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ABSTRACT

Riley Murphy
Doctor of Philosophy
Temple University 2011

Doctoral Advisory Committee Chair: Daniel Strongin

The rise in anthropogenic carbon dioxide in the atmosphere has daegeaduit
of adequate methods to alleviate the resulting strain on the wabtdsystem. A
promising strategy is the geological sequestration of carbon djoxidehich carbon
dioxide emitted from large point sources is injected underground forgstor&nder
storage, carbon dioxide trapped as a carbonate mineral may befstajg#elogical time
periods.

Experiments were conducted to test the potential of ferrigdgeaninerals to
sequester carbon as a ferrous carbonate mineral (siderite).forihation of siderite
requires the reduction of ferric ions which may be achieved bgahejection of HS or
SO, contaminants with CO Both ferrihydrite and hematite nanoparticles were exposed
to an aqueous N& solution in the presence of supercritical .O8cCQ) and were
analyzedin situ by attenuated total reflectance Fourier transform infrapttroscopy
(ATR-FTIR). In situ ATR-FTIR indicated that the formation of siderite occurred on the
order of minutes for ferrihydrite and hematite nanoparticl@articles were analyzed
post-reaction with X-ray diffraction (XRD) and electron miamsy. XRD results

indicated that ferrihydrite reacted completely to form sideaitd elemental sulfur after



24 h at 100 °C, while hematite only partially reacted to fornrisegdand pyrite after 24 h
at 70 °C. Additionally, hematite nanoparticles were exposed3caHd scCQin a series
of batch reactions, and the reaction products were determinedRbDyaX a function of

CO, and HS partial pressures, alkalinity, salinity, time, and temperature.



ACKNOWLEDGEMENTS

| can’t thank my parents enough for everything, and specifidaltyalways
encouraging me to be who | want to be. Whether it would be anaraisscientist, they
told me the important thing is that | am happy. I've taken ttthirca and followed the
pursuit of what | enjoy.

Often a special teacher can be cited for encouraging the developnukluve of
the subject one chooses to pursue. For me that teacher was Wi, @dio taught me
high school chemistry. The physical principles | learned in céteyrfiascinated me, and
when | had a question that he didn’t have an answer to, he'd tell ohgéteback to me,
and by the next class he’d have researched an answer.

My experience at Solebury School had a huge impact on who ddewy.t The
focus on individuality and creativity along with a diverse and uniqueéestubody was
bolstered by great teachers such as Scott Eckstein, Petearathand Steve Buteux to
name a few.

At the University of Vermont, | especially enjoyed getting to kmoyprofessors
Bill Geiger and Dan Savin.

At Temple University, the chemistry department welcomedwitle open arms
and taught me a lot about chemistry, the pursuit of knowledge, hard workyaking
with others. | have great appreciation for my advisor, Dan Stipmgiose enormous
patience and good will compliments his skill as a professor androbse. | had the
pleasure of learning from senior graduate students Jun (Haaxy)aHd Doug Hausner
who were always there to show me the way. Alex Gordon joindd mvé and was
always supportive as we followed our graduate studies togethenksT't@everyone in
my group for making my stay an often pleasurable and interestpgrience, and for
teaching me about other cultures. Special thanks to Andro-Mareyah and Soujanya

who would share their food or a joke with me.



The research presented here would not have been the same withoubhelp fr
Martin Schoonen, Alex Smirnov, Randy Weinstein, Mike Zdilla, Fred Moné&ah,
Kaczanowicz, Matt McCormick and Leanne VanBuren.

Thanks to my chemistry volleyball buddies; Gopal, Pascal, Nagesdllahd rest
who kept me having fun and in a little better shape. Thanks to nigiegid Alyssa
Snyder for support along the way and actually reading some ofarky Wrhanks every
one whom | knew and interacted with along the way. And througholiit ithead good
friends with me. Just a few of them include Peter Brodhead, JohrelHd»ave
Sedgwick, James Magno, Kristy Strauss, Dan Eelman, ChrisdferBrendan Mcpeak,
James Hasselbeck, and Derek Siegler. And I've always hatbwwm brothers whose

companionship | couldn’t be more grateful for.

Vi



Dedicated to my entire family. Especially my parents and brothers,, Jyap, Brodie
and Jamie.

Vii



TABLE OF CONTENTS

PAGE
A B S T R A T e et e ettt e e e ettt e e et e e e e et e e e e e e e e e e e eeaanans i
ACKNOWLEDGEMENTS ...ttt e e e e e e e e ene e e e e eennnnns v
DEDICATION ..ot e et e e ettt e e e e e ee et s e e e e eesba e e e e eeennn e eeas Vil
LIST OF TABLES ... .ttt e e et e et e e e e e e eae e e e e e eeann e eas Xi
LIST OF FIGURES ...ttt e e e e e e e e e e e e e eennanns Xii
CHAPTER
1. INTRODUGCTION ...t e et e e e e e e et e e e e e ereaaaaaeeeees 1
1.0 OVBIVIBW ...ttt e e e e e e e e e et e e e st e e ettt et e e e e e e e e e eee e e e e e e e annnnes 1
1.2 Carbon SEQUESTIALION ........uiiii ettt e e e e e e e e e e eees 3
1.2.1 OCEAN SETOTAQGE . .eeeruueeeeeetiae e e e ettt e e e et e e e e et et e e e e e eetb e e e e e enana e e eaeeennnnns 4
1.2.2 Surface CarbONALION. .........uuiiiiiiiiiiiie e 5
(2R €T=To] (o [ [or= 1 IS (o] = Vo [T 5
1.2.3.1 PhysiCal Trapping ....cceeueuueuueiaiaaeeeeeeeeeeeeeeeeiiiiiss e e e e e e e e e eeeeeennnne 6
1.2.3.2 SOIUDIlity TrapPing .....ee oot eeeeeeeeaanens 8
1.2.3.3 Mineral Trapping .....ccoovviieiiiiiiiiiiaaee et e e e e e e eeees 8

viii



1.4 Trapping Iron CarbONALES .........uuuiiiiiiiei e e e eeeeenaaees 11
1.5 RiSKS Of GE0IOQIC STOrAge ....ooiiiieiieieeeeeeeee e 13
1.6 Organization Of THESIS ....c.uuuiiiiiiiii e s 14
2. EXPERIMENTAL TECHNIQUES ... .. 15
2.1 MALEIIAUS ...ttt e e e e e e e e e e e e 15
2.2 MIneral SYNTNESIS........uuuiiiii e 16
2.2 1 FrriNYAIIte .oeeeeeiiiiiiieie e s 16
2. 2.2 HEBMALTE ... 16
2.3 Supercritical COGENEIALION .......ccciiiiiiiie e aaaes 17
241N SItU ATR-FTIR ettt e e e e e e e e e e e eeaeaeannes 18
2.5 BaAtCh REACLIONS ....eeiiiiiiiiiiiiiieeee ettt e e e e 23
2.5.1 DeliVeriNg CQl..... i e e e eaaes 25
2.6 GeochemiCal MOUEING ......uuuiiiiiee e 29
2.7 X-ray DIFFFACHION ..ot e e 30
2.8 ThermogravimetriC ANAIYSIS .......iiiiiieiee e 32
2.9 ElECLION MICIOSCOPY -..uiiieeeeeieiieeiieeeitttieeaa s s e e e e e e e e e e e eeeeeeeebaaa e s e e e e e e e eaaaeeeeeesennes 33
2.9.1 Transmission Electron MICrOSCOPY .....cceeeevvieiiiiiiiiiiiiiiienee e 33

3.

1.3 AqUALIC CQ CREMISIIY ...uuiiiiei e 9

FERRIHYDRITE PHASE TRANSFORMATIONS IN THE PRESENCE

OF AQUEOUS SULFIDE AND SUPERCRITICAL CQ........ccoovvvmriiiiininnn 37



1IN I [ 011 (o Yo [ U3 (0] o IR 37
3.2 RESUILS AN DISCUSSION ....eeieei e e e 38
3.3 SUIMMIATY e e ettt e e e e ettt e e e e et e tb e e e e e eeaba e e eeeennnnnns 50

4. HEMATITE REACTIVITY WITH SUPERCRITICAL CQ AND

AQUEOUS SULFIDE ....couiiiiii e e et et e e e e e aaaas 51
0 R 11 o o (3o 1o USRS PPPPPUPUPPRTR 51
4.2 ReSUItS @Nd DISCUSSION .....uuuiiiiiiieeeieiieeeeeeiiiiie et e e e e e 52
4.2.1 Ex Situ Analysis of Hematite Reactivity .............coeuvvvveiiiiiiinnnennennnn. 52
4.2.2 In Situ ATR-FTIR Investigations of Hematite Reactivity................ 71
T YN 1 0] 0 =1 VTP PP TR 74
5. HEMATITE REACTIVITY WITH SUPERCRITICAL CQ AND H.S................ 76
0 R 0T [UTox 1 o] o (TS TRRRPPPPP 76
5.2 ReSUItS aNd DISCUSSION ....ccvuiiuiiiiiiiiaeeeeee e e ettt e e e e e e e e e e e eeseeeesenaas 77
5.3 Conclusion and Combined RESUILS ..........cooiiiiiiiiiiiiiiee e 88
6. SUMMARY AND IMPLICATIONS ..o 91
REFERENGCES CITED .. .ottt e et e e et e e e e e e e e e e e e aaneeees 93
APPENDICES
A. CRYSTAL STRUCTURES OF MINERALS ...t 99
B. TABLES OF PHREEQQC DAT A L. ettt eea e 113
C. RAW PHREEQQC DAT A oottt e et et e e e e e e anan 120



LIST OF TABLES

Table Page

1.1 Mineral definMitiONS........uuu it e e e e e e e e e e e e 2
2.1 Experimental conditions of;H exXperiments............ooovvveiiiiiiiiiiiiin e 24
2.2 Calculated partial pressures and concentrations of selected aqueous.speciag

3.1 Approximate absorption maxima and assignments for infrared spectra................... 40
4.1 Phase distributions of products determined by XRD and TGA analysis.................. 57
4.2 Elemental distributions derived from EDS. ... 71
B.1 Selected equilibrium molar CONCENLratioNS.............uvuureiiiiiieee e 110
B.2 Percent molar distribution of iron as a function of alkalinity ...............ccccccceeeeeennn. 111
B.3 Percent molar distribution of iron as a function oL, @€ssure.............cccceeeennnn.. 112

B.4 Percent molar distribution of iron as a function gEkpressure. .........ccccceeeeeeeen. 113

B.5 Percent molar distribution of iron as a function of time. ..........ccccccvvviiiinneenn. 114
B.6 Percent molar distribution of iron as a function of temperature.............cccccceeeeeennn. 115
B.7 Percent molar distribution of iron as a function of NaCl concentration................. 116

Xi



Figure Page
1.1 Schematic diagram of possible CCS systems showing theesdorcwhich

CCS might be relevant, transport of £&hd storage options ........ccceeveeeeeeeeveeveeeennnns 2
1.2 Phase diagram for carbon dioXide ...........uuueeiiiiiiiiiie s 7
2.1 Schematic of Cpressurization Station ..............ooeeeeeriieeeeeriiiiiires e e e e e e e eeeeeeenaann 19
2.2 Schematic of a Golden GB{eATR accessory with a sample mounted on top ...... 21
2.3 Bottom view of a micro-cell and top view of the spacer.........cccceevvvvviiiiiiiiieeeeeeenn, 23
2.4 Schematic of the GfH,S pressurization station with the mixing column.............. 26
2.5 Ray diagrams for imaging and diffraction in a transmissiattrein

g1 o o 1STol0] o[PS UUUPPPPUPRPPRPPRT 34
3.1 XRD patterns associated with the reaction product formed vig@dlgon of

an aqueous suspension of ferrihydrite with (a) sc@@l (b) with scC@and

=0 (=T o TU IS U ] Lo = USSR 39
3.2 TEM image of ferrinydrite prior to the reaction ... 42
3.3 TEM image of solid reaction product formed via the reaction olgaeaas

suspension of ferrinydrite With SCGOL.....uuuiiiiiiiii e 43
3.4 TEM image of solid reaction product formed after ferrittgdréacted with

aqueous sulfide in contact With SCEQ.........ouviiiiiiiiiii e 44
3.5 In situ ATR-FTIR data associated with the transformation of ferriigdo

][0 L= 41 (= U UPPPPPPUPUPPPRRT 46
3.6 ATR-FTIR spectra of (a) ferrihydrite in water, beforefidal addition or

pressurization, (b) after sulfide addition, (c) after sulfide auklitand

exposure to Cg and (d) after a 10 min exposure toLO0...........vvvviiiiiiiieeeeeeennnn. 47
3.7 A family of ATR-FTIR spectra associated with the reactiba ferrihydrite

containing solution in contact with scg@ 70 °C as a function of time................. 49
4.1 TEM image of H1 before reaction...........oooeiiiiiiiiiiiiiiiee e 53
4.2 TEM image of H2 before reaction...........oooevviiiiiiiiiiiiii e a e 54
4.3 XRD patterns for the H1 and H2 starting materials..............oooviiiiiiiiiiiiieeeee 55
4.4 XRD patterns for H1 and H2 after reaction with se@Cthe presence of 50

LIST OF FIGURES

mM (S1) or 100 mM (S2) aqueous sulfide (i.e. H1S1, H2S1, H1S2, and
Xii



4.5 TGA plots associated with reaction products H1S1 and H1S2 ...............coevvvvvvvvnnees 60
4.6 TGA plots of pyrite, synthetic siderite, and a pyrite/synthetic sedemitture........ 61
4.7 TEM images of hematite particles after the H1S1 reaction...........cccccovvvvvvvciiennnnnn. 64
4.8 TEM images of hexagonally shaped crystals after the H2S2 reactian........... 66
4.9 Selected SEM image and associated EDS spectrum of repatduncts of

[ 1 31 PRSP TUPPPRTTR 67
4.10 Selected SEM image and associated EDS spectrum of reacitucts of

H2 S L e e e e e e e e e e e e e e a e e e e eeraans 68
4.11 Selected SEM image and associated EDS spectrum of reacitucts of

HL S 2 oo e e e e e e e e e et e e e e era e e e aeeraans 69
4.12 Selected SEM image and associated EDS spectrum of reacitucts of

H2 S 2 et e e et e e e e e e r e e e e eneaans 70
4.13 In situ ATR-FTIR spectra of the reactions H1S2 (top) and H1 control in

which no sulfide was added (DOttOM) .........ooiiiiiiiii 73
5.1 Calculated speciation as a function of alkalinity ...........ccccoeeeiiiiiiiiiiieen 78
5.2 Molar distribution of Fe as a function of NaOH concentration.................ccccuvvveeeeee. 79
5.3 Calculated speciation as a function of@EBSSUIE ......ccccevveeeeeeeeieeeeeeeee e 82
5.4 Molar distribution of Fe as a function of €ressure..........cccceeeeeiiiieeeiiiiiiiienn. 83
5.5 Molar distribution of Fe as a function of temperature............cc.oovvviiiiiiiiii e, 84
5.6 Molar distribution of Fe as a function OfFHPressure ..........ccceevvveveiiiiiiiiiciiineeeen. 85
5.7 Molar distribution of Fe as a function of time ............ccccooviiiiiiie e 86
5.8 Molar distribution of Fe as a function of NaCl concentration.................ccccvvvveeeenen. 87
A.1 Crystal structure of CalCite (R3C) ...eiiviiieeeeeei i 99
A.2 Crystal structure of ferrinydrite (B8C) .........cooovriiiiiiiii 100
A.3 Crystal structure of forsterite (PBNM) .......cccoooiiiiiii e, 101
A.4 Crystal structure of greigite (FA3m) ........oooiiiiiiiiii e 102

Xiii



A.5 Crystal structure of halite (FM3M).......cooiiiiiii e 103

A.6 Crystal structure of hematite (R3C).......cccooeiiiiiiiiiiiieee e 104
A.7 Crystal structure of mackinawite (P4/MNN) ..........oooiiiiiiiiiiiiii e 105
A.8 Cirystal structure of maghemite (FA3M) .......ccooeiiiiiiiiiiiiiieerr e e e 106
A.9 Crystal structure of Magnesite (R3C) ...veeeeieiiiiiiieeeeiiiiiiiee e e 107
A.10 Crystal structure of marcasite (PNNM) .........oiiiiiiiieieieeieeee e e e e 108
A.11 Crystal structure of PYHte (Pa3).......cooeiierieeeiiiiiiiiieiiie e 109
A.12 Crystal structure of pyrrhotite (P63/MMC)..........cccvviiiiiiiiiiiciee e 110
A.13 Crystal structure of SIderite (R3C)......uueiieiiiiiiiiiiie et 111
A.14 Crystal structure of trona (C2/C) .....ueiiiiee et 112

Xiv



CHAPTER 1
INTRODUCTION

1.1 Overview

To consider a global issue, it may be helpful to consider lessamshiistory on a
geological time-scale. Two billion years ago, our sun was 0% dimmer and the
atmospheric C@concentration was as high as 100 times the current{évait the time,
the greenhouse effect of G@ay have been instrumental in keeping the oceans from
freezing over. At present, anthropogenic increases ifnl&@ls are expected to warm
the planet through the greenhouse effect. It's speculatedhisatould change the
direction of the ocean currents and shift climate across the globe.

In an effort to mitigate anthropogenic g€@mission on a human time-scale,
carbon sequestration is currently being considered. Carbon satjoastalso known as
carbon capture and storage (CCS), is the process of capturing deokile from large
point sources and delivering it to a storage medium (see FigureTlh&)most plausible
storage media are subsurface geological formations in whichv@OIld be trapped
beneath cap rocks. A portion of the O@ay form carbonate minerals which can remain
trapped for geological time periods.

Mineralization of CQ often follows the weathering of silicate minerals, for
example:

Mg,SiO, + 2CQ, 2MgCG; + SIO, Q)

Eq. 1 shows the conversion of a magnesium silicate (forstenitiegarbon dioxide to the

magnesium carbonate (magnesite) and silica. Minerals mentioned thubtighavork
1



* Schematic diagram of possible CCS systems

Ocean storage
(Ship or pipeline)

i
: €O, geological
; storage’

Figure 1.1: Schematic diagram of possible CCS systems showirsgpubhees for which
CCS might be relevant, transport of £4hd storage options. (Reprinted with permission

from IPCC Special Repdrp 4)

are listed with their empirical formulas and space groups ireThiil and representations
of their crystal structures are shown in Appendix A. Simila@g-bearing and Eé
bearing silicates can form the corresponding carbonate mineakdge (CaCG@) and
siderite (FeCG). However, the occurrence of silicate formations high A" Ke.g.
glauconitic formations) are relatively rare and shaflow Redbeds (sandstone
formations), in contrast, are common and are often expansive andncocomsiderable
amounts of ferric iron-bearing minerals. Palandri et al. praptss the co-injection of
H,S or SQ contaminants with COcould reduce ferric iron underground and lead to the

formation of siderit2 H,S is already co-injected with large amounts of,@Cacid gas
2



Table 1.1 Mineral definitions

Mineral name Empirical formula

Space group

Calcite CaC@
Ferrihydrite 5Fe0s; 9H,O
Forsterite M@gSiOy,
Greigite FeSy
Halite NacCl
Hematite FeOs
Mackinawite FeS
Maghemite FgOs
Magnesite MgC®
Marcasite FesS
Pyrite FeS
Pyrrhotite FeS;
Siderite FeC@
Trona NaH(CG;)2-H,0O

R3c
P&mc
Pbnm
Fd3m
Fm3m
R3c
P4/nmm
Fd3m
R3c
Pmnn
Pa3
P63/mmc
R3c
C2/c

disposal. S@is naturally present in GOexhaust from fossil fuel combustion. If

properly utilized, the intentional co-injection of $@r H,S with CQ could vastly

increase the potential of geological formations to sequesteorcan the mineral form.

This thesis explores the ability of these contaminants to weticterric-bearing minerals

and lead to the mineralization of carbon as ferrous carbonate.

1.2 Carbon Sequestration

The rate at which carbon dioxide is released to the atmosphere hthroug

anthropogenic processes is disconcerting. Global carbon dioxidei@misom coal

alone in 2009 amounted to 18 billion tn¥ne obvious way to reduce net emissions is

to produce less CO Actions such as increasing energy efficiency and the use of

renewable energy are essential in working towards carbon ngutralihe long run.

However, these efforts have been failing to counter the ris&nemissions, as fossil

3



fuels continue to be our primary source of energy. CSS exisis additional tool in the
reduction of net emissions that could make a large impact irhthré t9 medium term.
Currently there is no direct economic benefit to,Gequestration, unless the injection is
coupled with enhanced oil recovery in oil reservoirs or metham&uption in
unmineable coal seams. More likely, the implementation of a caaxowould be the
motivation for wide-spread use For the time being, studies such as these are being
conducted to understand the effects of carbon sequestration, and sexadiratale test
sites are actively in use. At locations such as the Sleipaeifield off the coast of
Norway and In Salah in Algeria geological sequestration iggh@iacticed in which C©

is being stored underground, but other potential storage media inbleideeans, and
surface mineralizatioh’. The question of whether or not to use carbon sequestration,
and in which way, is dependent upon the environmental impact, thé¢ afiedength or
carbon storage, and the cost. For more detailed reviews of thetbereli options
regarding sequestration the reader is referred to the rdwet®achu and the special

report by the International Panel for Climate Charige

1.2.1 Ocean Storage

As CQ; is absorbed by the Earth’s oceans, a portion of it will be cahtadhe
deep oceans, not to emerge for up to a millenfidmThe rate of absorption can be
enhanced by pumping G@to the ocean. If it is injected deep enough, @l become
denser than water and sink to the ocean floor. While this method gaesss large
amounts of CQ the storage time is not conducive to long term storage sinc€éQ@he

may return to the atmosphere in 300-1000 yeahdost importantly, this process could
4



very likely have adverse effects on ocean organisms. Furthertherenatter becomes
problematic on a political level, since the bulk of the oceans arédeoad international

waters. For these reasons ocean storage is not being considered for the mear futur

1.2.2 Surface Carbonation

The same process that creates carbonate minerals throughtuhe weathering
of silicates could be exploited as a controlled industrial psoceSilicates containing
calcium magnesium and iron may react to form calcite, mégreasd siderite (see eq. 1)
which are each sparingly soluble minerals and would be stablegewodogical time
periods. While this method has potential to be very effective, disés @f mining,

processing and disposal make it unattractive.

1.2.3 Geological Storage
The technology to liquefy CQand inject it into deep geological formations is

well established as part of efforts to enhance oil recoveryjegtions of CQ into oil
reservoirs. Geological CQ storage is already being implemented at the Sleipner field
off the Coast of Norway, Weyburn in Canada and at In Salah geridl among other
sites where C@stripped from natural gas is pumped into subsurface adUifefhis
sequestration strategy is similar in technology to acid ggsestration, in which 5

with a significant amount of CQOs pumped underground after separation from natural

gas' ® ™ This sequestration strategy is more economical than swréabenation, but



would still require additional energy for injection which may amdon#-40% of the
amount obtained from combustion.

The net effectiveness of geological storage depends on thg &driltarbon to be
retained underground. The sub-surface retention time of carbon lalg@dynds, upon
the trapping mechanism. These mechanisms can be generalized)irghysically
trapping below low-permeability rock, in caverns, or pore spaces,s&pldtion into

aquifers, or 3) mineralizatiGrf.

1.2.3.1 Physical Trapping

Initially, the majority of CQ injected underground will be physically trapped as a
supercritical fluid. The supercritical G@scCQ) phase exists above the critical point
(31.1 °C, 73.8 bar) where the liquid-vapor phase boundary ceases to exiSig(gee
1.2). As a supercritical fluid, GQwill fill all available space in the geological formation
like a gas, but has density reminiscent of a liquid. Cap rackgprevent CQ from
traveling towards the surface, although a portion will migrate througctures and
improperly sealed wells. A portion of the €@ill be more tightly bound through
adsorption or capillary action but ultimately, physically trappé&d, @ill undergo the

least retention time relative to solubility trapping and mineral trapping.



Supercritical
region

Liquid

N

Pressure, p

Solid Critical point
X B 7. -31.1°C
Triple point P = 73.8 bar
:

Temperature, T

Figure 1.2: Phase diagram for carbon dioxide. Beyond a speadifipetature and
pressure (the critical point) carbon dioxide becomes a supeatfiticd, a state that is

neither a gas nor a liquid, but has properties of both (reproduced witlispien from

Nature Publishing Grodp).



1.2.3.2 Solubility Trapping

A fraction of the CQ injected into deep aquifers will dissolve into the formation
waters. The deepest and largest aquifers typically have high sahmty fehich exclude
them from being considered drinking water as defined by the ER&l¢l above 10,000
ppm dissolved solids are exclud€d) These deep saline aquifers have very slow flow
rates which could trap GOfor millions of years * At high pressures, GChas a
relatively high solubility in water, although the solubility demses with ionic
strength(e.g. ~60 g G water at 100 bar and 25 °C}' '® These deep saline

formations are often considered as target sequestration sites.

1.2.3.3 Mineral Trapping

Once CQ is dissolved, it can be trapped in the most stable form, abancde
mineral. Carbon trapped in this mineral form is the slowest trappinggs®c occur, but
may be stable for geological time periods. In recent yexyerimental studies have
investigated the formation of carbonate minerals under carbon sedestonditions
using ferrous, magnesium and calcium-bearing silicate prsurs 2 The work by
Palandri et al. showed that ferric-bearing minerals can asa & carbonate in the
presence of S©. The potential extent of mineralization is vast, and is limitely by

the availability of calcium magnesium and itbn



1.3 Aquatic CQ Chemistry

The speciation of aquatic systems interacting with, C&h easily be calculated
for ideal conditions. Using the infinite dilution approximation, adategitare equal to
concentrations, and the activity coefficient can be neglected. Wstdadard state
conditions, equilibrium constants are well established. Using tleakconditions, the
concentration of dissolved G@ described by Henry’s law.

The Henry’s law constant, K defines the linear relationship between dissolved
CO, and the partial pressure of €OCarbonic acid is formed by the hydrolysis of LO
which can undergo deprotonation steps to form the bicarbonate and ¢araoioas. It
is convenient to combine carbonic acid and dissolved @iEn defining equilibrium
constants as in egns. 3 and 4. The following values are taker\ffoatic Chemistry by

Werner Stumm and James Morgan (i.e. the equilibrium constants in egn$. 4-8)

COpaq+ HO  H,COs 2)
[H2CO5] = [COZaq) + [H2CO4] €))

Ky = [H2COs 1/pcoz pKy = 1.47 M/atm (4)
H,CO;  H'+HCO; pKi= 6.352 (5)
HCO; H'+CO® pK,=10.329 (6)

Using these equilibrium formulas, and that of the autodissociation of water, thegtispec
concentrations at equilibrium can be calculated.

2H,0 OH + H;0' pKy = 14 (7)
Determination of carbonate mineral solubility as a function of Q&btial pressure can be
achieved with the addition of the solubility product. e.g.

CaCQ Cd& +COo> pKsp = 8.47 (8)
9



Using these terms, the speciation can be determined very atguratdilute
systems at standard state. Geological storage conditions howes/éar from standard.
CO; is injected at high pressure into deep formations. At the proptsedis depths,
the temperature of the Earth is significantly higher, dependitbeodepth and particular
geothermal gradient. Proposed aquifers consist of deep salindiforsnan which the
system deviates further from the infinite dilution approximatidfor these systems,
activity coefficients may be far from unity. Even in initiatlijute systems however, at
high CQ pressures the dissolution of €€hanges the consistency of the water causing
Henry’'s law to over-predict the dissolved £€ncentration. Equilibrium constants are a
function of both pressure and temperature. Typically, the presspendency is
neglected, but at high pressures the change in specific molar volume may beasgignifi

For some applications, the ideal approximation is sufficient. Foeraccurate
equilibrium constants at elevated temperature and pressureatearamerous data from
experimental studies from which several models have been developaad Duan have
developed the most complete model which calculates the equilibriuificergs in the
range 0-250 °C, 0-1000 Bir The Pitzer equations were solved for th®©H O»-NaCl
system which they propose should be accurate in the same range &mé& m NacCl.
The Pitzer parameters are an improvement over the DebyesHéickvity coefficients
but require empirical data for the interaction of each specibgselcalculations can be
performed at the Duan group website: http://www.geochem-
model.org/models/h20_co2_nacl.

Generalized models are convenient for when multiple speciesegenpreven if

they are less accurate. While the Duan model is very aectoatH,O-CO,-NaCl
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systems, it is limited to those species. This thesis cassitie conditions in which
ferrous carbonate will form, which is dependent upon solution specidtiomost cases,
generalized geochemical codes are used, but these can be cotoparee elaborate
calculations of siderite solubility and measurements which have taen at high
pressure, temperature, and ionic stretigth 2> All results produced by these models are
to be taken with caution when predicting solution concentrations, siaceractical

purposes, the kinetics of the system may have a large impact regardimgitpédses.

1.4 Trapping Iron Carbonates

Calcium, magnesium and iron are the three most abundant minetfaéskarth’s
crust that can form sparingly soluble carbonates. Iron, howeverogignform a
carbonate mineral in the divalent state. Some silicate ménsugh as olivine contain
ferrous iron which, over time, could result in conversion to siderite rundegon
sequestration conditiohs Ferric iron provides a great potential for mineral carbonation
if it is first reduced to ferrous iron. Reduced sulfur spediesalieady present in many
fossil fuels, which may be utilized in the reduction of ferric-mgpminerals in the
subsurface. b8 is present with natural gas in acid gas reservoirs, and cteitjavith
CO; into the Alberta basin in acid gas dispdsa&ulfur dioxide is a product of fossil fuel
combustion but is usually removed from the exhaust. Palandri et alspbfiat S@or
H,S co-injected with C@could reduce trivalent iron in the subsurface. In the case of
SO injection, some b5 will form due to the disproportionation reaction which occurs in

22-24

hydrothermal conditiors®*24

4SO + 4H,0  H,S + 3HSO, (9)
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Both SQ and HS have the potential to reduce ferric minerals, but in the case of

H,S it is well documented®™ 2 The reaction of Sor H,S with ferric iron can result in
several products. Sulfur exists in a variety of oxidation stttese relatively stable of
which, depending on the redox potential are sulfide, elemental sutidirswdfate. For

clarity, we will use the term sulfide throughout the remaindethif manuscript as a
referral to the equilibrium products,8, HS, and $. Thermodynamically, sulfide (2-)
in the presence of ferric iron will become oxidized to sulfaterahe transfer of 8
electrons. Experimentally, however, elemental sulfur or iron fdisu(pyrite) are the
major oxidation products. For example the reaction of hydrogen swlfiichematite

(Fe03) could result in at least three different sulfur products.

H,S + 4FgO; + 6H°  SQ% + 8F€é" + 80H (10)
H,S + FeOz + H S + 2Fé&" + 30H (11)
2H,S + FeOs + 2H  S,* + 2Fé" +3H,0 (12)

Post reduction, mineralization can occur as a carbonate or sulfide. pfiasre
are several possible sulfide phases, the most stable of which is pyrige (FeS

FE€"+CO> FeCQ (13)

FE'+S%  FeS (14)

In the experiment of Palandri et al., hematite was reacithdsaCQ and SQ for
~1400 hrs at 150 °C which resulted in the conversion of 5-10% of the hetogtitate,
siderite, and sulfdr The potential of ferric-bearing minerals to sequester cagbonly
realized if the relative rates of reaction result in the &irom of a carbonate mineral
phase. Under ambient conditions, the rates of iron (oxyhydr)oxideti@ailny sulfide

have been measurdd® Siderite dissolution and precipitation rates have been measured
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at high temperature and pressure, and high salt content under aouidittons?®=>%

While the equilibrium products can be calculated, experimentsegessary to determine

the kinetically favorable products.

1.5 Risks of Geologic Storage

To do proper justice to the cause of environmental sustainabiktynitportant to
include the risks involved with geological sequestration. Ideadyhan sequestration
greatly benefits the environment by curbing atmospherig IE@Is, but there are ways
in which it could also be harmful to the environment. A very good samyis provided
by Damen et al., and the majority of the following discussion beafjound within that
publication’”. Perhaps the most obvious issue would be if a large amount oth@o
was injected subsurface were to suddenly be released from unaetgrdadowever,
injection processes are well established and such a largacseswvement should easily
be avoided. This scenario can be catastrophic as evidenced bgehaf chake Nyos, a
crater lake, which suddenly released a large amount eftitad had been built up from
volcanic activity. The C& which is heavier than air, flowed down the mountain side
and suffocated any living being whose head was below 4 feet. sTaigary terrible and
extreme example, but it should exemplify that storage of this gas is not without.dange

The gradual leakage of GOon the other hand, is perhaps the primary concern,
and is problematic for several reasons beyond the inherent ladicerefy. Leakage of
the sequestration zone into fresh water aquifers could contaminatengriwater in
several ways. The introduction of @@to aquifers will lower the pH. These lower pHs

can mobilize certain, otherwise sequestered, contaminants.hefudre, geological
13



sequestration sites often contain methane or saline aquifers.diSgiacement of the
methane or salt water could render fresh water aquifers undrinkahle of these

possibilities should be considered upon initiating a sequestration site.

1.6 Organization of Thesis

The aim of the work described in this thesis is to investigaepbssibility of
enhanced mineral carbonation by iron-bearing minerals if redudifigr £ontaminants
are co-injected with C© The first chapter introduces the concern o, @@duced global
climate change and the potential for sequestration methods to @unatth of CQ
increase as well as a brief review of relevant chemidiilyapter 2 provides a
comprehensive description of the experimental methods used. Also ohatlu@dapter
2, is a description of the analytical techniques used and fadaseription of selected
fundamental principles. Chapter 3 describes the rationale fotheecof ferrihydrite
(conventionally 5F#; 9H,0O) as an initial study on the reactivity of iron-bearing
minerals with aqueous sulfide under s¢gCénditions and provides the results and
discussion for the studies conducted. In Chapter 4, results are disfoisthe reactivity
of two particle size distributions of hematite nanoparticled wwto sodium sulfide
concentrations. Hematite nanoparticles are used due to theiasadreelevance in
carbon sequestration conditions. Chapters 3 and 4 provide insight inio 8iel
reactivity of iron bearing minerals with aqueous sulfide and sc@®Chapter 5, a series
of batch reactions were performed with hematite nanoparticletedewith HS gas and
scCQ to elucidate the dependency of the reaction rate on solution salntglkalinity,

CO, and HS pressure, and the temperature and duration of the reaction.
14



CHAPTER 2
EXPERIMENTAL TECHNIQUES

2.1 Materials

All chemicals were analytical grade and purchased from eittiarA®&sar, Fisher
Scientific, or Sigma Aldrich. Nitrogen and carbon dioxide tawkse purchased from
Airgas (99% purity). HS was purchased from Sigma Aldrich. All water used was
deionized using a Barnstead Nanopure Il system (~18. MAll solutions containing or
interacting with sulfur species were sparged with nitrogen tféeast 5 min to remove
oxygen. A dissolved oxygen meter (Hach) indicated that thiev@l was below the 0.1
mg/L detection limit within ~4 min (&levels before sparging were ~8 mg/L).

Sodium sulfide nonahydrate was used rather than anhydrous sodiwhe sluié
to its increased stability. Anhydrous sodium sulfide would, overe,tifmecome
contaminated with carbonate as evidenced by its IR spectrufter gome time, the
sodium sulfide nonahydrate would develop a moist film composed, atitepart, of
sulfate and sulfite (also indicated by IR spectroscopy). Renaivlis layer could be
achieved by rinsing with deoxygenated water during vacuum filtration anklydiying
with a Kimwipe.

Glove bags (Fisher) were used when special care was neededniorizing
oxidation by Q, and always when dryingx situproducts. In Chapter 5 a smaller amount
of material was used, so extra care was taken to elimingtgenxfrom the reaction

system. All starting solutions were prepared, and final solstivere removed in a glove
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bag and between centrifuging, containers were only opened in aligvein Chapters 3
and 4, higher sulfide concentrations were used, and samples were introduced veyy quickl
into the reaction cell, and into the glove bag post-reactibasitureactions in Chapter 3
and 4 were allowed to settle overnight in a glove bag before remtwngupernatant
rather than using a centrifuge. Product in Chapter 5 was ceetlifutpcanted, and

refilled at least twice to remove dissolved species and concentrate thetprod

2.2 Mineral Synthesis

2.2.1 Ferrihydrite

Ferrihydrite (2-line) was synthesized by a modified methodCofnell and
Schwertmantt. More specifically, a 1 M NaOH solution was added to 500 ml@fLa
M FeCk solution until the pH stabilized in the region 7-8. The product Wewed to
settle at which point it was collected and dialyzed for sédaygs, changing the solution
several times, reaching a final conductivity below .01 mS. Thénhyerite was then

collected by centrifugation and dried in air.

2.2.2 Hematite

Two size distributions of nanohematite were prepared using a ioaddih of
synthetic protocols published in the literafiré> Small diameter hematite (hereafter
referred to as H1), which had a nominal diameter ®20 nm, was made by bringing
1500 ml of water to a boil and slowly adding 120 ml of 1 M ferhodde at 4 ml/min
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using a syringe pump. The solution was maintained at a slow boithentolor changed
from dark brown to bright red (~15 more minutes). The solution was renfimracheat
and allowed to settle overnight at which point the supernatantemasved A second
method was used to make larger hematite particles (diamete256f nm, hereafter
referred to as H2). In this latter method, a 120 ml solution M ferric chloride was
prepared and 1500 ml of 2 mM HCI was brought to a boil. Upon boiling, thd-&Q}§

solution was quickly mixed in, and the bottle was capped and put in an atve
temperature of 98 °C for 10 days. Both products were dialyzed sgintitathe case of

ferrihydrite.

2.3 Supercritical C@Generation

At 25 °C the vapor pressure of liquid € 64 bar. Achieving elevated pressures
of CO, delivered from a typical liquid C{Qtank requires a pressure boosting device. A
CO, tank fitted with a siphon tube (also called a dip tube) was usedivterdauid CO,
to a high pressure generator (High Pressure Equipment) whe@®thgas compressed.
The high pressure generator is fundamentally a piston driven vidimé crank. While
filling the high pressure generator, the ratio of condensed to papse CQ@delivered is
enhanced by cooling the piston chamber with ice packs. The highigrggnerator can
then be compressed to achieve elevated @€ssures. C{can be delivered to a heated
pressure cell to generate sc{and the pressure can be adjusted by turning the crank.
(see Figure 2.1) Alternatively, liquid G@an be delivered to a cell at room temperature,

which can then be heated to form the supercritical fluid (drgoecdd also be added to a
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room temperature or chilled pressure cell). In this instancéjigheoressure generator is

not completely necessary, but is still useful in determining the amount-ofi€i@ered.

2.4 In Situ ATR-FTIR

Attenuated total reflectance (ATR) is a technique in inftagectroscopy that is
conducive tan situ analysis. The technique derives its name from the phenomenon of
total internal reflection in which an electromagnetic wave ipgsghrough a dense
medium towards a less dense medium will be totally intermeflgcted if the angle of
incidence is greater than the critical angle with resped¢hé surface normal. At the
point of total reflection an evanescent wave (attenuated) exiatwlghe less dense
medium. The penetration depth defines the distance at whichntéesity of the

evanescent wave equal$ times the value at the surface.

d (15)

The value dis the penetration depth,is the angle of incidence, angh iis the refractive
index of the less dense medium divided by the céfra index of the more dense
mediunt®,

The technique referred to as ATR is the measuremkttie absorption of the
evanescent wave. This technique is advantageausitfdeast two reasons: 1) the
effective pathlength is very short (severain) yet reproducible (a drawback of
transmission IR spectroscopy), and 2) the ATR altys the only optical element

exposed to the system. ATR is particularly us&fubqueous systems. Because water
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Figure 2.1: Schematic of G(Qpressurization station. The @@nk on the left delivers
liquid CO; to the high pressure generator in the center. Hige pressure generator
delivers CQ to the hyperbaric cell on the right. Alternatijelthe high pressure

generator can deliver G@o the micro-reactan situ cell.
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has a very large absorption cross section, it igomant to have a short reproducible
pathlength.

For these studies, a Golden G¥teATR accessory (Specac) was installed in a
Nicolet 670 E.S.P. FTIR spectrometer. All specatrere recorded with 500 averaged
scans with an MCT-B detector. The MCT-B detectavples less sensitivity than the
MCT-A detector at higher frequencies, but can bedus detect lower frequency
radiation than the MCT-A detector. The Golden Gateessory consisted of several
mirrors which directed the infrared beam into antbad element normal to one face (see
Figure 2.2). The beam would totally internallyleet at the next interface, and pass back
out of the diamond opposite of where it had enteFeglure 2.2 indicates that a sample
above the diamond will partially be within the iawfed beam. The diamond element is
mounted in a tungsten carbide puck. Both the draimand the tungsten carbide are
mechanically strong and inert allowing them to fumt under high pressures and
temperatures. A micro-reactor cell (with inlet pazan be fastened against the puck
containing the reaction mixture under £@ressure. A heating element below the
diamond allows for the system to be heated to teatpees as high as 200 °C.

Iron and sulfide solutions were introduced to theroicell in two different ways
for the experiments discussed in Chapters 3 andindeach case, a solution containing
iron (oxyhydr)oxide and sodium sulfide was firsegsurized and then heated. Drying a
slurry of the sample onto the diamond can helgliteae to the surface and concentrates it
within the evanescent wave. In the experimentsudised in Chapter 3, 18 mg of
ferrihydrite was sonicated in 1 ml of water for Snotes, and 401 of the slurry was

deposited onto the diamond and allowed to dry. fhnero-reactor cell (total volume
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Figure 2.2: Schematic of a Golden Gate ATR accgsstih a sample mounted on top.
Typically the infrared beam enters the optics boon' the right, reflects off of two
mirrors, and is focused by a lens (not shown) i@ diamond element. The inset
indicates that at the point of total reflectionngde very near to the diamond surface will
effectively be within the infrared beam. The iméd beam exits the accessory opposite

to how it entered.
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~200 1) was secured over the film and filled with wateracquire an initial spectrum.
The micro-reactor used in this experiment wasditgth 1/16” inlet and outlet tubing.

Liquids were introduced using a syringe until sald¢imes the reaction volume had
passed through the other end, at which time thdetoyort was capped using a
compression seal.

An aqueous deoxygenated 4 mM,Na(~10.5 pH) solution was subsequently
injected to displace all the water. The cell waent pressurized to 83 bar with €énd
allowed to stand for 30 min, at which point the pemature was raised to 70 °C. Spectra
were collected during each of the steps mentiobhedeand every 30 min after reaching
70 °C. Each infrared spectrum collected at 70 ‘& weferenced against a spectrum
obtained from 70 °C water equilibrated with 83 IbarscCQ. Spectra taken at room
temperature were referenced against a spectrunatef wnder equal pressure.

The nanohematite (Chapter 4) existed as a sugperand was not dried. This
allowed the iron content of the suspension to lerdened by finding the dry weight of
the suspension prior to the experiment. Sometiswstions had a tendency to be
displaced from the volume above the diamond whias wbserved by a decrease in
water intensity in the IR spectrum. This problemsvalleviated by increasing the volume
using a spacer, which was machined at Temple Usitygilsee Figure 2.3). In addition to
increasing the volume, the spacer increased theacioarea of the solution with the €O
by slightly under-filling the reaction volume. Tlspacer was placed on the puck, and
filled to just below the brim with a hematite/soatisulfide solution (total volume 0f0.5

ml). Aliquots were removed from tlex situreaction solutions, and were used for
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Figure 2.3: Bottom view of a micro-cell (left) anolp view of the spacer (right). This
micro-cell is shown with one inlet port, althoughcell with two ports was used for
experiments discussed in Chapter 3. An o-ring plased in the groove and the cell was

pressed against the puck from above.

thein situreaction. The micro-reactor cell was fastened tvwe spacer, and then the cell
was pressurized to 83 bar with scC@oth the cell and the spacer cell were sealéd wi
an o-ring. The cell was heated to 70 °C usinghtié-in heating element from below,

and heating tape from above.

2.5 Batch Reactions

Batch experiments were performed to provide mdiepamarily, for ex situ
XRD analysis. Three different stainless steel hypec cells were used for the
experiments in Chapters 3 through 5. Each celtained a teflon insert, and each had
both a pressure gauge and a valve for introduamyralieving CQ and HS (two were
manufactured at Temple University and one was @seth from the Parr company). In

Chapters 3 and 4 batch reactions are discussed winwlatein situ conditions. The
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aqueous phase, consisting of sodium sulfide anddahgoxyhydr)oxide, was introduced
into the cell which was then sealed, pressurizebheated in that order. Batch reactions
discussed in Chapter 3 were conducted by placiigndd. of ferrihydrite in the cell with

2 ml of deionized and deoxygenated water with anthout 2.08 mmol of sodium
sulfide. The cell was pressurized with se@®83 bar and the temperature of the reactor
was maintained at 100 °C for 24 h.

In Chapter 4, the two size distributions of heneatibnoparticles, H1 and H2,
were tested. The H1 sample existed as a suspeaierrdialysis while H2 would settle
out of solution. The H2 sample was vigorously smakefore removing aliquots and a
portion of each sample was dried in air to estinthe iron loading. Four sets of
experiments were performed that consisted of ergosidividual solutions containing
the two types of hematite (concentration of 100 iR&) to two different concentrations
of sodium sulfide (50 and 100 mM referred to asaBtl S2, respectively). 50 ml of
solution was prepared, and ~1 ml was reservednfaitu experiments. The remaining
solution was placed in the cell, which was thereskgressurized, and then heated to 70
°C reaching a final pressure of 83 bar. The tentperavas maintained for 24 h.

Chapter 5 describes batch reactions usig§ ¢fhs as the sulfide source. Hematite
nanoparticles of the H1 type were diluted to aceeicentration with the desired amount
of NaOH or NaCl resulting in 40 ml of solution. @Eetrimental conditions are presented
in Table 2.1. The cell was sealed and heated t7st, and then pressurized with3
and CQ. The cell was connected by 1/16” PEEK (polyetétirer ketone) tubing to a
mixing column containing teflon beads (see Figur4).2 The mixing column was

purchased as an empty HPLC column (22 mm i.d. 70emgth) from Grace Discoveries
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which we filled with teflon beads (small parts)helother end of the mixing column was
connected by a three way PEEK connector to thespreggenerator and a lecture bottle
of H,S with a corrosion resistant regulator (Sigma Aldyi Valves isolated each unit;
the cell, the pressure generator and th® tdnk. The mixing column was first flushed
with CO; and then pressurized with enougkSHo give a 1% partial pressure in the cell
at 75 °C. HS was then flushed into the cell with €08y pressurizing the column and
releasing it to the cell three times. The cell wagated by swirling and stirring of a

magnetic stir bar within the vessel for a few setsoand then returned to the heater.

2.5.1 Delivering CQ

Delivering the correct amount of GQo the pressure cell can be problematic
when using a manual delivery system. It is paldidy challenging when trying to
deliver the correct amount of G@t room temperature to reach 83 bar at 70 °C25At
°C, the correct amount of GQwill be composed of both liquid and gas phase, CO
resulting in a pressure of 64 bar. Since a conubiiggiid and gas phase will always be
64 bar at 25 °C, the amount of €@annot be determined by G@ressure alone. In
batch reactions discussed in Chapter 3, an excesard of CQ was initially delivered.
The cell was filled until the pressure exceeded@rdby a small amount. This ensured
that there was no vapor phase left and there was than enough CQo reach 83 bar at
100 °C. As the temperature was raised, the pressas monitored and periodically
released until a final pressure of 83 bar remainatthough this method does result in

the correct pressure, there is a risk of releasomge of the k5 as well.
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Figure 2.4: Schematic of the G@B,S pressurization station with the mixing column.
The mixing column would first be pressurized witpSHand then with C© The mixture

would then be introduced to the cell.
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Table 2.1: Experimental conditions of$experiments

NaOH CO;pressure H,S pressure Time  Temperature NaCl
(mM) (bar) (bar) (h) (°C) (mM)

STD* 250+25  83+10 0.83+40.05 18+0.4  75+3.6 0
Al 0 - - - - -

A2 30 - - - - -
A3 100 - - - - -
Ad4* 250 - - - - -
A5 1000 - - - - -
P1 - 7 - - -

p3* - 83 - - - -
P4 - 110 -
HS1 - - 0.41 - - -
HS2* - - 0.83 - - -
HS3 - - 1.66 - - -
tl - - - 6 - -
{2* - - - 18 - -
t3 - - - 65 - -
T1 - - - - 45
T2 - - - - 75 -

T3* - - - - 120 -

NC1* - - - - - 0

NC2 - - - - - 40
NC3 - - - - - 400

NC4 - - : - : 4000
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One method of delivering the correct amount of emseéd phase GQliquid or
solid) is to measure the increase in mass from &fdition. This requires an accurate
scale at higher masses (> 0.5 kg) which was notai@. In this case, the pressure
generator was used to determine the amount ofdelivered. The pressure generator is
equipped with a pressure gauge which can providaedémsity of a compressed liquid if
the temperature is also known. NIST Webbook hgklhiaccurate C@data regarding
temperature pressure and derfityUsing these data, the volume change per tutheof
piston crank can be determined by the pressuregelsanTherefore, a convenient method
is to start with the C@pressure at a certain value, for example 70 e, naeasure the
temperature. The density can then be calculatetiffee amount of COwill correspond
to a certain volume of the pressure generator.d@ivering small amounts of GGt a
time, the correct amount will be delivered whenbkime of the pressure generator has
changed by the calculated amount and the finalspress 70 bar. At this point, the cell
can be heated to the desired temperature, anathectpressure should be reached.

The batch reactions discussed in Chapter 5 wertedhéiast and then pressurized.
The cell can be pressurized to 83 bar, but thespreswill drop over the course of several
hours. The decrease in pressure is caused bylutiesoof the CQ and absorption of
CO, by the teflon insert. In this instance, it waseenient to over-pressurize the cell.
The pressure generator was used to deliver an and@0O, that was found to result in
83 bar by the end of the experiment. After th&ahintroduction of an E5/CQ, mixture
the pressure would be 27 bar. After the mixtures @wdded, a set amount of £®as

introduced.
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2.6 Geochemical Modeling

Several freely distributed programs exist for thecelation of equilibrium
speciation. The program PHREEQC is used in thesithand is widely used and
appropriate for many geochemical syst&m$HREEQC uses equilibrium constants read
from a database and calculates the speciatioredytstem using several approximations.
The PHREEQC code uses Extended Debye-Hickel tHeoitye calculation of activity
coefficients, which are less accurate than theePparameters, particularly at high ionic
strengths. Henry's law is assumed to be valid letomes less accurate at higher
pressures. While the equilibrium constants varthwemperature, there is no pressure
dependency used. However, short of very extrerasspres, the equilibrium constants
will have a very small dependency on pressure. hWwithese approximations, the
accuracy of the results is dependent upon theityalid the database used. PHREEQC
was used only to calculate initial concentratiohagueous species, and not to determine
the results of redox reactions.

In each chapter PHREEQC calculations were usegpooaimate the speciation
of in situ and/or batch reactions and the associated outpstdre provided in Appendix
C. PHREEQC was also used to estimate the paregakpre of KIS required to achieve
the concentrations of 50 and 100 mM used in the®l S2 experiments (Chapter 4).
The calculations showed that the sulfide conceontratused for the S1 and S2
experiments would result from,B partial pressures of ~1.3 and ~2.6 bar, respgtiin
the scCQ (83 bar) in contact with the aqueous solutionntég we argue that the sulfide
concentrations used in the studies in Chapter 4ragevant to a real scGQOnjectate

containing 1-3% HS contaminant. A summary of selected PHREEQC talons are
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Table 2.2: Calculated partial pressures and coretgoms of selected aqueous species

CO, (M) % H,S  NaS’ (mM) CarbonatégmM) pH
S1 1.159 1.6 50 96.3 5.104
S2 1.134 3.1 100 187 5.360

Results calculated by PHREEQC for an aqueous systetar 83 bar COpressure
with 50 and 100 mM NsS at 70 °C.%2 % H,S is the equivalent percentage ofSHheeded to
reach the concentration addédThe amount of sulfide added. Calculations repe8ag) is
the dominant specie$.includes C@, HCOy, NaCQy, and NaHC@with HCO; being the
dominant species.

listed in Table 2.2 including aqueous £©oncentration, combined carbonate and
bicarbonate concentration, and solution pH. Inpgié@5 the HS partial pressures were
determined to be 1% of the total. In this caseyéwer, the limited volume of the

CO,/H,S phase could only result in 15 mM3$Hincorporated into the aqueous phase.

2.7 X-ray Diffraction

X-ray diffraction (XRD) was used to determine thHeape distribution of reaction
productsex situ Upon directing an X-ray beam on a crystal, te#éected beam will
result in a diffraction pattern which is uniqueth@ crystal structure. The general X-ray
diffraction patterns and crystal structures haveaaly been determined for all recognized
minerals. The technique of powder diffraction $&d to determine the phase distribution
of a mixture of powdered minerals. XRD patternscdssed in Chapters 3 and 4 were
collected on a Scintag PAD X diffractometer in axygen free chamber under the
following conditions: Cu K radiation, 40 kV, 25 mA, 5-90° 2 0.02° 2 step, 10

sec/step counting time. A Bruker single crystalax- diffractometer was used with
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powder samples loaded into capillary tubes for erpents discussed in Chapter 5. Mo
K radiation was used with 30 kV and 30 mA. A CCRBaadetector was used which
collected 2 from 0-50° in 5 images collected for 180 sec eathe Mo anode was used
because Fe fluoresces under Cu tadiation causing a large background signal. The
Scintag PAD X was equipped with a monochrometerliminate Fe fluorescence.
However, the monochrometer was not available, amptes were run for 10 h scan
times to produce sufficient signal to noise. The dhode is advantageous for multiple
phase analysis because the X-ray energy emittetiges diffraction peaks that are more
angularly separated, increasing the resolution.advantage of using the capillary tubes
for XRD analysis is that a very small amount of planis needed. This allows for
solution concentrations and starting mineral phasebe scaled down in the batch
reactions. Capillary tubes were made of boron sitha (Charles Supper) resulting in
minimum background which is observed as a largadmignal centered at Z= 1.2°.
The capillaries have a wall thickness of 0.01 mmd an internal diameter of either 0.1
mm or 0.7 mm.

Relative phase abundance was determined by a Rieefinement using Topas
Academic software. The Rietveld refinement gemarat theoretical line profile for each
phase, and uses the least squares method to thdbeetical line profiles to estimate the
relative abundance. For XRD patterns discussedhapters 3 and 4 Match! software
was used to identify phases. For the analysisudsad in Chapter 5, only the phases
siderite, hematite, pyrite, mackinawite (FeS), raaite (Fed, pyrrhotite (sometimes
defined FgS;), greigite (FeSs), and halite (NaCl) were considered. Crystal cttiee

information was obtained from the American minegiocrystal structure databde
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2.8 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed amgtlel with XRD analysis
for a comparison of phase abundance determinatitimei experiments with hematite and
NaS. TGA was used to measure the change in masssafmple as a function of
temperature under nitrogen. If the temperaturgvldath a material changes phase is
known, then the percent composition of the startingterials can be determined.
Differential scanning calorimetry (DSC) data canco#lected simultaneously with TGA
data. DSC is a measurement of the amount of legaired to increase the temperature
of a sample. In this instance, TGA was used tdicuarthe phase abundances of products
that were identified with XRD. Amorphous phaseschhmay be undetectable by XRD
can be identified by TGA and DSC if they have aquei phase transition temperature.

The TGA/DSC measurements were conducted using astletSTA 449 C
instrument. About 10 mg of reaction product wasndy distributed on the bottom of an
Al,O3 crucible. An A}Os lid with a single hole was used to cover the dilgci The
sample was heated under a nitrogen atmosphere9@3.pure N) from 30 to 800 °C at
a rate of 10 °C/min. The nitrogen flow was mainég at 40 ml/min. Both mass loss
(TGA) and (DSC) was collected in the same run. @ha&a was analyzed using the
Proteus software package provided by Netzsch.ddiitian to the reaction products, pure
siderite, a natural siderite specimen, and a napyréte specimen were analyzed in the
same manner for comparison. The research-qualitygnal specimens were obtained
from Wards, Rochester, NY. The synthetic sidents synthesized by heating ferrous
oxalate to a temperature of 400 °C for a period days in a gold capsule contained in a

cold-seal autoclave.
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2.9 Electron Microscopy

2.9.1 Transmission Electron Microscopy

The resolution of a wave based microscope is lante the minimum focal spot
size, approximately:

R= /2 (16)
In this equation is the wavelength. Since the resolution is a tioncof wavelength,
optical microscopy is limited to ~200 nm for violgght. Considering the wave nature of
an electron, a beam of electrons accelerated atk¥2dor example, has a minimum
focus size of ~5 pm. Transmission electron miapgd TEM) can therefore be used to
image specimens on a sub nm scale. Rather thag lesises, as in optical microscopy,
electrons are focused in a TEM using magnetic dieldue to their similarity to optical
lenses in functionality, the magnetic fields usedfdcus electrons are referred to as
lenses. Figure 2.5 shows a ray diagram of anrekeahicroscope, indicating that the
electron beam passes through several focusingddrefere, and after passing through
the specimen resulting in a magnified image atrdwrding or viewing device. The
image is typically viewed on a phosphorescent sceel can be recorded on film or by a
CCD camera. An electron diffraction pattern candbserved by adjusting the focal
length such that the back focal plane is upon tlesving device (see Figure 4.2).
Analogous to XRD, an electron pattern will be gated when electrons pass through a
crystalline sample. This diffraction pattern Wk unique to the crystal structure. TEM

images were collected at 120 kV with a FEI Tecriai 1
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Figure 2.5: Ray diagrams for imaging and diffracticn a transmission electron

microscope. Figure reprinted with the permissibBambridge University Pre€s
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2.9.2 Scanning Electron Microscopy

The electron beam in a scanning electron micros¢(8g#) is rastered across the
specimen surface and scattered electrons are e@tetich are converted into an image.
Higher density materials have a tendency to scati@re electrons which, along with
specimen topography, results in image contraste rEélsolution of a SEM is limited, in
part, by the larger spot size of electron beam I8EM, and also by the interaction
volume of the specimen. Electrons hitting the damyll scatter in all directions and
some secondary scattered electrons will be detec®e8EM is preferable to a TEM for
imaging thicker specimens, and for imaging the gwpphy of a specimen. All SEM
images were collected on a FEM Quanta 400. SEMj@savere collected at 2 or 5 keV,

while EDS analysis was collected using a 15 ke\fibeaergy.

2.9.3 Energy Dispersive Spectroscopy

Both the SEM and the TEM can be equipped with aerggn dispersive
spectroscopy (EDS) detector. EDS is a powerful lyical technique which
characterizes the elemental distribution of a samf@ombarding a specimen with high
energy electrons will cause the excitation of sauee electrons. The relaxations of
excited atoms results in X-ray fluorescence of aratteristic energy for each element.
The EDS detector measures the intensity of theyXfh@rescence as a function of
energy. The relative contribution of X-rays fronffefent elements can quantitatively
determine their relative abundance. A SEM or TENhwcanning capability can collect

an EDS spectrum from a matrix of points on the dantp create a map of the
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distribution of elements. The energy of the emttbeam must be sufficiently high to

excite core electrons of a particular element &ddya corresponding EDS signal.

2.10 Dissolved Iron Analysis

A modification of the ferrozene technique was usedetermine aqueous ferrous
concentratiorfs. The ferrozene molecule selectively binds todesr ions forming a
complex which will absorb radiation with a maxinta-&60 nm. A calibration curve was
generated using dilutions of Mohr's salt. The apson is linearly dependent upon
concentration up to ~4 mg/L iron. This method waed for experiments discussed in
Chapter 5 when Béremained in solution at the end of several expemits The initial
concentration of Fe was 15 mM, and the percent irengain solution was calculated
from this value. Used in conjunction with XRD r&suthe molar distribution of iron

was determined.
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CHAPTER 3
FERRIHYDRITE PHASE TRANSFORMATIONS IN THE PRESENCE OF
AQUEOUS SULFIDE AND SUPERCRITICAL CO ,

3.1 Introduction

In this contribution, we investigated the convemsad ferrihydrite, a nano-ferric
oxyhydroxide, to siderite in the presence of se@@d dissolved sulfide. The motivation
for using ferrihydrite as the model ferric oxyhysiiae in this research is two-fold. First,
ferrihydrite has been shown in prior research thildk a high surface reactivity and
ability to undergo transformations to hematite ajukthite in aqueous solutions at
elevated temperatu®s** Hence, this mineral phase allows us to studyeffiects of
reducing agents and scgOn a mineral that is expected to show reactioetiée on a
time-scale conducive to laboratory experimentatidfor comparison, the half-life of
reduction of ferrihydrite by sulfide is 12.3 h, whas hematite is 182 d&ys™® The type
of ferrihydrite used is often referred to as 2-lfieerihydrite. The term, 2-line, refers to
the XRD pattern of this form of ferrihydrite whi@ppears to consist of only two lines
due to the size and low crystallinity of the sampleSecond, phases such as ferrihydrite,
which perhaps do not exist in large quantity sulaser, could conceivably play a role in
sequestering C£{xthrough surface mineral carbonization techniques.

A novel aspect of the research is that the reaati@mistry is followedn situ
with ATR-FTIR. This technique allowed the chenysticcurring as ferrihydrite reacted

with a reductant and scGQo be followed over time. Ex situ XRD analysis was
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performed on samples recovered from batch expetsnncharacterize the reaction

products.

3.2 Results and Discussion

Figure 3.1 displays XRD patterns of materials tf@med after a solution
containing ferrihydrite was heated to 100 °C in pnesence (Figure 3.1b) and absence
(Figure 3.1a) of aqueous sulfide in contact witR@g Analysis of the XRD pattern
(Figure 3.1b) shows that this reaction yielded bsitterite and elemental sulfur. The
mass percentages for siderite and sulfur were 8%68 10.5% respectively (x 5%)
which is well within the error bars for the preddt2:1 Fe:S ratio (see rxn 17). In the
absence of sulfide, but in the presence of s¢@rihydrite transformed to hematite at
this temperature as shown by the XRD pattern dygolan Figure 3.1a. Prior research
has shown that in the absence of se@is same transformation to hematite occurs,
suggesting that the presumably high concentratfcagoeous carbonate does not inhibit
the ferrihydrite to hematite conversfon

The structure of ferrihydrite, although a point @ébaté* *> has been
conventionally described empirically as 326¢ 9H,O and using this stoichiometry
our experimental results imply the following compeseaction in the presence of scCO
and sulfide:

5Fe0; 9H,0 + 58 + 10CQ 55 + 10FeCQ + 100H + 4H,0 (17)
Figures 3.2-4 display TEM images of the productrifed during the above reaction and

the conversion of ferrihydrite to hematite. TheMEmage of ferrihydrite prior to
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Figure 3.1: XRD patterns associated with the reagbroduct formed via the reaction of
an agueous suspension of ferrihydrite with (a) sc@@ (b) with scC@®and aqueous
sulfide. Both reactions were carried out at 100foC24 h. Without aqueous sulfide
ferrihydrite transforms to hematite, but in thegenece of sulfide a mixture of siderite and

sulfur is experimentally observed.
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reaction showed 2 nm particles characteristic-bhe ferrihydrite (Figure 3.2). After
the reaction of ferrihydrite with scGOn the absence of sulfide, larger particles were
observed (Figure 3.3) and their morphology (rhongolpal) was similar to what had been
observed before for synthetic hematite nanopasfitleTEM images of the sulfur/siderite
product (Figure 3.4) show the presence of >50 mg lorystallites.

The preceding reactions were also investigatesitu with FTIR-ATR at 70 °C to
gain further insight into the kinetics and mechanisf the reactions. Figure 3.5 shows
infrared data obtainedn situ during the transformation of ferrinydrite to sider
Spectrum 3.5a shows ferrihydrite at 70 °C. Spe8tbh-d are subsequent spectra after
30 min time intervals which show siderite peaksligated by dashed lines: ~1400, 865,
and 740 crif) that increase over time. Infrared modes repartetis thesis are listed in
Table 3.1. Spectrum 3.5e shows the reaction ptogfter 18 h. The intense peak at
~1400 cnit is assigned to the carbonate asymmetric stretjtagd the peaks at 865
and 740 (s) cm* correspond to the out of plane and in plane cateohending modes,
respectivel§’. These latter peaks distinguish siderite fromepttarbonaté& Analysis
of the data show that after 1 h at 70 °C, the ggElpeaks became apparent and increased
over the 18 h reaction time.

Spectrum 3.5a shows ferrihydrite initially at 7€ Pefore any observable
transformations have occurred. The 70 °C ferrittgdspectrum resembles aqueous

ferrinydrite at room temperature, which exhibitsosgy peaks assigned to adsorbed
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Table 3.1: Approximate absorption maxima and assejnts for infrared spectra

Assignment Wavenumber Mode
Siderite 1800 overtone4)
(carbonate mode¥) 1400 asymmetric stretchgj
865 out of plane bend4)
740 in plane bend £)
Surface bound 1475 C-O asymmetric stretgh (
carbonat&” > 1400 asymmetric stretchgj
1360 C-O symmetric stretchgj
1073 symmetric stretch()
840 out of plane bend4)
Ferrihydrité® > 695 Fe-O
565 Fe-O
465 Fe-O
Hematite® 560 Fe-O
Bicarbonate 840 out of plane beng)(
(aqueousy > 1000 C-OH stretch §)
1300 COH bend ¢)
1355 C-O symmetric stretchgj
1620 C-O asymmetric stretch)
Carbon dioxide 2340 asymmetric stretch
650 bend
Water 3395 stretch
1640 bend




Figure 3.2: TEM image of ferrihydrite prior to ré@n. A single particle is shown within

the black circle.
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Figure 3.3: TEM image of solid reaction productnied via the reaction of an aqueous
suspension of ferrihydrite with scGO A hematite particle is indicated that resulted

during the ferrinydrate phase transition.
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Figure 3.4: TEM image of solid reaction productnied after ferrihydrite reacted with

agueous sulfide in contact with sc&€O
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carbonate. The adsorbed carbonate is lower in ®tmgnthan free carbonate, which
leads to a split of the degeneratamode into two peaks at ~1475 (C-O asymmetric) and
1360 cnt (C-O symmetric) and also the totally symmetriestn is observed at 1073

el ( l)47, 49, 50

Loosely bound, or outer sphere, carbonate will exhibit the
degenerate ; mode at 1400 cth®’. In addition to adsorbed carbonate, ferrihydrite
exhibits FeO derived modes at 695, 565 and 465inragreement with prior studi€s®>

. These low wavenumber modes are relatively wemklaoad, but give some insight
into the presence of ferrihydrite during the tramnsfation reaction. After 2 h (spectrum
3.5d), ferrihydrite Fe-O modes are still apparentigating that this phase coexists with
siderite up to this point in time. Ferrihydrite m® longer observable after 18 h and
siderite dominates the vibrational spectrum asstitated by spectrum 3.5e (note the
absence of Fe-O peaks).

Our in situ results also suggest that the carbonate layemchavpie-exists as a
stable adsorbed specigss disrupted in the presence of a basic sulf@et®n. Figure
3.6 showsdn situ vibrational data obtained at room temperature xposing ferrinydrite
to an aqueous solution of sulfide (Future 3.6b) theth to 83 bar Cgtemperature in this
circumstance is below the supercritical point faD.JC (Figure 3.6c-d). Specifically,
spectrum 3.6b shows that the modes attributabbartioonate are reduced in intensity by
the presence of sulfide. We surmise from this Itabat carbonate is being displaced
from the ferrinydrite surface. Based on prior egsh on the reduction of ferrihydrite in
agueous solutions of sulfide, the reduction offérehydrite under our initial conditions

will be relatively slow due to the high pH and aeriii temperatufé > Upon CQ

addition (Figure 3.6c¢, d), carbonate peaks increasgensity and C@dissolution into
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Figure 3.5:In situ ATR-FTIR data associated with the transformatibrieorihydrite to
siderite. Spectra a-d were obtained in 30 minrviaile. Spectrum e was obtained after 18
h of reaction. All spectra were taken at 70 °CarrtB bar C@and are offset for clarity.
Siderite formation becomes noticeable from thest ddter 1 h of reaction time

(spectrum c).
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Figure 3.6: ATR-FTIR spectra of (a) ferrihydrite vmater, before sulfide addition or
pressurization, (b) after sulfide addition, (c)eafsulfide addition and exposure to £0
and (d) after a 10 min exposure to £C5pectra are taken at room temperature and are

offset for clarity.
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the agueous phase is expected to lower the pH, itttueasing the rate of reductive
dissolution. An increase of the temperature tdCQwhere scC@is present) results in
the production of siderite, as exhibited in Fig8r®. Siderite, whose solubility decreases
with an increase in temperature precipitates mapédty at this elevated temperatfite
Calculations performed using PHREE®ahdicate that a COpressure of 83 bar at 70
°C will lower the pH of the sodium sulfide solutitnom 10.3 to 4.1 (at equilibrium with
respect to C@chemistry), which will in turn increase the solitpiof siderite?*3% >

Figure 3.7 illustratedn situ vibrational data associated with ferrihydrite in
solution in contact with scCQOat 70 °C as a function of reaction time (30 mimdi
intervals and after 18 h). Analysis of Figure 8onhfirms that ferrihydrite (in the absence
of sulfide) heated to 70 °C does not undergo astoamation to siderite in the presence
of scCQ. Vibrational modes associated with siderite db aqgpear at any time during
the reaction. Similar to the sulfide-circumstamtaborated on above, the Fe-O modes
associated with ferrinydrite diminish. In contrastthe sulfide-circumstance, however, a
mode near 560 cthappears that we associate with the formation afidtiée, FeO5*
(Figure 3.7). This mode at 560 ¢nis more apparent when the data is presented as a
difference spectrum produced by subtracting theetimero spectrum from the 18 h
spectrum (Figure 3.7b). In addition to the formatbf the hematite, vibrational modes
associated with carbonate grow over the time aftrea; split peaks at 1360/1475 as well
as the degeneratgband at 1400 cthand the ; and » bands 1070 and 840 &’ >°2

Prior studies have generally shown that the phasesition of ferrihydrite to hematite

occurs in aqueous solutions via a dissolution-atiygation reaction at temperatures
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Figure 3.7: (a) A family of ATR-FTIR spectra assied with the reaction of a
ferrihydrite containing solution in contact withG©, at 70 °C as a function of time. The
first four spectra are taken in 30 min intervalssirating increasing carbonate peaks
~1475 and 1360 cth The fifth spectrum (highest carbonate peak) alatsined after a
reaction time of 28 h. (b) A difference spectrumtained by subtracting the first
spectrum from the 28 h spectrum. The differen@ecum shows the presence of
carbonate and the presence of a mode at ~560tiea is attributed to the Fe-O mode of
hematit€®. No evidence for siderite is found under thespeeixnental conditions (no

sulfide).
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typically above 70 °® °" > Our results show that the presence of sci@@ontact with

the agueous solution does not impede this phassftranation.

3.3 Summary

In this section we have shown situ andex situevidence of the formation of
siderite, FeCg from the iron oxyhydroxide, ferrihydrite, with diom sulfide and scC9O
asreactants. This study illustrates the relativélgrs timescale for iron reduction and the
transformations of the ferric mineral during expesto scCQ. The results show that the
high reactivity of ferrihydrite, along with a suffigontaining reductant in the presence of
scCQ, leads to carbon sequestration through mineral cazhtton. We speculate from
this set of experimental results that ferrihydmb@y be a cheap potential medium by
which to sequester GQvia carbonate formation in above ground applicetioThe next
section will move beyond the intermediate phaseihigdrite and investigate the
transformation of the more stable iron oxide heteaitn the presence of sulfide and

scCQ.
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CHAPTER 4
HEMATITE REACTIVITY WITH SUPERCRITICAL CO >, AND AQUEOUS
SULFIDE

4.1 Introduction

Redbeds have been proposed as a candidate for daade geological carbon
sequestratich °>.  Hematite, making up a fraction of redbeds, isréfore a relevant
mineral to study the potential conversion to sigern reducing carbon sequestration
conditions. The hematite used in our researchafi@snanocrystalline morphology for
three primary reasons. 1) Hematite nanoparticleskaown to be present in redb&d$’

2) The relatively high surface to bulk ratio asatedl with nanoparticles is expected to
facilitate reaction kinetics (i.e., produce sigeadint product) in a timeframe conducive to
laboratory study. For example, the prior studyFayandri, et al. used macrocrystals of
hematite and required times on the order of momthsnduce significant chemical
changes in the iron mineralogy3) By using two nanoparticle systems with differe
average particle diameters, the effect of parsce on reactivity could be addressed. X-
ray diffraction (XRD), thermogravimetric analysi§GA), electron microscopy, and
situ infrared spectroscopy were used to characterize rdactions associated with
hematite in an aqueous sulfide/scCénvironment and to estimate the mineralogical

composition of the reaction products.
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4.2 Results and Discussion

4.2.1 Ex Situ Analysis of Hematite Reactivity

Figures 4.1 and 4.2 exhibit TEM images of the HH &2 samples before
exposure to aqueous sulfide and seC®he H1 sample consists primarily of aggregates
( 42 nm average diameter) composed of individual higengarticles with diameters that
lie in the ~5-20 nm range (Figure 4.1). The HZipkes have an average diameter of 267
nm based on TEM analysis (Figure 4.2). BrunauerdéttTeller (BET) analysis
yielded specific surface areas of 53.1, and 1128 fior H1 and H2 respectively. XRD
data obtained before and after the exposure ofrtd1H®2 particle slurries to scG@t 70
°C as a function of the aqueous sulfide concewinatire shown in Figures 4.3 and 4.4.
Analysis of the XRD associated with the particledobe exposure are consistent with
that expected for pure hematite. A more detailedlysis of these particular XRD
patterns shows that the full-width-half-maximum (AW) of the Bragg peaks associated
with H1 is greater than the respective peaks aatatiwith the H2 Bragg reflections. It
is well known from prior literature that nanopal often exhibit broadened Bragg
scattering peaks due to their small coherent saagtelomain&. The only conclusion
we draw from these particular data is that the Hitigdes have a smaller diameter than
H2 particles, consistent with our conclusion froM. However, it may be that the
smaller hematite nanoparticles are more disordiraal the larger hematite crystals. Iron
oxide nanoparticles in the past have been defisgut@ohematite or hydrohematite, and

maghemite-like (F£;) surface defects have been observed on hematitpasticle8".
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Figure 4.1: TEM image of H1 before reaction.
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Figure 4.2: TEM image of H2 before reaction.
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Figure 4.3: XRD patterns for the H1 and H2 startimaterials.
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Figure 4.4: XRD patterns for H1 and H2 after reacttvith scCQ in the presence of 50
mM (S1) or 100 mM (S2) aqueous sulfide (i.e. H1I82S1, H1S2, and H2S2). Labels

refer to hematite (H), siderite (S), pyrite (Poanta (T), and greigite (G).
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Inspection of the post reaction XRD shows that l@emavas partially converted
to carbonate and sulfide phases during the expasigeCQ (see Figure 4.4). Table 4.1
exhibits the results of the XRD experiments ants like relative amounts of the different
products for the four experimental conditions (il#1S1, H1S2, H2S1, and H2S2). All
of the experimental conditions resulted in a sigaift portion of the hematite converting
to pyrite and siderite (greigite or pyrrhotite magpear to a small extent as well: see
below). While not listed in Table 4.1, the reantiof H1S1 also produced trona
(NagH(CO3)2-H20), the formation of which is attributed to the idiy process and this
phase is not considered a reaction product. y&sabf the tabulated values shows that
the sulfide concentration affects the amount of &&en conversion. For example, the
lower sulfide concentration experiment, S1, resLite~30% of the iron being converted
to siderite and pyrite, and the use of a highefidailconcentration, S2, resulted in the
conversion of ~76% of the iron in the small diamdtematite (H1) to iron disulfide and
carbonate product. This same trend can be obséovete H2 sample, but in this case
even at the higher sulfide concentration only ~55%l2 iron converted into pyrite and
siderite. We had expected the higher surface afedl ( 53 nf/g) would lead to
enhanced reduction of hematite relative to the &tfige ( 11 nf/g) during the 24 h time
period. While a larger percentage of H1 than H2 vealuced in the S2 experiments, the
same amount of H1 and H2 was reduced in the Slriexpets. These experimental
observations suggest that the higher surface dréH @s well as structural or surface
defects can lead to enhanced reactivity at highide concentrations, but may not lead
to a significant effect at low sulfide concentrast. A possible reason why all the

hematite does not convert to siderite and pyritenduthe time period used in this study
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is that product formation on the hematite partsleface could inhibit the reaction of
sulfide with the subsurface region of the hematédicles.

TGA analysis of the reaction products yielded samilesults to those obtained
from XRD analysis. Inspection of the reaction pros by TGA shows minimally a two-
stage mass loss above 275 °C. A representative /e is shown in Figure 4.5. The
onset of the first mass loss is near 275 °C, withaximum mass-loss rate between 350
°C and 390 °C. This first stage is directly folledvby one, and sometimes two, smaller
weight loss events before the mass stabilizesnapaeatures in excess of 600 °C. By
comparison, synthetic siderite and natural sidestitew a single event, albeit at different
temperatures (maximum rate of mass loss at 44%rGyhthetic siderite and 525 °C for
natural siderite) (Figure 4.6). These results @vasistent with earlier work which
showed that natural siderite is stabilized by theorporation of Mn and/or Mg in the
structur&. Pyrite shows a major event with a maximum mass-tate at 651 °C (Figure
4.6), consistent with earlier wdtk DSC data (not shown) indicate that in all cabes
mass loss events are associated with endotherragtiors. A mixture of synthetic
siderite and pyrite shows two stages of mass legh,the two stages closely following
one another (Figure 4.6). The first mass loss tevecurs at the same temperature as the
mass loss observed in the experiment with syntlsedierite. The mass loss in this first
event is consistent with the expected 37.8% mass &b siderite in the mixture (mass
loss 15.84% of total sample with 6.06 mg of sideahd 7.53 mg pyrite). The second
mass loss event is consistent with the expecteds nouss for pyrite (26.7%) in the

mixture (mass loss 9.63% of total sample); howether onset of this mass loss is about
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Table 4.1: Phase distributions of products deteechioy XRD and TGA analysis

Run Siderite Siderite Pyrite Pyrite Hematite
(XRD)" (TGA)* (XRD)* (TGA)* (XRD)"
H1S1 17.7[13.93] 16.6 20.8[15.8] 15.0 61.5[70.3]
H2S1  20.6[16.19] 17.5 17.7[13.47] 23.7 61.7[70.3]
H1S2  41.0[38.48] 33.6 41.2[37.35] 27.3 17.8[24.16]
H2S2  33.2[28.84] 30.7 31.1[26.07] 25.1 35.8[45.07]

" mass percentage [and mole % of Fe] estimatedehakis of Rietveld refinement
of powder diffractogram using Topaz software paekgmercentages do not include
trona contribution); * mass percentage estimatetherbasis of TGA analysis, see
text for details.

60 °C lower in temperature than the one observedarexperiment with the same pyrite
alone. On the basis of the results with the pgiderite mixture we assign the first mass
loss event in each of the experimental productsderite, while the subsequent mass loss
event or events are assigned to pyrite. The TQ#ector sample H2S1 shows two mass
loss events between 400 and 600 °C, whereas theriexgnt with H1 particles only
shows one mass loss event. It is not clear whasesathe presence of two events in
H2S1, but one possibility is that a protective omaforms on the H2 derived patrticles,
which temporarily impedes sublimation of sulfur fropyrite. The formation of
protective coatings on sulfides is common in TGAeiment&®. For the purpose of this
work we assigned the first mass loss event to #momposition of siderite and the
subsequent mass loss event or events to the desdimpoof pyrite.  Using these
assignments the mass percentages of siderite ainté py the reaction products were
estimated. The estimates based on the TGA anaysisummarized along with those

based on the XRD analysis in Table 4.1. The simylaf the composition of the reaction
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Figure 4.5: TGA plots associated with reaction picid H1S1 and H1S2.
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Figure 4.6: TGA plots of pyrite, synthetic sideritad a pyrite/synthetic siderite mixture.
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product determined by XRD and TGA suggest thatwhst majority of the reaction
product is crystalline, since any amorphous phasesd not be detectable by XRD.

It is important to note that in all cases the neactvith hematite led to equimolar
amounts of siderite and pyrite. We assume thavahn@tions from equimolar quantities
of up to a few percent are within experimental amdlytical error. This particular

experimental observation suggests that the follgweactions dictate the outcome of the

experiment:
2F€" +2S g  FeS(pyrite) + Fé' ) (18)
F€ag+ CO” ag FeCQsiderite) (13)

In this reaction scheme, every mole of pyrite pastlifrom ferric iron and sulfide
produces one mole of ferrous iron that reacts weattbonate to form siderite (reactions 13
and 18). It is interesting that in these experiteeme did not observe elemental sulfur
that was observed in the experiments with sulfidd gerrinydrite which converted to
siderite and sulfur. We speculate that the diffeesin product distribution (i.e., pyrite
versus sulfur product) is a function of the reactkinetics. We base this conjecture on
earlier work by Wei and Osseo-Asare who studied regmction of ferric iron with
sulfide®™. They showed that pyrite formation was favorailehe pH range of ~3-6
(similar to the pH of our reaction system), buttttiee formation of pyrite was sensitive
to the [F&"] to [S*] ratio. If the ratio of [F&] to [S?] in solution was too high, then all
of the sulfide was rapidly oxidized to sulfur anal pyrite formed. This appears to be a
possible explanation why in the first study onlyfeuand siderite were produced from
the reaction of ferrihydrite with sulfide in sc@OIn the ferrihydrite circumstance, the

dissolution of the mineral in solution is appargmtpid enough at elevated temperatures
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to generate a [Fg to [S*] ratio that promotes the oxidation of sulfide tdfsr, or the
surface reaction is fast enough to oxidize allhaf $ulfide to sulfur. In contrast, hematite
is known to be reduced much slower than ferrihgtftit Hence, the oxidation of sulfide
is expected to be slower, promoting pyrite fornratio the hematite system. Such a
scenario may have implications for the field, sirfm@sed on the current results, the
relative rates of reaction for ferric iron with yarg concentrations of sulfide could play a
role in determining whether aqueous sulfide recterm sulfur and/or pyrite.

Both TEM and SEM analyses of the reaction prodwetse carried out, and
Figures 4.7 and 4.8 exhibit TEM images of H1S1 H2&2. TEM images of the former
system after reaction (Figure 4.7) show that irdilial particle sizes have increased from
their pre-reaction size of ~5-20 nm to about 40particles after reaction. This particle
size increase is observed for both H1S1 and H182tenparticles are confirmed to be
hematite by their electron diffraction pattern.HA sample taken from the situ control
experiment (no sulfide: see below) did not exhany increase in particle size. Liu et al.
showed that P& can accelerate the transformation of ferrihydtitehematite through
both dissolution/reprecipitation mechanisms anddsstate transformatiofis It is
possible that the formation of #&rom sulfide and hematite resulted in the formmatid
larger particles through one or both of these meishas. This particle growth may, in
part, explain why all of H1 was not consumed. ¥farmation to a larger particle size
could inhibit the reduction of hematite based anrésults presented here.

An analysis of the TEM associated with H2S2 reacsbows large hexagonally
shaped particles which were observed in the SZioeacbut not for Steactions (Figure

4.8). A selected TEM spot analysis suggests Heatliffraction pattern associated with
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Figure 4.7: TEM image of hematite particles aftex H1S1 reaction .
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these large platelets are consistent with gremitgyrrhotite. Greigite and pyrrhotite are
both iron sulfides that are thermodynamically lssable than pyrite. XRD spectra
associated with the reaction product does exhibakweflections that can be associated
with the greigite phase (Figure 4.4). However tipkr morphology is more consistent
with what has been observed for pyrrhéfiteHence, there may be minor phases of each
sulfide present. The reflections in question amrarintense for the S2 case (relative to
S1) consistent with the amount of greigite incnegswvith higher aqueous sulfide. We
add that passing a hand magnet over the producweshthat each was strongly
magnetic which would support the presence of geeigr pyrrhotite, both of which are
ferrimagnetié®,

To better identify phases, SEM with EDS was caraation H1S1, H2S1, H1S2,
and H2S2 (Figures 4.9-12). EDS spectra correspgntti the areas indicated on the
images are shown below each figure, and the elahdrstribution determined by EDS
is listed in Table 4.2. Particles shown in Figdr@ (H1S1) are too small to obtain EDS
spectra without contributions from neighboring mdes. Most of the sample did not
show distinguishable crystals, but this selectexh ashows rhombohedral microcrystals
that are suggestive of siderite. An EDS spectrdnthe area indicated in Figure 4.9
contains only minor amounts of sulfur, therefore tfon is assumed to be associated
most significantly with siderite and/or hematit&igure 4.10 shows a siderite crystal
associated with H2S1 that is approximately b» in diameter and which coexists with
smaller particles. The area from which the ED% aere collected matches the siderite
stoichiometry closely (see Table 4.2), althoughdbemetry of the surface may account

for discrepancies in the elemental ratios. Figudel shows siderite crystals associated
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Figure 4.8: TEM image of hexagonally shaped crgsaftler the H2S2 reaction. The inset
shows the selected area electron diffraction pattédihe diffraction pattern is consistent

with either greigite or pyrrhotite.
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Figure 4.9: Selected SEM image and associated E&treim of reaction products of
H1S1. The white-framed box displays the approxeaata in which the EDS spectrum

was collected.
67



Figure 4.10: Selected SEM image and associated §iestrum of reaction products of
H2S1. The white-framed box displays the approxévaata in which the EDS spectrum
was collected.
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Figure 4.11: Selected SEM image and associated §i@8trum of reaction products of
H1S2. The black arrow points to the approximatet sploere the EDS spectrum was

collected.
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Figure 4.12: Selected SEM image and associated $p@&trum of the reaction products
of H2S2. The black arrow points to the approxingiet where the EDS spectrum was

collected.
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Table 4.2: Elemental distributions derived from EDS

C O Na S Fe
H1S1 15.11 54.89 0.79 2.87 26.34
H2S1 24.36 58.05 0.34 0.20 17.04
H1S2 11.90 34.59 0.75 33.37 19.39
H2S2 18.40 57.61 0.36 - 23.63

with H1S2 as well as small clusters of pyrite, reskng framboidal pyrite. The spot
from which EDS data was collected (indicated by ltkeck arrow) shows that there is a
high sulfur content. The size and shape of thesactes resemble that of framboidal
pyrite, albeit less well developed than naturakkgwring framboids. The formation of
framboidal pyrite is not fully understood, but & believed to occur from a greigite
precursot” "° The image displayed in Figure 4.12 that is d@ssed with a large siderite
crystal exhibits stepped edges, a structural mbit is known to occur in siderite

crystals.

4.2.2 In Situ ATR-FTIR Investigations of Hematiea®ivity

In situ ATR-FTIR was carried out to monitor the reactia@iviieen scCg) sulfide,
and hematite. Figure 4.13 exhibits ATR-FTIR dataH1 during exposure to scG@t
70 °C with and without sulfide (S2) as a functidir@action time. First the system was
pressurized for ~5 min, and then the temperatueraiged to 70 °C. Upon pressurizing
the system with scCQ an intense and sharp €@bsorbance appears at 2340%cm
(asymmetric stretch, see inset). Within 5 minutegeak attributed to bicarbonate (

symmetric stretch) grows in at ~1360 ¢nthat is indicated by the arrow on the figiire
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The large CQ peak is consistent with the high concentratiomaifieous C@predicted
by PHREEQC calculations (see Table 2.2). The, G®ak observed here was
considerably larger than the g@eak observed in Chapter 3. The experimentadesi
this chapter allowed for faster dissolution of £By increasing the aqueous/scCO
interface and decreasing the distance from thefatte to the attenuated wave. Also, the
absorbance value of the bicarbonate mode at 136bismonsistent with a ~200 mM
concentration of this species (by comparison todaed solutions of bicarbonate), which
is consistent with our PHREEQC calculations.

Within 5 minutes of heating, a broad peak centetteel1400 crit appears, which
is assigned to the; asymmetric stretch of siderite. Hence, thessitu experiments
suggest that the reduction of the hematite andgthsequent formation of siderite occurs
at the earliest measureable reaction time. Wetpmih that sulfide species and iron
sulfides do not have infrared active modes withia ineasured region. The appearance
of the ~1400 ci mode occurs concomitantly with the evolution of ih and out of
plane bends at ~740 &n{ 4) and ~865 ci ( ,) respectively, that are characteristic of
siderité®. The , overtone can also be observed at ~1808 ¢m Over the course of
the experiment, the ~740 &mand ~865 cri features grow in intensity, suggesting
more siderite formation. Spectral weight in theregion also shows a increase in
intensity, although the absorbance maxima assaciatth this region shows a shift to
lower frequency. Based on the growth of the ~7#0 and ~865 cr features and the
XRD results presented earlier that show only sideand pyrite, we believe that this
spectral weight is, at least in part, associatat siderite. While speculative, the shift in

the spectral weight may be associated with an as&ren bicarbonate (perhaps surface-
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Figure 4.13:In situ ATR-FTIR spectra of the reactions H1S2 (top) ant déntrol in
which no sulfide was added (bottom). The specteataken at 5, 10, 15, 20, 30 and
multiples of 30 min up to 4 h. The arrow indicaties aqueous bicarbonate peak which is
present before the temperature is raised. The displays the dissolved G@eak for
the first spectrum of H1S2 at 70 °C. Each spectmas referenced against water
pressurized with CQat 70 °C, with the exception of the inset whichswaferenced

against water at room temperature without@@ssure.
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bound) and/or the formation of an increasingly disoed siderite structure. Consistent
with the latter speculation is the experimentalevbation that a feature at ~1070tif1,
symmetric stretch) is present, which is IR-forbidder pure calcite structure minerals,

but is known to appear when crystal imperfectiorespaeserit.

4.3 Summary

Hematite has been shown to convert to siderite myrde in the presence of
sulfide and scC@ If hematite is to be thought of as a reactantnfitneral carbonation
then factors regarding reduction and mineralizapathways are of importance. In the
experiments performed for this contribution, thenearsion of hematite in aqueous
sulfide and in the presence of scCformed equal amounts of siderite and pyrite in
accordance with their stoichiometric reactions. SMemise that the cause for this is that
ferric iron is the only available oxidant, makingcess ferrous iron as product in the
formation of pyrite. This ferrous iron is then dahble for the formation of siderite.

Based on the experimental results presentedsrctmitribution, we speculate that
scCQ containing 1.6 - 3% levels of 8, under certain subsurface environments would
begin to interact with the sedimentary hematite. Weédeve that our results are most
relevant to a scenario where scfHD)S injectate would be injected into a deep saline
aquifer. In such a circumstance, the presencevedtar phase remaining after injection
might be expected to allow the dissolution andeeipitation reactions that, based on our
results, contribute to the formation of sideriteentscCQ and aqueous sulfide (resulting
from H,S gas in the injectate) react with hematite.
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While we have focused on nano-morphologies of hgenat this study, we
speculate that similar reactions would occur focraarystals of hematite and hematite
coatings on sand grains. Thus far the experimeate used a sodium sulfide salt as the
sulfide source. In the next section as5KCQ mixture is exposed to alkaline and saline

solutions containing hematite.
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CHAPTER 5
HEMATITE REACTIVITY WITH SUPERCRITICAL CO > AND H5S

5.1 Introduction

Experiments discussed in this final contributionrevperformed by co-injecting
CO, and HS into a heated reaction vessel containing hematigoparticles and a
solution with a range of NaOH and NaCl concentratio In prior chapters, the iron-
bearing mineral was first exposed to the sodiurfidgicontaining solution, followed by
pressurization with C®and heating. The method used in this chapter roosely
simulates a carbon sequestration site, where &0 HS are simultaneously exposed to
the heated system, similar to the injection of,@@d HS into a geological formation.

The effect of pH on the system was explored byingrthe NaOH concentration
of the reaction solution. In a geological formatidghe pH of the aquifer undergoing
carbon sequestration will be a function of the treéarates of dissolution of GQand
dissolution/precipitation reactions of the minemiase¥’. For the majority of the
reactions, the NaOH concentration was held consta@50 mM while the temperature,
time, and CQ and HS partial pressures were varied individually (TaBl&). This
NaOH concentration in equilibrium with G@vas estimated to result in a solution pH of
5.51, which would promote the precipitation of sitke In addition, a set of reactions
were conducted with elevated ionic strengths asiration of NaCl concentration to
investigate the behavior of these reactions ineébsystems. Under the chosen standard

conditions the C@ pressure was set at 83 bar and th& ldressure at 0.83 bar for
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reactions run at 75 °C for 18 h. The amount of & added corresponded to 15 mM
Fe, and the amount of sulfide, if completely digedlin the aqueous phase corresponded
to 15 mM as well. This method required only a draatount of product for analysis
which allowed reaction concentrations to remain,l@and a single batch of hematite

nanoparticles was used for all of the following esxments.

5.2 Results and Discussion

The speciation of products for the correspondin@®@+4€0,-NaOH system were
calculated using the program PHREEQC at each expetal alkalinity and pressure
(see Figures 5.1 and 5.3 or corresponding Tabl&®)B.The pH of an aqueous system at
75 °C under 83 bar Gan the absence of NaOH was calculated to be 3Ts value
was considered to be acceptable as an approximatien compared to the value
calculated by the more rigorous method of Duanl.etvhich yielded a pH of 3.25 (see
section 1.3. The calculation of this same system in equilibriwith siderite yields a
benchmark for considering the solubility of sideritin this simulation, siderite dissolves
due to the low pH until the equilibrium pH of 4.@2 reached, resulting in dissolved
ferrous and carbonate concentrations of 2.47 X, Hhd 6.46 x 18 M respectively.
Figure 5.1 shows that the carbonate concentratmies by ~6 orders of magnitude as a
function of the alkalinity used in these experinsenthese values can be correlated to the
molar distribution of iron as a function of alkatynshown in Figure 5.2. The molar
distribution of Fe was determined from the resoltshe ferrozene method and XRD
analysis. Since the original amount of Fe was kmatlve final amount in the aqueous

form was calculated as a fraction of the total.e Témaining Fe was assumed to be
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Figure 5.1: Calculated speciation as a functioral@hlinity. Values can be found in

Table B.1.

78



Figure 5.2: Molar distribution of Fe as a functiminNaOH concentration. Values can be

found in Table B.2. Experimental conditions carfdaend in Table 2.1.
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retained in the mineral phases, and the molariloigion was calculated from the mass
distribution (as given by the Rietveld refinement).

At pHs values lower than 4.02 siderite will tendo® soluble. This is evidenced
by the case in which NaOH was not added (pH ~\8liBre no siderite was observed and
Fe&* remained in solution. As the concentration of Ma@as increased the
concentration of aqueous Fedecreased and siderite was observed. Each neactio
produced the FeSstructural polymorphs, pyrite and marcasite. Maite, which
typically forms at pHs lower than 4, is observedhigher concentration than pyrite at
lower NaOH concentrations and less at higher canegons?®. At the highest NaOH
loading a small amount of mackinawite, FeS, wasentesl, which is less soluble at
higher pHs. At the highest NaOH loading the mashatite was reduced. The reduction
rate of hematite by sulfide was found to be hightasa pH of ~5-6 by Poulton, so a
dependence on pH is to be expetted

The concentration of 250 mM NaOH was chosen asstiedard concentration
while varying other parameters because at thisaration no F& remained in solution
and siderite was observed indicating that the swluts slightly oversaturated with
respect to siderite. The GQressure was varied, which will affect the speémiabf H
and CQ”. At lower CQ pressures the lower carbonic acid concentratiaghsesult in a
higher pH (Figure 5.3). This higher pH increaske equilibrium concentration of
carbonate which will decrease the solubility ofesite. However, at the lowest GO
pressure siderite is not observed, and only thegshanarcasite and mackinawite were
observed in nearly equimolar quantities. This ltaswsimilar to the observation made in

Chapter 4 where in that case siderite and pyriteéal in equimolar quantities due to the
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reaction stoichiometry. The formation of disulfigeoduces an equimolar excess of
aqueous F& which could then form the carbonate product. Wrttese low pressure
circumstances the excess ferrous precipitates esrdm monosulfide phase. These
results imply that, at a high enough pH that FeStable, the sulfide outcompetes the
carbonate for the formation of a ferrous salt. higher CQ pressure the amount of
siderite formed increases, and even surpassesythie fsraction at the highest pressure.
The relative abundance of marcasite to pyrite ia tlase is opposite the trend observed
before. When varying C{pressures marcasite is favored at higher pHs.

A strong temperature dependence was observease tystems where no ferrous
minerals were observed (only 0.3%°kg) at a temperature of 45 °C. At the highest
temperature, 120 °C, the most hematite was consumede reaction time for the
reduction of hematite by sulfide at 25 °C was fotmdbe on the order of tens of days as
compared to the reaction of the less ordered oxyixdes that react on the order of
minutes to hours. The initial reaction rate wasnid by Poulton et al. to be proportional
to the surface area of the mineral and to the sqr@ot of the sulfide concentratfdn
Results presented in Chapter 4 indicated that tiniace area did not always affect the
extent of reaction, but more hematite was consuatddgher sulfide loadings. In these
experiments, the higher,B pressures should result in higher dissolved curattons
which resulted in more hematite reduction. Deteation of the extent of reaction at
various time durations indicated an initial increas rate followed by a decrease in rate
(Figure 5.7). Although a decrease in rate is etqib@s reactants are consumed, the
cause of the initial increase in reaction is unknowPerhaps, early in the reaction

dissolved ferrous catalyzes the transformatiomefrtematite nanoparticle morphology,

81



Figure 5.3: Calculated speciation as a functio€©§ pressure. Values can be found in

Table B.1.
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Figure 5.4: Molar distribution of Fe as a functiohCO, pressure. Values can be found

in Table B.3. Experimental conditions can be foundable 2.1.
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Figure 5.5: Molar distribution of Fe as a functiointemperature. Values can be found in

Table B.4. Experimental conditions can be foundiable 2.1.
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Figure 5.6: Molar distribution of Fe as a functioinH,S partial pressure. Values can be

found in Table B.5. Experimental conditions carfdaend in Table 2.1.
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Figure 5.7: Molar distribution of Fe as a functiointime. Values can be found in Table

B.6. Experimental conditions can be found in T&ble
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Figure 5.8: Molar distribution of Fe as a functiohNaCl concentration. Values can be

found in Table B.7. Experimental conditions carfdaend in Table 2.1.
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at which point reduction can occur at a steadilgreasing rate.

To investigate the effect of the high ionic strgngn deep saline formations,
experiments were conducted at various NaCl conggotis. The activity of aqueous
species will change with ionic strength which résuh a lower solubility of C@and
H,S. Although weakly binding, Na and ClI ions willrpally occupy active sites on the
mineral surface. Due to site blocking and the los@ubility of H,S, the reduction of
hematite is less at higher NaCl concentrations. th&t highest NaCl concentration no
reaction was observed at all. At intermediate eatrations an increase in agueous
ferrous was observed with NaCl addition. This mimeanon can be explained by the
change in activity of the aqueous ferrous and caatspecies. It was shown by Silva et
al. that the solubility of siderite is increasedhigher ionic strengti& These effects
show that in brine solutions the conversion to rsidewill not only be slower, the

solubility of siderite will be higher as well.

5.3 Conclusion and Combined Results

The information reported in this section yieldsighs regarding expected product
formation during geological sequestration of £gntaining HS. These results show
that the rate of hematite reduction is faster ghér temperatures and$ipressures. At
high ionic strengths, the reduction of hematitel wé slower. The temperature of the
sequestration site was found to have a large ingrathte rate of reaction as well.

These results provide insight regarding the reagiimducts formed as a function
of formation temperature and salinity, but in ggptal sequestration zones, the pH will

be dependent upon the kinetics of Qissolution as well as the dissolution/precipdati
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rates of mineral phases. Tim situ experiments presented in Chapter 3 (while not
obvious when performed) provide an example of & sasvhich the system is far from
equilibrium with respect to CQlissolution. The dissolved G@eak displayed in Figure
4.13 {n situ hematite spectra) was many times larger than dneesponding absorption
spectrum taken for Figure 3. @Situ ferrinydrite spectra, C&egion not shown). On the
basis of PHREEQC calculations, the concentratiordis$olved C® should be very
similar for eachin situ experiment. The experimental set-up used in Gnaptwas
modified from that of Chapter 3 such that the stefarea of the C@water interface was
increased, and the distance from the interfacd¢oattenuated wave was reduced. In
light of results obtained from Chapter 5, this flam equilibrium condition is necessary
in explaining the stability of siderite. At thekalinity used in Chapter 3 (4 mM big)
siderite was not shown to be stable in batch reastialthough PHREEQC results do
suggest stability in this pH region. The systenulddoe more analogous to a low €0
pressure experiment in which the pH will be mucbher. The formation of siderite
rather than mackinawite may suggest the pH is sgildtively low, or the low sulfide
concentration did not allow the formation of mackaite to exclude siderite formation.
The in situ experiment performed in Chapter 3 provides a ma&ystem for
subsurface regions far from the @Water interface (far field). Since the g@issolution
occurred relatively rapidly in batch reactions, I@ressure experiments can provide
insight into far field zones in geological sequastm (pH readings of agueous samples
withdrawn from the high pressure cell during testdicate that a pH near values

predicted by PHREEQC calculations was reached withinutes). Results from this
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section can be used to provide insight into sulaserfreactivity, and can be used in

combination within situresults to find information as a function of Kiicst
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CHAPTER 6
SUMMARY AND IMPLICATIONS

Results presented in this thesis indicate that ftihydrite and hematite can be
converted to carbonate minerals in the presencilfile and scC®and the reactions
can be monitoreth situ. The content of dissolved G@nd bicarbonate can be estimated
from peak intensities and the formation of solidbomates can be observed. While not
the intention of this study, results in Chapteh8w that experiments can be designed to
simulate far field circumstances in which the m@taqueous C&build-up is very slow.

Results obtained from batch reactions provide médron regarding the final
distribution of products. Comparison of the reawsi with ferrihydrite and hematite
indicate that the sulfur species can reside ineastl three oxidation states (sulfur (0),
disulfide (-1), sulfide (-2)) which we speculatergdated to the rate of the reaction. The
distribution of solid phase species in these systesna function of the reaction

stoichiometry which depends on the final oxidatiteites of the products i.e.:

FeOs;+ H,S+2CQ S+ 2FeCQ+ H,0 (19)
FeOs; +2H,S + CQ FeS + FeCQ + 2H,0 (20)
FeOs; +3H,S FeS+ FeS + 3HO (21)

The phase distribution is related to pH as well.t |dw pHs (<~4) siderite and
mackinawite are soluble.
FeOs; + 2H,S + 2H  FeS + Fé' ) + 3H:0 (22)
In the pH region ~4-6 the siderite product waseobsd, but at pHs >~6 the FeS phase
was observed and siderite was not. Factors relatébe geological formations were
explored regarding reactivity of the system. BEieaf temperature, pH and salinity are
each presented. The effect of relative,@®d HS pressures has been explored as well.
Researchers in this lab will continue to analyzeséhreactions to determine

experimental pHs and A3 partitioning in the scCOphase. This information is made
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available to guide other research groups in ingatitig mineral chemistry under carbon

sequestration conditions. Aspects of this work amo be used to assist programmers
modeling subsurface reactivity. Furthermore, thiermation is made available such

that it, and future studies can be used as a resdor geochemists and engineers to
decide on the most effective sequestration mettaods by policy makers to decide

whether to implement carbon sequestration on &Iscgle.

At a time when human actions are beginning to &ffee global climate, it is
more important than ever before to consider ourividdal and collective role.
Communities and politicians are beginning to embrid@ concept of sustainability first
coined by the UN World Commission on Environmentd aDevelopment as:
“development that meets the needs of the presehbuti compromising the ability of
future generations to meet their own neéds"This concept echoes Native American
sayings that suggest we consider the effects ofotions on the next seven generations.
In achieving the status of a sustainable society nmest individually learn to live
efficiently and minimize our wastes, and to colleelly learn how to master the use of
renewable energy. Whether carbon sequestrati@m igppropriate technology to lead
society on the path towards sustainability is astjor that will be decided in the near
future. The purpose of this thesis is to providewledge such that an educated decision
can be made, and to assist the development ofdkhnto maximize the efficiency of

carbon sequestration.
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APPENDIX A
CRYSTAL STRUCTURES OF MINERALS

Figure A.l: Crystal structure of calcite (R3c).lagk spheres represent carbon, red
spheres represent oxygen and blue spheres repoadaomn.
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Figure A.2: Crystal structure of ferrihydrite (Ac). Red spheres represent oxygen, and
brown spheres represent iron (hydrogen not shown).
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Figure A.3: Crystal structure of forsterite (PbnnRed spheres represent oxygen, yellow
spheres represent magnesium and blue spheresamfpséEon.
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Figure A.4: Crystal structure of greigite (Fd3mY.ellow spheres represent sulfur and
brown spheres represent iron.
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Figure A.5: Crystal structure of halite (Fm3m). Ilger spheres represent sodium and
green spheres represent chlorine.
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Figure A.6: Crystal structure of hematite (R3cRed spheres represent oxygen and
brown spheres represent iron.
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Figure A.7: Crystal structure of mackinawite (P4mjn Yellow spheres represent sulfur
and brown spheres represent iron.
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Figure A.8: Crystal structure of maghemite (Fd3nRed spheres represent oxygen and
brown spheres represent iron.
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Figure A.9: Crystal structure of magnesite (R3®8lack spheres represent carbon, red
spheres represent oxygen and yellow spheres reprmasgnesium.
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Figure A.10: Crystal structure of marcasite (Pmn¥iellow spheres represent sulfur and
brown spheres represent iron.
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Figure A.11: Crystal structure of pyrite (Pa3). Il¥e& spheres represent sulfur and
brown spheres represent iron.
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Figure A.12: Crystal structure of pyrrhotite (P68#g). Yellow spheres represent sulfur
and brown spheres represent iron.
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Figure A.13: Crystal structure of siderite (R3cBlack spheres represent carbon, red
spheres represent oxygen and brown spheres repnesen
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Figure A.14: Crystal structure of trona (C2/c). NMéhspheres represent hydrogen, black
spheres represent carbon, red spheres represegeroand yellow spheres represent
sodium.
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APPENDIX B
TABLES OF PHREEQC DATA

Table B.1l: Selected equilibrium molar concentratiocalculated by the program
PHREEQC using only the temperature, alkalinity &1@, pressure and the agueous

system in equilibrium with siderite and 83 bar pres

Al A2 A3 Ad* A5
pH 3.14 4.68 5.16 5.51 6.03
COx(aq 1.11 1.11 1.09 1.05 0.91
HCO; 7.46x10° 297x10 9.71x1C 2.35 x 10 8.55 x 10"
COs® 857x10" 1.79x10 2.28x10 1.57 x 10° 2.67 x 1¢
P1 P2 P3* P4 Alsid
pH 6.58 5.75 5.51 5.42 4.02
COx(aq 0.09 0.61 1.05 1.30 1.11
HCO; 2.31x10° 2.34x10 2.35x10 2.35 x 10 6.04 x 10°
CO¥ 1.80x10" 269x10 1.57x10 1.28 x 10 6.46 x 10°
- - 2.47 x 10

Fe* -
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Table B.2: Percent molar distribution of iron asiaction of alkalinity

Al A2 A3 A4* Ab
FE g 8.0 6.8 4.5 - -
Hematite 83.2 86.5 88.2 82.3 68.1
Siderite - - - 8.4 12.5
Pyrite 2.9 4.6 5.0 5.8 16.3
Marcasite 5.9 2.1 1.9 3.5 1.5
Mackinawite - - 0.3 - 1.7
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Table B.3: Percent molar distribution of iron asiiaction of CQ pressure

P1 P2 P3* P4
FE o - - - -
Hematite 81.6 84.5 82.3 80.9
Siderite - 55 8.4 10.8
Pyrite - 4.6 5.8 7.1
Marcasite 8.4 5.4 35 1.2

Mackinawite 10.0 - -
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Table B.4: Percent molar distribution of iron asiiaction of S pressure

HS1 HS2* HS3

FE g 0.5 - -
Hematite 97.5 82.3 37.3
Siderite 0.8 8.4 24.2
Pyrite 0.7 5.8 26.9
Marcasite 0.2 3.5 6.4
Mackinawite 0.3 - 2.6

Pyrrhotite - - 2.5
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Table B.5: Percent molar distribution of iron dsiiaction of time

tl 12* t3
FE - - -
Hematite 955 82.3 77.8
Siderite - 8.4 11.1
Pyrite 3.6 5.8 9.8
Marcasite 0.9 3.5 15
Mackinawite - - -
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Table B.6: Percent molar distribution of iron asiiaction of temperature

T1 T2* T3
FE g 0.3 - -
Hematite 99.7 82.3 69.1
Siderite - 8.4 12.4
Pyrite - 5.8 16.4
Marcasite - 3.5 0.9
Mackinawite - - 1.1
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Table B.7: Percent molar distribution of iron asiiaction of NaCl concentration

NC1* NC2 NC3 NC4

FE g - 0.3 3.1 -
Hematite 82.3 86.3 91.6 100.0
Siderite 8.4 3.9 - -
Pyrite 5.8 9.0 5.4 -
Marcasite 35 0.4 - -
Mackinawite - - - -
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APPENDIX C
RAW PHREEQC DATA

The PHREEQC output files are provided for the sqtemn calculations associated with

the following reactions:

Thein situreaction presented in Chapter 3. See Figure 3.5.

Input file: a
Output file: a.out
Database file: phreeqgc.dat

SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

PHASES
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

EQUILIBRIUM_PHASES 1
co2(g) 1.92 10
SOLUTION 1
temp 70
pH 7 charge
pe 4
redox pe
units  mmol/kgw
Na 8
S(-2) 4
density 1
water .04 # kg
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Elements Molality Moles
Na 8.000e-003 3.200e-004
S(-2) 4.000e-003 1.600e-004

10634 Charge balance

pH =
pe = 400

Activity of water = 1.00

lonic strength = 8.29%03
Mass of water (kg) = 4.661D2
Total alkalinity (eg/kg) = 8.080@03

Total carbon (mol/kg) = 0.@3@00

= 0.@3®00

Total CO2 (mol/kg)
Temperature (deg C) = 70.00
Electrical balance (eq) =-2.44116

Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00
=9

Iterations
Total H = 4.4408+000
Total O = 2.2P04+000

Distribution of species------------

Log Log

Log
Molality Activity N&dity Activity Gamma
-2.466

-0.046

Species
OH- 3.800e-003 3.420e-002.420

H+ 4.937e-011 4.506e-0110.307 -10.346 -0.040
H20 5.551e+001 9.997e-001.744 -0.000 0.000
H(0) 1.944e-032

H2 9.719e-033 9.738e-03®.012 -32.012 0.001
Na 8.000e-003

Na+ 7.999e-003 7.221e-002.097 -2.141 -0.044
NaOH 1.057e-006 1.059e-006.976 -5.975 0.001
0(0) 3.641e-016

02 1.820e-016 1.824e-016.740 -15.739 0.001
S(-2) 4.000e-003
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HS- 3.800e-003 3.420e-003.420 -2.466 -0.046
S-2 1.999e-004 1.335e-003.699 -3.875 -0.176
H2S 5.756e-007 5.767e-008.240 -6.239 0.001

------------------------------ Saturation indices—---------------=---------

Phase Sllog IAP log KT
H2(g) -28.69 -32.01 -3.32 H2
H20(qg) -0.50 -0.00 0.50 H20
H2S(g) -4.80 -6.24 -1.44 H2S
02(9) -12.65 -15.74 -3.09 02
Sulfur 18.48 2245 397 S

Reaction step 1.

Using solution 1.
Using pure phase assemblage 1.

Moles in assemblage
Phase Sllog IAP log KT  iait Final Delta

CO2(g) 1.92 0.07 -1.85 1.000&H 9.952e+000 -4.765e-002

Elements Molality Moles

C 1.191e+000 4.765e-002
Na 8.001e-003 3.200e-004
S 4.000e-003 1.600e-004

pH = 4410 Charge balance
pe = -1614 Adjusted to redox equilibrium
Activity of water = 0.08
lonic strength = 8.67203
Mass of water (kg) = 4.6dm02
Total alkalinity (eg/kg) = 7.96903
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Total CO2 (mol/kg) = 1.E3D00
Temperature (deg C) = 70.00
Electrical balance (eq) = 6.€904
Percent error, 100*(Cat-|An|)/(Cat+|An|) = 0.00
Iterations = 26
Total H = 4.440&+000
Total O =2.393€+000

---------------------------- Distribution of species--------------------------

Log Log Log

Species Molality Activity N&dity Activity Gamma

H+ 8.616e-005 7.868e-004.065 -4.104 -0.039

OH- 2.130e-009 1.919e-008.672 -8.717 -0.045

H20 5.551e+001 9.795e-001.744 -0.009 0.000
C(-4) 1.557e-005

CH4 1.557e-005 1.560e-008.808 -4.807 0.001
C(4) 1.191e+000

CO2 1.183e+000 1.185e+000.073 0.074 0.001

HCO3- 8.012e-003 7.254e-002.096 -2.139 -0.043

NaHCO3 2.932e-005 2.937e-008.533 -4.532 0.001

C0O3-2 1.021e-008 6.866e-009.991 -8.163 -0.173

NaCO3- 7.331e-009 6.614e-008.135 -8.180 -0.045
H(0) 1.160e-009

H2 5.802e-010 5.813e-010.236 -9.236 0.001
Na 8.001e-003

Na+ 7.971e-003 7.200e-002.098 -2.143 -0.044

NaHCO3 2.932e-005 2.937e-008.533 -4.532 0.001

NaSO4- 5.074e-007 4.578e-006.295 -6.339 -0.045

NaCO3- 7.331e-009 6.614e-009.135 -8.180 -0.045

NaOH 5.912e-013 5.923e-0112.228 -12.227 0.001
0(0) 0.000e+000

02 0.000e+000 0.000e+0@81.309 -61.309 0.001
S(-2) 3.985e-003

H2S 3.970e-003 3.977e-003.401 -2.400 0.001

HS- 1.499e-005 1.351e-008.824 -4.869 -0.045

S-2 4.510e-013 3.019e-0112.346 -12.520 -0.174
S(6) 1.557e-005

S04-2 1.480e-005 9.901e-006.830 -5.004 -0.175

NaSO4- 5.074e-007 4.578e-008.295 -6.339 -0.045

HSO4- 2.595e-007 2.341e-008.586 -6.631 -0.045

------------------------------ Saturation indiceS—-----------===-=---m-----
Phase Sllog IAP log KT
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CH4(g)
CO2(g)
H2(g)
H20(g)
H2S(g)
02(g)
Sulfur

-1.62 -4.81 -3.18 CH4

1.92 0.07 -1.85 CO2
-5.92 -9.24 -3.32 H2
-0.51 -0.01 0.50 H20
-0.96 -2.40 -1.44 H2S
-58.22 -61.31 -3.09 O2
-045 352 397 S
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The S1 reactions presented in Chapter 4.

Input file: a
Output file: a.out
Database file: phreegc.dat

SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

PHASES
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

EQUILIBRIUM_PHASES 1
co2(g) 1.92 10
SOLUTION 1
temp 70
pH 7 charge
pe 4
redox pe
units  mmol/kgw
Na 100
S(-2) 50
density 1
water .04 # kg

Elements Molality Moles
Na 1.000e-001 4.000e-003
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pH = 11417 Charge balance
pe = 400
Activity of water = 0.89
lonic strength = 1.28201
Mass of water (kg) = 4.6dm02
Total alkalinity (eg/kg) = 1.080@01
Total carbon (mol/kg) = 0.@8000
Total CO2 (mol/kg) = 0.@3D00
Temperature (deg C) = 70.00
Electrical balance (eq) = 16824
Percent error, 100*(Cat-|An|)/(Cat+|An|) = 0.00
Iterations = 9
Total H = 4.443@+000
Total O =2.2P88+000

---------------------------- Distribution of species------------------

Log Log Log

Species Molality Activity N&dity Activity Gamma
OH- 3.142e-002 2.293e-002.503 -1.640 -0.137
H+ 8.322e-012 6.700e-0121.6080 -11.174 -0.094
H20 5.551e+001 9.969e-001.744 -0.001 0.000
H(0) 4.191e-034
H2 2.096e-034 2.153e-03B.679 -33.667 0.012
Na 1.000e-001
Na+ 9.993e-002 7.537e-002.000 -1.123 -0.122
NaOH 7.210e-005 7.409e-008.142 -4.130 0.012
0(0) 7.217e-013
02 3.609e-013 3.708e-0112.443 -12.431 0.012
S(-2) 5.000e-002
HS- 3.149e-002 2.299e-002.502 -1.639 -0.137
S-2 1.851e-002 6.032e-003.733 -2.220 -0.487
H2S 5.609e-007 5.764e-008.251 -6.239 0.012
------------------------------ Saturation indices—-------------------------
Phase Sllog IAP log KT
H2(g) -30.35 -33.67 -3.32 H2
H20(g) -0.50 -0.00 0.50 H20
H2S(g) -4.80 -6.24 -1.44 H2S
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02(g) -9.34 -12.43 -3.09 O2
Sulfur 20.14 2411 3.97 S

Reaction step 1.

Using solution 1.
Using pure phase assemblage 1.

Moles in assemblage
Sllog IAP log KT iait Final Delta

Phase
CO2(g) 1.92 0.07 -1.85 1.000&k 9.950e+000 -5.019e-002
----------------------------- Solution composition---------=-=-=-=-=-=--------

Elements Molality Moles

C 1.256e+000 5.019e-002

Na 1.001e-001 4.000e-003

S 5.006e-002 2.000e-003

pH = 5410 Charge balance
pe = -236 Adjusted to redox equilibrium

Activity of water = 0.87

lonic strength = 9.@6802
Mass of water (kg) = 3.8982
Total alkalinity (eg/kg) = 9.85P02
Total CO2 (mol/kg) = 1.25%00
Temperature (deg C) = 70.00
Electrical balance (eq) =-7.6{A2
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00

lterations = 27
Total H = 4.443@+000

Total O =2.3798+000

Log Log Log
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Species Molality Activity N&dity Activity Gamma

H+ 9.677e-006 7.872e-006.014 -5.104 -0.090

OH- 2.564e-008 1.912e-008.591 -7.719 -0.128

H20 5.551e+001 9.761e-001.744 -0.010 0.000
C(-4) 7.990e-004

CH4 7.990e-004 8.172e-008.097 -3.088 0.010

C(4) 1.255e+000

CO2 1.159e+000 1.185e+000.064 0.074 0.010
HCO3- 9.336e-002 7.225e-002.030 -1.141 -0.111
NaHCO3 2.954e-003 3.021e-082.530 -2.520 0.010
NaCO3- 8.894e-006 6.800e-006.051 -5.168 -0.117
CO3-2 1.906e-006 6.835e-003.720 -6.165 -0.445
H(0) 3.053e-009

H2 1.527e-009 1.561e-008.816 -8.807 0.010

Na 1.001e-001

Na+ 9.702e-002 7.435e-002.013 -1.129 -0.116

NaHCO3 2.954e-003 3.021e-003.530 -2.520 0.010
NaSO4- 1.417e-004 1.083e-003.849 -3.965 -0.117
NaCO3- 8.894e-006 6.800e-006.051 -5.168 -0.117
NaOH 5.956e-011 6.092e-0110.225 -10.215 0.010
0(0) 0.000e+000

02 0.000e+000 0.000e+0@2.180 -62.170 0.010
S(-2) 4.926e-002

H2S 4.707e-002 4.814e-002.327 -1.318 0.010

HS- 2.192e-003 1.634e-003.659 -2.787 -0.128

S-2 1.047e-009 3.650e-018.980 -9.438 -0.458

S(6) 7.990e-004

S04-2 6.566e-004 2.269e-002.183 -3.644 -0.461
NaSO4- 1.417e-004 1.083e-003.849 -3.965 -0.117
HSO4- 7.022e-007 5.369e-008.154 -6.270 -0.117

------------------------------ Saturation indices—---------------=---------

Phase Sllog IAP log KT
CH4(g) 0.10 -3.09 -3.18 CH4
CO2(g) 1.92 0.07 -1.85 CO2
H2(g) -5.49 -8.81 -3.32 H2
H20(qg) -0.51 -0.01 0.50 H20
H2S(g) 0.12 -1.32 -1.44 H2S
02(g) -59.08 -62.17 -3.09 02
Sulfur 0.20 4.17 397 S

End of simulation.
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The S2 reactions presented in Chapter 4.

Input file: a
Output file: a.out
Database file: phreegc.dat

SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

PHASES
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

EQUILIBRIUM_PHASES 1
co2(g) 1.92 10
SOLUTION 1
temp 70
pH 7 charge
pe 4
redox pe
units  mmol/kgw
Na 200
S(-2) 100
density 1
water .04 # kg

Elements Molality Moles
Na 2.000e-001 8.000e-003
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pH = 11233 Charge balance
pe = 400
Activity of water = 0.29
lonic strength = 2.86301
Mass of water (kg) = 4.6dm02
Total alkalinity (eg/kg) = 2.080@01
Total carbon (mol/kg) = 0.@8000
Total CO2 (mol/kg) = 0.@3D00
Temperature (deg C) = 70.00
Electrical balance (eq) = 8.6314
Percent error, 100*(Cat-|An|)/(Cat+|An|) = 0.00
Iterations = 9
Total H = 4.4460£+000
Total O = 2.23P2+000

---------------------------- Distribution of species--------------------------

Log Log Log

Species Molality Activity N&dity Activity Gamma
OH- 4.934e-002 3.292e-002.307 -1.483 -0.176
H+ 6.012e-012 4.655e-01P1.221 -11.332 -0.111
H20 5.551e+001 9.941e-001.744 -0.003 0.000
H(0) 1.962e-034

H2 9.812e-035 1.039e-0334.008 -33.983 0.025
Na 2.000e-001

Na+ 1.998e-001 1.420e-000.699 -0.848 -0.148
NaOH 1.892e-004 2.004e-003.723 -3.698 0.025
0(0) 2.988e-012

02 1.494e-012 1.583e-0111.826 -11.801 0.025
S(-2) 1.000e-001

S-2 5.047e-002 1.248e-002.297 -1.904 -0.607
HS- 4.953e-002 3.304e-002.305 -1.481 -0.176
H2S 5.434e-007 5.756e-008.265 -6.240 0.025

------------------------------ Saturation indiceS—---------=-======--------

Phase Sllog IAP log KT

H2(g) -30.66 -33.98 -3.32 H2
H20(qg) -0.50 -0.00 0.50 H20
H2S(g) -4.80 -6.24 -1.44 H2S
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-8.71 -11.80 -3.09 O2

02(g)
Sulfur 2046 2442 3.97 S

Reaction step 1.

Using solution 1.
Using pure phase assemblage 1.

Moles in assemblage
Sllog IAP log KT iait Final Delta

Phase
CO2(g) 1.92 0.07 -1.85 1.000&H 9.947e+000 -5.282e-002
----------------------------- Solution composition-----------=-=-=-=-=--------

Elements Molality Moles

C 1.324e+000 5.282e-002

Na 2.005e-001 8.000e-003

S 1.003e-001 4.000e-003

pH = 506 Charge balance
pe = -667 Adjusted to redox equilibrium

Activity of water = 0.97

lonic strength = 1.82001
Mass of water (kg) = 3.89mD2
Total alkalinity (eg/kg) = 1.95801
Total CO2 (mol/kg) = 1.32D00
Temperature (deg C) = 70.00
Electrical balance (eq) = 863814
Percent error, 100*(Cat-|An|)/(Cat+|An|) = 0.00

lterations = 29
Total H = 4.44606£+000

Total O = 2.3708+000

Log Log Log
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Species Molality Activity N&dity Activity Gamma

H+ 5.559e-006 4.363e-006.255 -5.360 -0.105

OH- 4.983e-008 3.436e-008.303 -7.464 -0.161

H20 5.551e+001 9.726e-001.744 -0.012 0.000
C(-4) 2.348e-003

CH4 2.348e-003 2.454e-003.629 -2.610 0.019

C(4) 1.322e+000

CO2 1.134e+000 1.185e+000.055 0.074 0.019
HCO3- 1.777e-001 1.299e-000.750 -0.886 -0.136
NaHCO3 9.640e-003 1.008e-062.016 -1.997 0.019
NaCO3- 5.622e-005 4.092e-005.250 -4.388 -0.138
CO3-2 7.774e-006 2.217e-006.109 -5.654 -0.545
H(0) 3.926€-009

H2 1.963e-009 2.051e-008.707 -8.688 0.019

Na 2.005e-001

Na+ 1.902e-001 1.380e-000.721 -0.860 -0.140

NaHCO3 9.640e-003 1.008e-002.016 -1.997 0.019
NaSO4- 5.781e-004 4.207e-003.238 -3.376 -0.138
NaCO3- 5.622e-005 4.092e-005.250 -4.388 -0.138
NaOH 1.944e-010 2.032e-010.711 -9.692 0.019
0(0) 0.000e+000

02 0.000e+000 0.000e+0@2.429 -62.410 0.019
S(-2) 9.791e-002

H2S 8.959e-002 9.364e-062.048 -1.029 0.019

HS- 8.317e-003 5.735e-003.080 -2.241 -0.161

S-2 8.459e-009 2.311e-068.073 -8.636 -0.563

S(6) 2.348e-003

S04-2 1.769e-003 4.749e-002.752 -3.323 -0.571
NaSO4- 5.781e-004 4.207e-00&.238 -3.376 -0.138
HSO4- 8.557e-007 6.228¢-008.068 -6.206 -0.138

------------------------------ Saturation indices—---------------=---------

Phase Sllog IAP log KT
CH4(g) 0.57 -2.61 -3.18 CH4
CO2(g) 1.92 0.07 -1.85 CO2
H2(g) -5.37 -8.69 -3.32 H2
H20(qg) -0.51 -0.01 0.50 H20
H2S(g) 0.41 -1.03 -1.44 H2S
02(g) -59.32 -62.41 -3.09 02
Sulfur 037 434 397 S

End of simulation.
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The reactions Al-5 from Chapter 5. Refer to Tdhle

Input file: a
Output file: a.out
Database file: phreegc.dat

SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

PHASES
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

EQUILIBRIUM_PHASES 1
co2(g) 1.92 10

SOLUTION 1
temp 75
pH 7 charge
pe 4
redox pe
units  mmol/kgw
density 1
water 1 # kg
REACTION 1
Na 1.0

0 .03 1 .25 A
SELECTED_OUTPUT
file alk.sel

ph
molalities CO2 C03-2 HCO3-

Initial solution 1.
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Elements Molality Moles

Pure water

pH = 655 Charge balance
pe = 400
Activity of water = 1.00
lonic strength = 4.42007
Mass of water (kg) = 1.66000
Total alkalinity (eg/kg) =-1.588®21
Total carbon (mol/kg) = 0.@8000
Total CO2 (mol/kg) = 0.@3DO00
Temperature (deg C) = 76.00
Electrical balance (eq) = 16821
Percent error, 100*(Cat-|An|)/(Cat+|An|) = 0.00

lterations = 5
Total H = 1.1P3&+002

Total O =5.5226+001

Distribution of species--------------------------

Log Log Log
Molality Activity N&dity Activity Gamma

Species
H+ 4.421e-007 4.417e-006.354 -6.355 -0.000
OH- 4.421e-007 4.417e-006.354 -6.355 -0.000
H20 5.551e+001 1.000e+000.744 -0.000 0.000
H(0) 1.804e-024
H2 9.019e-025 9.019e-02%4.045 -24.045 0.000
0(0) 6.753e-031
02 3.376e-031 3.376e-030.472 -30.472 0.000
------------------------------ Saturation indices—----========mmmmmmmeee-
Phase Sllog IAP log KT
H2(g) -20.71 -24.04 -3.34 H2
H20(g) -0.40 -0.00 0.40 H20
02(g) -27.37 -30.47 -3.10 O2

Beginning of batch-reaction calculations.
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Reaction step 1.

Using solution 1.

Using pure phase assemblage 1.

Using reaction 1.

Reaction 1. Irreversible reaction defined in sirtiola 1.

0.000e+000 moles of the following reaction hagerbadded:

Relative
Reactant moles
Na 1.00000

Relative
Element moles
Na 1.00000

Moles in assemblage
Phase Sllog IAP log KT  iait Final Delta

CO2(g) 1.92 0.05 -1.87 1.000&H 8.887e+000 -1.113e+000

Elements Molality Moles

C 1.113e+000 1.113e+000

pH = 3214 Charge balance
pe = 2442 Adjusted to redox equilibrium
Activity of water = 0.98
lonic strength = 7.45J04
Mass of water (kg) = 1.66000
Total alkalinity (eg/kg) = 7.59D15
Total CO2 (mol/kg) = 1.ED00
Temperature (deg C) = 76.00
Electrical balance (eq) =-7.6@15
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00
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lterations = 13
Total H = 1.1P3®&+002
Total O =5.7138+001

Log Log Log

Species Molality Activity N&dity Activity Gamma

H+ 7.457e-004 7.216e-008.127 -3.142 -0.014

OH- 2.746e-010 2.653e-010.561 -9.576 -0.015

H20 5.551e+001 9.811e-001.744 -0.008 0.000
C(-4) 5.410e-027

CH4 5.410e-027 5.411e-02%6.267 -26.267 0.000
C(4) 1.113e+000

CO2 1.113e+000 1.113e+000.046 0.046 0.000

HCO3- 7.457e-004 7.209e-008.127 -3.142 -0.015

C03-2 8.572e-011 7.487e-0110.067 -10.126 -0.059
H(0) 6.820e-015

H2 3.410e-015 3.410e-0104.467 -14.467 0.000
0(0) 0.000e+000

02 0.000e+000 0.000e+00M®.643 -49.643 0.000

------------------------------ Saturation indiceS—---------=-===-===-------

Phase Sllog IAP log KT
CH4(g) -23.05 -26.27 -3.22 CH4
CO2(g) 1.92 0.05 -1.87 CO2
H2(g) -11.13 -14.47 -3.34 H2
H20(g) -0.41 -0.01 0.40 H20
02(g) -46.55 -49.64 -3.10 02

Reaction step 2.
Using solution 1.
Using pure phase assemblage 1.
Using reaction 1.
Reaction 1.  Irreversible reaction defined in sirtiokal.
3.000e-002 moles of the following reaction haeerbadded:
Relative

Reactant moles
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Na 1.00000

Relative
Element moles
Na 1.00000

Moles in assemblage
Phase Sllog IAP log KT iait Final Delta

CO2(g) 1.92 0.05 -1.87 1.000&k 8.861e+000 -1.139e+000

Elements Molality Moles
C 1.139e+000 1.139e+000
Na 3.001e-002 3.000e-002

pH = 438 Charge balance
pe = -ZI09 Adjusted to redox equilibrium
Activity of water = 0.08
lonic strength = 2.86%02
Mass of water (kg) = 9.89801
Total alkalinity (eg/kg) = 3.08D02
Total CO2 (mol/kg) = 1.E3900
Temperature (deg C) = 76.00
Electrical balance (eq) = 46116
Percent error, 100*(Cat-|An|)/(Cat+|An|) = 0.00
Iterations = 37
Total H = 1.123&+002
Total O =5.7588+001

Log Log Log

Species Molality Activity N&dity Activity Gamma

H+ 2.405e-005 2.076e-004.619 -4.683 -0.064

OH- 1.110e-008 9.212e-009.955 -8.036 -0.081

H20 5.551e+001 9.801e-001.744 -0.009 0.000
C(-4) 3.752e-003

CH4 3.752e-003 3.777e-002.426 -2.423 0.003
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C(4) 1.135e+000

CO2 1.105e+000 1.113e+000.043 0.046 0.003
HCO3- 2.969e-002 2.503e-002.527 -1.602 -0.074
NaHCO3 3.475e-004 3.499e-008.459 -3.456 0.003
NaCO3- 4.339e-007 3.625e-008.363 -6.441 -0.078
CO3-2 1.788e-007 9.035¢-008.748 -7.044 -0.296
H(0) 6.189e-009

H2 3.095e-009 3.116e-008.509 -8.506 0.003

Na 3.001e-002

Na+ 2.966€-002 2.486e-002.528 -1.605 -0.077

NaHCO3 3.475e-004 3.499e-008.459 -3.456 0.003
NaCO3- 4.339¢-007 3.625e-008.363 -6.441 -0.078
NaOH 7.700e-012 7.753e-01P1.313 -11.111 0.003
0(0) 0.000e+000

02 0.000e+000 0.000e+0@L.569 -61.566 0.003

------------------------------ Saturation indices—---------------=---------

Phase Sllog IAP log KT
CH4(g) 0.79 -2.42 -3.22 CH4
CO2(g) 1.92 0.05 -1.87 CO2
H2(g) -5.17 -8.51 -3.34 H2
H20(qg) -0.41 -0.01 0.40 H20
02(g) -58.47 -61.57 -3.10 02

Reaction step 3.
Using solution 1.
Using pure phase assemblage 1.
Using reaction 1.

Reaction 1. Irreversible reaction defined in sitiolal.

1.000e-001 moles of the following reaction hagerbadded:

Relative
Reactant moles
Na 1.00000

Relative
Element moles
Na 1.00000
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Moles in assemblage
Phase Sllog IAP log KT  iait Final Delta

CO2(g) 1.92 0.05 -1.87 1.000&H 8.801e+000 -1.199e+000

Elements Molality Moles
C 1.201e+000 1.199e+000
Na 1.001e-001 1.000e-001

pH = 5016 Charge balance
pe = -264 Adjusted to redox equilibrium
Activity of water = 0.87
lonic strength = 9.@0@02
Mass of water (kg) = 9.88®1
Total alkalinity (eg/kg) = 1.08D01
Total CO2 (mol/kg) = 1.E8®00
Temperature (deg C) = 76.00
Electrical balance (eq) =-8.21013
Percent error, 100*(Cat-|An|)/(Cat+|An|]) = -0.00
lterations = 25
Total H = 1.1P34®+002
Total O =5.7924+001

---------------------------- Distribution of species--------------------------

Log Log Log

Species Molality Activity N&dity Activity Gamma
H+ 8.522e-006 6.919e-006.069 -5.160 -0.090
OH- 3.709e-008 2.758e-008.431 -7.559 -0.129
H20 5.551e+001 9.779e-001.744 -0.010 0.000
C(-4) 1.252e-002
CH4 1.252e-002 1.280e-002.903 -1.893 0.010
C(4) 1.188e+000
CO2 1.088e+000 1.113e+000.037 0.046 0.010
HCO3- 9.706e-002 7.494e-002.013 -1.125 -0.112
NaHCO3 3.058e-003 3.127e-003.515 -2.505 0.010
NaCO3- 1.275e-005 9.722e-006.894 -5.012 -0.118
C0O3-2 2.283e-006 8.117e-003.641 -6.091 -0.449
H(0) 8.259e-009
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H2 4.129e-009 4.223e-008.384 -8.374 0.010
Na 1.001e-001

Na+ 9.706e-002 7.420e-002.013 -1.130 -0.117

NaHCO3 3.058e-003 3.127e-063.515 -2.505 0.010
NaCO3- 1.275e-005 9.722¢-006.894 -5.012 -0.118
NaOH 6.776e-011 6.929e-0110.169 -10.159 0.010
0(0) 0.000e+000

02 0.000e+000 0.000e+0GL.841 -61.832 0.010

------------------------------ Saturation indiceS—---------=-======--m-----

Phase Sllog IAP log KT
CH4(g) 1.32 -1.89 -3.22 CH4
CO2(g) 1.92 0.05 -1.87 CO2
H2(qg) -5.04 -8.37 -3.34 H2
H20(g) -0.41 -0.01 0.40 H20
02(g) -58.73 -61.83 -3.10 02

Reaction step 4.
Using solution 1.
Using pure phase assemblage 1.
Using reaction 1.

Reaction 1. Irreversible reaction defined in simiolal.

2.500e-001 moles of the following reaction haeerbadded:

Relative
Reactant moles
Na 1.00000

Relative
Element moles
Na 1.00000

Moles in assemblage
Phase Sllog IAP log KT iait Final Delta

CO2(g) 1.92 0.05 -1.87 1.000&k 8.668e+000 -1.332e+000
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Moles

Elements Molality
C 1.336e+000 1.332e+000
Na 2.508e-001 2.500e-001

pH = 5461 Charge balance
pe = -304 Adjusted to redox equilibrium

Activity of water = 0.37

lonic strength = 2.85001
9.e6m1

Mass of water (kg) =
Total alkalinity (eg/kg) = 2.58801
Total CO2 (mol/kg) = 1.20%00
Temperature (deg C) = 76.00
Electrical balance (eq) =-3.86884
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00

lterations = 31
Total H = 1.1P3®&+002

Total O =5.856@+001

---------------------------- Distribution of species--------------------------
Log

Log Log
Species Molality Activity Nadity Activity Gamma
H+ 3.955e-006 3.064e-006.403 -5.514 -0.111
OH- 9.260e-008 6.198e-008.033 -7.208 -0.174
H20 5.551e+001 9.733e-001.744 -0.012 0.000
C(-4) 3.136e-002
CH4 3.136e-002 3.310e-002.504 -1.480 0.024
C(4) 1.305e+000
CO2 1.054e+000 1.113e+000.023 0.046 0.024
HCO3- 2.355e-001 1.684e-000.628 -0.774 -0.146
NaHCO3 1.503e-002 1.587e-002.823 -1.799 0.024
NaCO3- 1.555e-004 1.114e-003.808 -3.953 -0.145
C0O3-2 1.574e-005 4.119e-008.803 -5.385 -0.582
H(0) 1.012e-008
H2 5.060e-009 5.342e-008.296 -8.272 0.024
Na 2.508e-001
Na+ 2.357e-001 1.676e-000.628 -0.776 -0.148
NaHCO3 1.503e-002 1.587e-002.823 -1.799 0.024
NaCO3- 1.555e-004 1.114e-003.808 -3.953 -0.145
NaOH 3.331e-010 3.517e-010.477 -9.454 0.024
0(0) 0.000e+000

143



02 0.000e+000 0.000e+0@2.064 -62.040 0.024

------------------------------ Saturation indices—---------------=---------

Phase Sllog IAP log KT
CH4(g) 1.73 -1.48 -3.22 CH4
CO2(g) 1.92 0.05 -1.87 CO2
H2(g) -4.94 -8.27 -3.34 H2
H20(qg) -0.41 -0.01 0.40 H20
02(9) -58.94 -62.04 -3.10 02

Reaction step 5.
Using solution 1.
Using pure phase assemblage 1.
Using reaction 1.

Reaction 1. Irreversible reaction defined in sitiolal.

1.000e-001 moles of the following reaction hagerbadded:

Relative
Reactant moles
Na 1.00000

Relative
Element moles
Na 1.00000

Moles in assemblage
Phase Sllog IAP log KT iait Final Delta

CO2(g) 1.92 0.05 -1.87 1.000&HF 8.801e+000 -1.199e+000

Elements Molality Moles
C 1.201e+000 1.199e+000
Na 1.001e-001 1.000e-001
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pH = 5016 Charge balance
pe = -264 Adjusted to redox equilibrium
Activity of water = 0.87
lonic strength = 9.@0@02
Mass of water (kg) = 9.88®1
Total alkalinity (eg/kg) = 1.08D01
Total CO2 (mol/kg) = 1.E8®00
Temperature (deg C) = 76.00
Electrical balance (eq) =-8.21013
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00
lterations = 25
Total H = 1.123&+002
Total O =5.7924+001

---------------------------- Distribution of species--------------------------

Log Log Log

Species Molality Activity N&dity Activity Gamma

H+ 8.522e-006 6.919e-006.069 -5.160 -0.090

OH- 3.709e-008 2.758e-008.431 -7.559 -0.129

H20 5.551e+001 9.779e-001.744 -0.010 0.000
C(-4) 1.252e-002

CH4 1.252e-002 1.280e-002.903 -1.893 0.010
C(4) 1.188e+000

CO2 1.088e+000 1.113e+000.037 0.046 0.010

HCO3- 9.706e-002 7.494e-002.013 -1.125 -0.112

NaHCO3 3.058e-003 3.127e-003.515 -2.505 0.010

NaCO3- 1.275e-005 9.722e-006.894 -5.012 -0.118

C0O3-2 2.283e-006 8.117e-003.641 -6.091 -0.449
H(0) 8.259e-009

H2 4.129e-009 4.223e-008.384 -8.374 0.010
Na 1.001e-001

Na+ 9.706e-002 7.420e-002.013 -1.130 -0.117

NaHCO3 3.058e-003 3.127e-003.515 -2.505 0.010

NaCO3- 1.275e-005 9.722e-006.894 -5.012 -0.118

NaOH 6.776e-011 6.929e-0110.169 -10.159 0.010
0(0) 0.000e+000

02 0.000e+000 0.000e+0@E1L.841 -61.832 0.010

------------------------------ Saturation indiceS—---------=-===-==--m-----
Phase Sllog IAP log KT
CH4(9) 1.32 -1.89 -3.22 CH4
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CO2(g) 1.92 0.05 -1.87 CO2

H2(g) -5.04 -8.37 -3.34 H2
H20(g) -0.41 -0.01 0.40 H20
02(g) -58.73 -61.83 -3.10 O2

146



The reaction P1 from Chapter 5. See Table B.1.

Input file: a
Output file: a.out
Database file: phreegc.dat

SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

PHASES
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

EQUILIBRIUM_PHASES 1
co2(g) .845 10
SOLUTION 1
temp 75
pH 7 charge
pe 4
redox pe
units  mmol/kgw
Na 250
density 1
water 1 # kg

Elements Molality Moles

Na 2.500e-001 2.500e-001
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pH = 11293 Charge balance
pe = 400
Activity of water = 0.29
lonic strength = 2.49001
Mass of water (kg) = 1.66000
Total alkalinity (eg/kg) = 2.58001
Total carbon (mol/kg) = 0.@8000
Total CO2 (mol/kg) = 0.@3D00
Temperature (deg C) = 76.00
Electrical balance (eq) =-1.4009
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00

lterations = 6
Total H = 1.1P2&+002

Total O =5.57226+001

Log Log Log
Molality Activity N&dity Activity Gamma

Species
OH- 2.491e-001 1.655e-000.604 -0.781 -0.177
H+ 1.513e-012 1.169e-0121.820 -11.932 -0.112
H20 5.551e+001 9.915e-001.744 -0.004 0.000
H(0) 1.192e-035
H2 5.962e-036 6.314e-0386.225 -35.200 0.025
Na 2.500e-001
Na+ 2.491e-001 1.764e-000.604 -0.753 -0.150
NaOH 9.336e-004 9.887e-003.030 -3.005 0.025
0(0) 1.279e-008
02 6.395e-009 6.773e-008.194 -8.169 0.025
------------------------------ Saturation indices—-------==-=====mmmnmmn-
Phase Sllog IAP log KT
H2(g) -31.86 -35.20 -3.34 H2
H20(g) -0.41 -0.00 0.40 H20
02(g) -5.07 -8.17 -3.10 02

Reaction step 1.
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Using solution 1.
Using pure phase assemblage 1.

Moles in assemblage
Phase Sllog IAP log KT iait Final Delta

CO2(g) 0.84 -1.03 -1.87 1.000ek 9.663e+000 -3.368e-001

Elements Molality Moles
C 3.368e-001 3.368e-001
Na 2.500e-001 2.500e-001

pH = 6457 Charge balance
pe = B35 Adjusted to redox equilibrium
Activity of water = 0.09
lonic strength = 2.83801
Mass of water (kg) = 1.66000
Total alkalinity (eg/kg) = 2.58001
Total CO2 (mol/kg) = 3.266801
Temperature (deg C) = 76.00
Electrical balance (eq) =-2.4ZID9
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00
Iterations = 16
Total H = 1.122@+002
Total O =5.6832+001

---------------------------- Distribution of species--------------------------

Log Log Log

Species Molality Activity N&dity Activity Gamma
OH- 1.081e-006 7.247e-00B.966 -6.140 -0.174
H+ 3.441e-007 2.667e-006.463 -6.574 -0.111
H20 5.551e+001 9.903e-001.744 -0.004 0.000
C(-4) 0.000e+000

CH4 0.000e+000 0.000e+00@0-302 -110.279 0.023
C(4) 3.368e-001

HCO3- 2.315e-001 1.657e-000.635 -0.781 -0.145
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CO2 8.873e-002 9.364e-002.052 -1.029 0.023

NaHCO3 1.467e-002 1.549e-002.833 -1.810 0.023
NaCO3- 1.742e-003 1.249e-003.759 -2.903 -0.145
CO3-2 1.774e-004 4.656e-008.751 -4.332 -0.581
H(0) 1.197e-035

H2 5.987e-036 6.318e-0385.223 -35.199 0.023

Na 2.500e-001

Na+ 2.336e-001 1.662e-000.632 -0.779 -0.148

NaHCO3 1.467e-002 1.549e-002.833 -1.810 0.023
NaCO3- 1.742e-003 1.249e-003.759 -2.903 -0.145
NaOH 3.864e-009 4.078e-008.413 -8.390 0.023
0(0) 1.279e-008

02 6.395e-009 6.749e-008.194 -8.171 0.023

------------------------------ Saturation indices—---------------=---------

Phase Sllog IAP log KT
CH4(g) -107.06 -110.28 -3.22 CH4
CO2(g) 0.84 -1.03 -1.87 CO2
H2(g) -31.86 -35.20 -3.34 H2
H20(qg) -0.41 -0.00 0.40 H20
02(g) -5.07 -8.17 -3.10 02
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The reaction P2 from Chapter 5. See Table B.1.

Input file: a
Output file: a.out
Database file: phreegc.dat

SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

PHASES
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

EQUILIBRIUM_PHASES 1
co2(g) 1.68 10
SOLUTION 1
temp 75
pH 7 charge
pe 4
redox pe
units  mmol/kgw
Na 250
density 1
water 1 # kg

Elements Molality Moles

Na 2.500e-001 2.500e-001
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pH = 11293 Charge balance
pe = 400
Activity of water = 0.29
lonic strength = 2.49001
Mass of water (kg) = 1.66000
Total alkalinity (eg/kg) = 2.58001
Total carbon (mol/kg) = 0.@8000
Total CO2 (mol/kg) = 0.@3D00
Temperature (deg C) = 76.00
Electrical balance (eq) =-1.4009
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00

lterations = 6
Total H = 1.1P2&+002

Total O =5.57226+001

Log Log Log
Molality Activity N&dity Activity Gamma

Species
OH- 2.491e-001 1.655e-000.604 -0.781 -0.177
H+ 1.513e-012 1.169e-0121.820 -11.932 -0.112
H20 5.551e+001 9.915e-001.744 -0.004 0.000
H(0) 1.192e-035
H2 5.962e-036 6.314e-0386.225 -35.200 0.025
Na 2.500e-001
Na+ 2.491e-001 1.764e-000.604 -0.753 -0.150
NaOH 9.336e-004 9.887e-003.030 -3.005 0.025
0(0) 1.279e-008
02 6.395e-009 6.773e-008.194 -8.169 0.025
------------------------------ Saturation indices—-------==-=====mmmnmmn-
Phase Sllog IAP log KT
H2(g) -31.86 -35.20 -3.34 H2
H20(g) -0.41 -0.00 0.40 H20
02(g) -5.07 -8.17 -3.10 02

Reaction step 1.
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Using solution 1.
Using pure phase assemblage 1.

Moles in assemblage
Phase Sllog IAP log KT iait Final Delta

CO2(g) 1.68 -0.19 -1.87 1.000&k 9.144e+000 -8.564e-001

Elements Molality Moles
C 8.564e-001 8.564e-001
Na 2.500e-001 2.500e-001

pH = 5874 Charge balance
pe = 10618 Adjusted to redox equilibrium
Activity of water = 0.98
lonic strength = 2.84801
Mass of water (kg) = 1.66000
Total alkalinity (eg/kg) = 2.58001
Total CO2 (mol/kg) = 8.%6@01
Temperature (deg C) = 76.00
Electrical balance (eq) =-1.&1D9
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00
Iterations = 19
Total H = 1.122@+002
Total O =5.74062+001

---------------------------- Distribution of species--------------------------

Log Log Log

Species Molality Activity N&dity Activity Gamma

H+ 2.304e-006 1.785e-006.638 -5.748 -0.111

OH- 1.602e-007 1.073e-006.795 -6.969 -0.174

H20 5.551e+001 9.814e-001.744 -0.008 0.000
C(-4) 0.000e+000

CH4 0.000e+000 0.000e+0009:475 -109.452 0.023
C(4) 8.564e-001

CO2 6.067e-001 6.404e-00@.217 -0.194 0.023
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HCO3- 2.345e-001 1.678e-000.630 -0.775 -0.145

NaHCO3 1.493e-002 1.576e-002.826 -1.803 0.023
NaCO3- 2.649e-004 1.899e-008.577 -3.721 -0.145
CO3-2 2.688e-005 7.044e-008.571 -5.152 -0.582
H(0) 1.186€-035

H2 5.931e-036 6.260e-0386.227 -35.203 0.023

Na 2.500e-001

Na+ 2.348e-001 1.670e-000.629 -0.777 -0.148

NaHCO3 1.493e-002 1.576e-002.826 -1.803 0.023
NaCO3- 2.649e-004 1.899e-008.577 -3.721 -0.145
NaOH 5.748e-010 6.067e-010.240 -9.217 0.023
0(0) 1.279e-008

02 6.395e-009 6.750e-008.194 -8.171 0.023

------------------------------ Saturation indices—---------------=---------

Phase Sllog IAP log KT
CH4(g) -106.24 -109.45 -3.22 CH4
CO2(g) 1.68 -0.19 -1.87 CO2
H2(g) -31.87 -35.20 -3.34 H2
H20(qg) -0.41 -0.01 0.40 H20
02(g) -5.07 -8.17 -3.10 02
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The reaction P4 from Chapter 5. See Table B.1.

Input file: a
Output file: a.out
Database file: phreegc.dat

SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

PHASES
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

EQUILIBRIUM_PHASES 1
co2(g) 2.041 10
SOLUTION 1
temp 75
pH 7 charge
pe 4
redox pe
units  mmol/kgw
Na 250
density 1
water 1 # kg

Elements Molality Moles

Na 2.500e-001 2.500e-001
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pH = 11293 Charge balance
pe = 400
Activity of water = 0.29
lonic strength = 2.49001
Mass of water (kg) = 1.66000
Total alkalinity (eg/kg) = 2.58001
Total carbon (mol/kg) = 0.@8000
Total CO2 (mol/kg) = 0.@3D00
Temperature (deg C) = 76.00
Electrical balance (eq) =-1.4009
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00

lterations = 6
Total H = 1.1P2&+002

Total O =5.57226+001

Log Log Log
Molality Activity N&dity Activity Gamma

Species
OH- 2.491e-001 1.655e-000.604 -0.781 -0.177
H+ 1.513e-012 1.169e-0121.820 -11.932 -0.112
H20 5.551e+001 9.915e-001.744 -0.004 0.000
H(0) 1.192e-035
H2 5.962e-036 6.314e-0386.225 -35.200 0.025
Na 2.500e-001
Na+ 2.491e-001 1.764e-000.604 -0.753 -0.150
NaOH 9.336e-004 9.887e-003.030 -3.005 0.025
0(0) 1.279e-008
02 6.395e-009 6.773e-008.194 -8.169 0.025
------------------------------ Saturation indices—-------==-=====mmmmmmn-
Phase Sllog IAP log KT
H2(g) -31.86 -35.20 -3.34 H2
H20(g) -0.41 -0.00 0.40 H20
02(g) -5.07 -8.17 -3.10 02

Reaction step 1.
156



Using solution 1.
Using pure phase assemblage 1.

Moles in assemblage
Phase Sllog IAP log KT iait Final Delta

CO2(g) 2.04 0.17 -1.87 1.000@&k 8.357e+000 -1.643e+000

Elements Molality Moles
C 1.643e+000 1.643e+000
Na 2.500e-001 2.500e-001

pH = 5439 Charge balance
pe = 1®B54 Adjusted to redox equilibrium
Activity of water = 0.86
lonic strength = 2.84%01
Mass of water (kg) = 1.66000
Total alkalinity (eg/kg) = 2.58001
Total CO2 (mol/kg) = 1.&4300
Temperature (deg C) = 76.00
Electrical balance (eq) =-1.&11D9
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00
Iterations = 28
Total H = 1.122@+002
Total O =5.9042+001

---------------------------- Distribution of species--------------------------

Log Log Log

Species Molality Activity N&dity Activity Gamma
H+ 5.211e-006 4.038e-006.283 -5.394 -0.111
OH- 6.987e-008 4.679e-008.156 -7.330 -0.174
H20 5.551e+001 9.681e-001.744 -0.014 0.000
C(-4) 0.000e+000

CH4 0.000e+000 0.000e+0009:126 -109.103 0.023
C(4) 1.643e+000

CO2 1.393e+000 1.471e+000.144 0.167 0.023
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HCO3- 2.348e-001 1.680e-000.629 -0.775 -0.145

NaHCO3 1.495e-002 1.578e-002.825 -1.802 0.023
NaCO3- 1.173e-004 8.410e-003.931 -4.075 -0.145
CO3-2 1.190e-005 3.118e-008.924 -5.506 -0.582
H(0) 1.170e-035

H2 5.850e-036 6.175e-0385.233 -35.209  0.023

Na 2.500e-001

Na+ 2.349e-001 1.671e-000.629 -0.777 -0.148

NaHCO3 1.495e-002 1.578e-002.825 -1.802 0.023
NaCO3- 1.173e-004 8.410e-003.931 -4.075 -0.145
NaOH 2.508e-010 2.647e-010.601 -9.577 0.023
0(0) 1.279e-008

02 6.395e-009 6.751e-008.194 -8.171 0.023

------------------------------ Saturation indices—---------------=---------

Phase Sllog IAP log KT
CH4(g) -105.89 -109.10 -3.22 CH4
CO2(g) 2.04 0.17 -1.87 CO2
H2(g) -31.87 -35.21 -3.34 H2
H20(qg) -0.42 -0.01 0.40 H20
02(g) -5.07 -8.17 -3.10 02
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The equilibrium of siderite and 83 bar with watei7a °C. See Alsid in Table B.1.

Input file: a
Output file: a.out
Database file: phreegc.dat

SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

PHASES
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

EQUILIBRIUM_PHASES 1
co2(g) 1.92 10

siderite 0 10

SOLUTION 1

temp 75

pH 7 charge

pe 4

redox pe

units  mmol/kgw
density 1
water 1 # kg

Elements Molality Moles

Pure water

159



pH = 655 Charge balance
pe = 400
Activity of water = 1.00
lonic strength = 4.42007
Mass of water (kg) = 1.66000
Total alkalinity (eg/kg) =-1.588®21
Total carbon (mol/kg) = 0.@8000
Total CO2 (mol/kg) = 0.@3D00
Temperature (deg C) = 76.00
Electrical balance (eq) = 16821
Percent error, 100*(Cat-|An|)/(Cat+|An|) = 0.00
Iterations = 5
Total H = 1.1P34®+002
Total O =5.522€+001

Log Log Log
Molality Activity N&dity Activity Gamma

Species
H+ 4.421e-007 4.417e-006.354 -6.355 -0.000
OH- 4.421e-007 4.417e-006.354 -6.355 -0.000
H20 5.551e+001 1.000e+000.744 -0.000 0.000
H(0) 1.804e-024
H2 9.019e-025 9.019e-0224.045 -24.045 0.000
0(0) 6.753e-031
02 3.376e-031 3.376e-0330.472 -30.472 0.000
------------------------------ Saturation indices—------====mmmmmmmmee
Phase Sllog IAP log KT
H2(g) -20.71 -24.04 -3.34 H2
H20(g) -0.40 -0.00 0.40 H20
02(g) -27.37 -30.47 -3.10 O2

Reaction step 1.

Using solution 1.
Using pure phase assemblage 1.
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Moles in assemblage

Phase Sllog IAP log KT  iait Final Delta
CO2(9) 1.92 0.05 -1.87 1.000&H 8.886e+000 -1.114e+000
Siderite 0.00 -11.15 -11.15 1.00m&H 9.997e+000 -3.470e-003

Elements Molality Moles
C 1.118e+000 1.118e+000
Fe 3.470e-003 3.470e-003

pH = 4102 Charge balance
pe = -0116 Adjusted to redox equilibrium
Activity of water = 0.98
lonic strength = 8.81@03
Mass of water (kg) = 9.89%01
Total alkalinity (eg/kg) = 6.93903
Total CO2 (mol/kg) = 1.E®00
Temperature (deg C) = 76.00
Electrical balance (eq) =-5.4906
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00
Iterations = 12
Total H = 1.1P3&+002
Total O =5.7188+001

---------------------------- Distribution of species--------------------------

Log Log Log

Species Molality Activity N&dity Activity Gamma
H+ 1.048e-004 9.537e-008.980 -4.021 -0.041
OH- 2.236e-009 2.007e-008.650 -8.697 -0.047
H20 5.551e+001 9.810e-001.744 -0.008 0.000
C(-4) 2.436e-013

CH4 2.436e-013 2.441e-01®.613 -12.612 0.001
C(4) 1.118e+000

CO2 1.111e+000 1.113e+000.046 0.046 0.001
HCO3- 6.044e-003 5.454e-002.219 -2.263 -0.045
FeHCO3+ 9.998e-004 8.987e-003.000 -3.046 -0.046
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FeCO3 1.691e-007 1.694e-00G.772 -6.771 0.001

CO3-2 6.464€-009 4.286€-009.189 -8.368 -0.179
Fe(2) 3.470e-003

Fe+2 2.470e-003 1.648e-003.607 -2.783 -0.176
FeHCO3+ 9.998e-004 8.987e-002.000 -3.046 -0.046
FeCO3 1.691e-007 1.694e-008.772 -6.771 0.001
FeOH+ 1.462e-007 1.314e-008.835 -6.881 -0.046
Fe(3) 1.958e-011

Fe(OH)2+ 1.801e-011 1.618e-010.745 -10.791 -0.046
FeOH+2 1.435e-012 9.367e-0113.843 -12.028 -0.185
Fe(OH)3 1.384e-013 1.386e-0112.859 -12.858 0.001
Fe+3 2.637e-015 1.134e-0151.579 -14.945 -0.367
Fe(OH)4- 8.087e-018 7.270e-0187.092 -17.138 -0.046
Fe2(OH)2+4 2.215e-023 4.025e-022.655 -23.395 -0.741
Fe3(OH)4+5 3.759e-033 2.618e-0BR.425 -33.582 -1.157
H(0) 1.764e-011

H2 8.821e-012 8.838e-01P1.054 -11.054 0.001
0(0) 0.000e+000

02 0.000e+000 0.000e+0@B.472 -56.471 0.001

------------------------------ Saturation indices—---------------=---------

Phase Sllog IAP log KT

CH4(g) -9.40 -12.61 -3.22 CH4
CO2(g) 1.92 0.05 -1.87 CO2
Fe(OH)3(a) -7.80 -2.91 4.89 Fe(OH)3
Goethite -0.38 -2.90 -2.52 FeOOH
H2(g) -7.72 -11.05 -3.34 H2
H20(g) -0.41 -0.01 0.40 H20
Hematite 1.46 -5.79 -7.26 Fe203
02(g) -53.37 -56.47 -3.10 O2

Siderite 0.00 -11.15 -11.15 FeCO3
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