                                  Total H  = 1.112084e+02 
                                  Total O  = 5.570222e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   OH-             3.108e-03   1.442e-03    -2.508    -2.841    -0.333      3.05 
   H+              1.391e-10   9.659e-11    -9.857   -10.015    -0.158      0.00 
   H2O             5.551e+01   8.623e-01     1.744    -0.064     0.000     18.43 
Cl            4.000e+00 
   Cl-             3.999e+00   2.218e+00     0.602     0.346    -0.256     20.01 
   FeCl+           5.817e-04   1.173e-03    -3.235    -2.931     0.305     (0)   
Fe(2)         9.800e-02 
   Fe(OH)3-        4.020e-02   2.229e-02    -1.396    -1.652    -0.256     (0)   
   FeOH+           3.623e-02   2.009e-02    -1.441    -1.697    -0.256     (0)   
   Fe(OH)2         1.803e-02   4.577e-02    -1.744    -1.339     0.405     (0)   
   Fe+2            2.958e-03   3.831e-04    -2.529    -3.417    -0.888    -17.26 
   FeCl+           5.817e-04   1.173e-03    -3.235    -2.931     0.305     (0)   
H(0)          3.525e-32 
   H2              1.763e-32   4.474e-32   -31.754   -31.349     0.405     28.58 
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Na            4.000e+00 
   Na+             4.000e+00   4.318e+00     0.602     0.635     0.033      1.46 
   NaOH            2.453e-13   6.228e-13   -12.610   -12.206     0.405     (0)   
O(0)          5.063e-18 
   O2              2.532e-18   6.426e-18   -17.597   -17.192     0.405     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  H2(g)           -28.21    -31.35   -3.14  H2 
  H2O(g)           -0.58     -0.06    0.51  H2O 
  Halite           -0.62      0.98    1.60  NaCl 
  O2(g)           -14.10    -17.19   -3.09  O2 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using pure phase assemblage 1.  
 
-------------------------------Phase assemblage-------------------------------- 
 
                                                      Moles in assemblage 
Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 
 
CO2(g)            1.76    -0.07     -1.83    1.000e+01   9.480e+00  -5.197e-01 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 C                 5.196e-01   5.197e-01 
 Cl                4.000e+00   4.000e+00 
 Fe                9.800e-02   9.800e-02 
 Na                4.000e+00   4.000e+00 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   5.282      Charge balance 
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                                       pe  =  -1.840      Adjusted to redox equilibrium 
       Specific Conductance (µS/cm, 70∞C)  = 641883 
                          Density (g/cm≥)  =   1.13074 
                               Volume (L)  =   1.11914 
                        Activity of water  =   0.855 
                           Ionic strength  =   4.169e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.960e-01 
                       Total CO2 (mol/kg)  =   5.196e-01 
                         Temperature (∞C)  =  70.00 
                  Electrical balance (eq)  =   9.017e-10 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.00 
                               Iterations  =  40 
                                  Total H  = 1.112084e+02 
                                  Total O  = 5.674152e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                               Log       Log       Log    mole V 
   Species          Molality    Activity  Molality  Activity     Gamma   cm≥/mol 
 
   H+              7.531e-06   5.226e-06    -5.123    -5.282    -0.159      0.00 
   OH-             5.714e-08   2.643e-08    -7.243    -7.578    -0.335      3.23 
   H2O             5.551e+01   8.550e-01     1.744    -0.068     0.000     18.43 
C(-4)         7.508e-10 
   CH4             7.508e-10   1.961e-09    -9.124    -8.708     0.417     32.22 
C(4)          5.196e-01 
   CO2             3.240e-01   8.461e-01    -0.489    -0.073     0.417     22.71 
   HCO3-           1.188e-01   6.804e-02    -0.925    -1.167    -0.242     35.44 
   NaHCO3          5.109e-02   1.334e-01    -1.292    -0.875     0.417      1.80 
   FeHCO3+         2.541e-02   5.351e-02    -1.595    -1.272     0.323     (0)   
   NaCO3-          2.680e-04   5.643e-04    -3.572    -3.248     0.323     26.44 
   FeCO3           7.004e-05   1.829e-04    -4.155    -3.738     0.417     (0)   
   CO3-2           9.009e-06   9.695e-07    -5.045    -6.013    -0.968     -2.68 
Cl            4.000e+00 
   Cl-             3.989e+00   2.215e+00     0.601     0.345    -0.255     20.04 
   FeCl+           1.142e-02   2.405e-02    -1.942    -1.619     0.323     (0)   
   FeCl+2          2.283e-13   2.139e-14   -12.642   -13.670    -1.028     (0)   
   FeCl2+          1.108e-13   6.130e-14   -12.956   -13.213    -0.257     (0)   
   FeCl3           5.200e-15   1.358e-14   -14.284   -13.867     0.417     (0)   
Fe(2)         9.800e-02 
   Fe+2            6.108e-02   7.864e-03    -1.214    -2.104    -0.890    -17.22 
   FeHCO3+         2.541e-02   5.351e-02    -1.595    -1.272     0.323     (0)   
   FeCl+           1.142e-02   2.405e-02    -1.942    -1.619     0.323     (0)   
   FeCO3           7.004e-05   1.829e-04    -4.155    -3.738     0.417     (0)   
   FeOH+           1.365e-05   7.555e-06    -4.865    -5.122    -0.257     (0)   
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   Fe(OH)2         1.208e-10   3.155e-10    -9.918    -9.501     0.417     (0)   
   Fe(OH)3-        5.088e-15   2.815e-15   -14.293   -14.550    -0.257     (0)   
Fe(3)         4.284e-10 
   Fe(OH)2+        4.073e-10   2.333e-10    -9.390    -9.632    -0.242     (0)   
   FeOH+2          1.043e-11   9.774e-13   -10.982   -12.010    -1.028     (0)   
   Fe(OH)3         1.035e-11   2.703e-11   -10.985   -10.568     0.417     (0)   
   FeCl+2          2.283e-13   2.139e-14   -12.642   -13.670    -1.028     (0)   
   FeCl2+          1.108e-13   6.130e-14   -12.956   -13.213    -0.257     (0)   
   Fe(OH)4-        3.389e-14   1.941e-14   -13.470   -13.712    -0.242     (0)   
   FeCl3           5.200e-15   1.358e-14   -14.284   -13.867     0.417     (0)   
   Fe+3            2.483e-15   9.260e-17   -14.605   -16.033    -1.428     (0)   
   Fe2(OH)2+4      3.427e-29   5.110e-24   -28.465   -23.292     5.174     (0)   
   Fe3(OH)4+5      0.000e+00   6.753e-33   -40.254   -32.171     8.084     (0)   
H(0)          4.792e-11 
   H2              2.396e-11   6.256e-11   -10.621   -10.204     0.417     28.58 
Na            4.000e+00 
   Na+             3.949e+00   4.350e+00     0.596     0.639     0.042      1.48 
   NaHCO3          5.109e-02   1.334e-01    -1.292    -0.875     0.417      1.80 
   NaCO3-          2.680e-04   5.643e-04    -3.572    -3.248     0.323     26.44 
   NaOH            4.404e-18   1.150e-17   -17.356   -16.939     0.417     (0)   
O(0)          0.000e+00 
   O2              0.000e+00   0.000e+00   -59.907   -59.491     0.417     32.79 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(343 K,   1 atm) 
 
  CH4(g)           -5.66     -8.71   -3.05  CH4 
  CO2(g)            1.76     -0.07   -1.83  CO2  Pressure  75.9 atm, phi 0.755 
  Fe(OH)3(a)       -5.28     -0.39    4.89  Fe(OH)3 
  Goethite          2.07     -0.32   -2.39  FeOOH 
  H2(g)            -7.07    -10.20   -3.14  H2 
  H2O(g)           -0.58     -0.07    0.51  H2O 
  Halite           -0.62      0.98    1.60  NaCl 
  Hematite          6.39     -0.58   -6.97  Fe2O3 
  O2(g)           -56.40    -59.49   -3.09  O2 
  Siderite          3.01     -8.12  -11.13  FeCO3 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
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Reading input data for simulation 2. 
------------------------------------ 
 
---------------------------------- 
End of Run after 0.028946 Seconds. 
---------------------------------- 
 
 


