CARBON GEOLOGICAL SEQUESTRATION IN SALINE AQUIFERS: EFFECT OF
ROCK MINEROLOGY ON WETTABILITY CHANGE TREND AND IMPLICATION
FOR EFFICIENT STORAGE IN DIFFERENT AQUIFERS

by

Mumuni Amadu

Submitted in partial fulfilment of theequirements
for the degree of Doctor of Rbisophy

at

Dalhousie University
Halifax, Nova Scotia
June2016

© Copyright by Mumuni Amadw2016



DEDICATION

My late father, Imam Amadu Zegane, once told me that if he had the opportunity to have
formal education like me, he would have counted himself among the most privileged
because schools were scarce when he was young. For not getting this opportunity, he
deaded to send me to school to accomplish what he would have liked to do. In this regard,
| deem it most appropriate to dedicate this thesis work to his scared memory. May his soul
rest in perfect peace. Amen. Also, for the immense part played by my maiksai®
Amadu, in encouraging me to have formal education particularly when | was young, this

thesis is alsaedicatedo her. May Allahgive her long life Amen



TABLE OF CONTENTS

"""""""""""""""" .

LISTOFTABLESE e e é e e e éeeeeéeeceeeeceeeeeeeeee x

,,,,,,,,,,,,,,,,,,,,,,,,,

LISTOFFIGURE® é ¢ ¢ ¢ ééeecééececééeeecéeeceeeeee. vxi

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

ABSTRACTééééecécéeecedcecééeeeéeeéeééee. . . xviii

,,,,,,,,,,,,,,,,,,,,,,

CHAPTER 1LINTRODUCTION ... .ottt ireee e 1
1.1 MOTIVATION FOR GEOLOGICAL CARBON STORAGE............ccccvvvvrnnns 4

1.2 EXISTING CONTACT ANGLE MEASUREMENT APPROACHES AND
THEIR INCONSISTENCIES WITH REGARD TO INITU GEOLOGIC

S S T I =1 SRR 5
1.3 OBJIECTIVES. .. ..o eeee s eeees bbbt e e e e e e e e e s enneees 10
1.3. 1  HYPOINESES... .o 13
I T O | o] [T o {1V =P RR 13
1.4 ORGANIZATION OF THE THESIS.......ctttiiiiiiiiiiiiiiee e 14
CHAPTER 2BACKGROUND STUDY.....cciiiiiiiiiiiieeteees s sannrnnnes 16
2.1 PREVIOUS STUDIES OF WETTABILITY CHANGES RELATED TO
CARBON GEOSEQUESTRATION. ....uutiiiiiiiiiiieeee e 16
2.1.1 Carbon Dioxide Mineral Interaction under Geologic Conditions........... 16
2.1.2  Merits and Demerits of Previous StUdIeS............cceiieiiiiiececninniiinnaeeennns 17
2.1.3 The Need for a Fully Representative System for pH Induced....................
Wettability Changes.é é é e é ééeéeééeeééeeééeeééell
2.2  SPONTANEQOUS IMBIBITION......ccciiiiiiiiiiiiiiitieees s eannreeees 20
2.3 RELATIONSHIP OF WETTABILITY TO SURFACE AND INTERFACIAL
FREE ENERBY ...t eee et e e s smmta e e e e e e e e e e aaeaeaaaassammmraaaaaaeaeas 21
2.3.1 Interface Thermodynamics of Multiphase Flow in Porous Media......... 21
2.3.3  Spontaneous Imbibition into POrous SolidS........cccoovvviiiiiicceciccciieee e 22



2.4 CONTACT ANGLE AND FREE ENERGY DETERMINATION FROM EARLY

SPONTANEOUS IMBIBITION DYNAMICS......cccoiiiiiiiiiiiiieeeieee e 24
2.4.1 Early Spontaneous Imbibition DynamicCs............cccceeeiiieieeeeiiiiineeeeeenn 24
2.5 RELATIONSHIP OF FREE ENERGY CHANGE TO THE SURFACE
CHEMISTRY OF ROCK SURFACES.........ccoo ittt 26
2.5.1 Concept of Point of Zero Charge (PZC).pH........coooviiiiiiiiiiie 27
2.5.2 Electric Double Layer in GeologiC System............ccccuvvviivimmmniiiiiiinnnene. 27
2.5.3  Origin of Polar Contributions to Sokliijuid Interfacial Free Energy........ 29
2.5.4 Effect of pHon Surface Charge TYPe.....cccoevvveiieiiiiiiiiieeeiii e, 31
2.6 INTERMOLECULAR FORCES THEORY......cttttiiiiiiiiiiiieiiiieeeee e 32
2.7 RELEVANCE OF INTERMOLECULAR FORCES TO WETTING
PHENOMENA RELATED TO THE SYSTEM C®WATER-ROCK.............. 34
2.7.1  Nature of Intermolecular FOIrCeS..........coovvviiiiiiiiiieee e 34
2.7.2  Lifshitz van der Waals forces at interfaces.........cccoeeveeeeeveeeccccciineneennn. 35
2.8 CONTRIBUTION TO INTERFACIAL FREE ENERGY DUE TO ACID BASE
INTERACTIONS. ... .ottt ettt ettt e e e e e e e e e e st e e e e e e e e e e e e e e e e e e s s nnnne 35
2.9 ORIGIN OF ACID BASE INTERACTIONS IN GEOLOGIC SYSTEMS......35
2.10 pH EVOLUTION IN SALINE AQUIFERS........oiiiiiiiiieiieeeeeeeeeeeee s 37
2.11 ENERGY ADDIVITY THEORY.....ciiiiiiiiiiiiiiitieineeiiveee e e e e seeseeeees 38
2.12 DEPENDENCE OF SOLIELIQUID INTERFACIAL TENSION ON pH FROM
MOLECULAR THEORY ...ttt seessssetrereee e e e e e e e e e e e ammmnaaaaaaaaaaaaaead 40
2.13 IMPLICATION FOR DIFFERENT SALINE AQUIFER ROCKS....................42
2.14 KINETIC MOLECULAR THORY OF WETTING........cccociiiiiiiiiieeeeceeeennnennnn 43
2.15 [IMPLICATIONS FOR ROCK MEDIA ...ttt ceeeerneeeee e eeaaaaaaaae 44
2.16 PROTONATION AND CATION EXCHNAGE REACTIONS MERITS........ 45
2.16.1 Pertinent Geochemical ReCatiONS..............uuuviiiiiimemiiiiiiiiiiieeeeeeeeee e 45
2.17 TWO-PHASE FLOW HYDRODYNAMIC THEORY........ccceevieeiiiiiiieeennn 46
2.18 APPLICATION TO DRAINAGE FLOW......cuuviiiiiiiiiiiiiieiecieeeeeeeeee e 48
2.19 DRAWING OF THE FRACTIONAL FLOW CURVE COUPLING
GEOCHEMISTRY ..ottt meme e e 50
2.20 THERMODYNAMIC CONCEPTS: VAPORLIQUID EQUILIBRIUM
THEORY ..ttt e e e e e e e e e e e e et e e e e e e e e e e e e e e e e e e e s e mnne e e e e e aaas 52
2.20.1 Water solubility in supercritical carbon dioxide............cccceeeevvvieeeerennnnn. 52



2.21 PROBLEMS WITH RESEARCH ON PAST CONTACT ANGLE
MEASUREMENTS FOR HE SYSTEMS WATERCARBON DIOXIDE

RO CK ettt ettt ettt e e e e e s eert ettt e e e e e e e e e e e e e e e s s s s rmmne e e e e e e e e e e a s 56
2.22 MODEL DEVELOPMENT......cciiiiititiiiieieeieeessseseserneeeeeeeeeeeessssmnnsessseeeaaaaeeeens 57
2.22.1 Problem Analysis and Mathematical Development.................ccvvveeenns 57
2.23 RELATING WETTABILITY TO PH .ovrviiiiiiiiieeeeeeee e 59
2.23.1 Implication of pH Induced Wettability Evolution Equatian.................... 61
2.23.2 Comparison of Wettability Change Trend for Minerals and Rocks......62
2.23.3 Interpretation for NorCation Exchange Reaction Scenario................... 63
2.23.4 Interpretation for Cation Exchange Reaction Scenario........................ 64
2.24 THEORETICAL BASIS OF WETTBILITY EVOLUTION.....cccvviiiiiiieiiiiiiiiies 64
2.25 POSSIBLE TRENDS IN pH INDUCED WETTABILITY EOLUTION ......... 65
2.25.1 Case 1: Point of Zero Charge pH is Equal to or Near Formation Wate8pH
2.25.2 Case 2: Point of Zero Charge pH is less than Formation Water.pH.....66
2.25.3 Case 3: Point of Zero Charge is Greater than Formation Water.pH....67
2.25.4 Implication for Different Saline Aquifer ROCKS..............ccceeiiiiiieeennnl 67
2.26 PRESENT RESEARCH TOPIC.....ccoiiiiiiieieeieee e 68
2.27 SUMMARY AND CONCLUSIONS........outiiiiiiiiiiiiiiieeeeeeeeeereeeeeeae e e 68
CHAPTER ... ittt ettt et e e e e e e e e s st e e e e e e e e e e e e e e e e s e sa s mnne e e e e s s s nnnnes 72
3. DERIVATION OF CONTACT ANGLE UNDER DRANAGE FLOW
CONDITIONS . ...t eeee e e e e e e e e e emens et e ettt eeeeaeaeaeeaaeesammmraaeaaeaaaeeas 72
3.1 Relationship of Wettability to Mul#?hase Flow in Porous Media...................Z2
3.2 DERIVATION OF PORESIZE DISTRIBUTION INDEX FROM DRAINAGE
RELATIVE PERMEABILITY DATA ...ttt eeeretetaee e e e e e e e e e e e e e e e ammnaeaaaaens 74
3.3 CALCULATION OF CONTACT ANGLE FROM CAPILLARY RISE............... 75
CHAPTER 4EXPERIMENTAL PROGRAM.......ccoiiiiiiiieeeeeeeeeee e 76
4.0 EXPERIMENTAL PROGAMS AND OBJECTIVES...........coooiiiiiiiiineenens 76
4.0.1 Capillary Imbibition EXperiments............cccceevvvvviiiimeeeceeeeeeeeeeeeiiieea A 0
4.0.2 Rock Imbibition Experiments with Wallace Sandst@we Samples........ 76
4.0.3 Rock Imbibition Experiments with Fontainebleau Sandstone Core Saiftples
4.0.4 Sand Pack EXPEriMENtS..........ooiiiiiiiiiiiinees sttt eeeee b 77
4.0.5 Investigation of Cation Exchange Reaction..............oooooiieene s 77
4.1 MATERIALS AND EQUIPMENT ....coiiiiiiiiieeecceeeeee e aneees 77
4.1.1 Geologic Materials.............oiiiiiiiiiiiiceiie e 17
4.1.2  CharaCteriZatiON.........uuuuueieieee ettt ineee e e e e e e e e eeeeeeeerannns 78

\Y



4.1.3 Brine pPH MeEaASUIEMENT.........uuuuiiiiieie e e e ceeetiiiie e s e e e e e e e e e e e e eeeeese e e e e eeaaaaees 79

4.1.4 Brine Preparation and Core Sample Characterizatian......................... 79
4.1.5 Contact Angle and Free Energy Change Computation........................ 80
4.2 EXPERIMENTAL PROCEDURES UNDER AMBIENT CONDITIONS....... 80
4.2.1 Capillary and Rock Imbibition Experimental Procedures...................... 80
4.2.2 Rock Imbibition Experimental Procedure...............ooooiiiiiicce e 82
4.2.3 Sand Pack Imbibition Experimental Procedure.............ccccevvvvieeeinnnnnnn. 83
4.3 CAPILLARY IMBIBITION EXPERIMENTAL RESULTS AND .....cccvvvvvviinnnnnnn.
DISCUSSION ...ttt rr et enns bbb e e e e aaaaaaeeee s e 85
4.3.1 Validation of the wettabilitypH parabolic equation...................oevvvvvueeen.. 88
4.3.2 Calculation of Point of Zero Charge pH of Borosilicate Glass.............. 89
G TG B o [ox 1] o o 1S 91
4.4 ROCK SPONTANEOUS IMBIBITION EXPERIMENTAL RESULTS AND
DISCUSSION.....uuttiiiiiiiiiiiie e eeet ettt e e e e e e e e e e e s s s s rmmne e e e e e e e e s s s ssssarresaeenans 92
o R I (=T o] U 11 [0 o USRS 93

4.4.2 Comparison of Experimental Findings with Results of Published Work on
Water Rock Reaction in the presence of Supercritical Carbon Diaxid&02

4.4.3 Interpretation of Experimental Results in the Light of Mathematical.........
1Y T o [ PP 105
O R o o 1] o o PSP 106
4.45 Experimental Results for Sand Pack Imbibition and Discussian........ 106
4.4.6 Relative Errors of Straight Line PlatS...........ccccviiiiiiieeeniiiiieee 111
4.4.7 Introducing Scaled Wettability Concept PIOL...........ccoovviiiiiiieanninnnnnn. 111
4.4.8 Determining the Effective Point @ero Charge pH of Wallace Sandstdri3
4.4.9  CONCIUSION....uutiiiiiiiiiiiie e enee e eeeneas 116
4.5 TESTING OF HYPOTHESIS USING CATION EXCHANGE REACTION
EXPERIMENTS...coiiiiiiiiie et e e e e e eas 117
46 SAMPLES CHARACTERIZATION.....ccttiiiieieie e eeeeeeieeee e 118
4.6.1 Materials and eqUIPMENL...........uuuiiiiiiiiii e 118
4.6.2 Carbonate ANAlYSIS.......ccouiiiiiiiiiiiiie e 118
4.6.3 X-ray Powder Diffraction ANalySiS........ccccoviiiiiiiiiiiiece 119
4.7 CATION EXCHANGE EXPERIMENT........ccotiiiiiiiiiiiiiee e 119
4.7.1  SYNtNELIC BINE.....couiiiii et ereer e 120
4.8 RESULTS AND DISCUSSION......cciiiuiiiiiiiiiineeeieeanireriieeereeeeeeeeeeeesssenseeees 121
4.8.1 Discussion Based on Individual pH Experiments.............ccccceeeiiieeenees 127
A.8.2  CONCIUSION....euittiiieee e eee e 128

Vi



4.9 SPONTANEOUS IMBIBITION STUDIES ON POTENTIAL CAP ROCK

MATERIALS ...ttt re et e e e e e e e e e e e e e e e e s e 129
4.9.1 Experimental 0DJECHVE...........uiiiiiii e 129
4.9.2 Rock Samples and Characterization...............ccccuuvimmmnnniiiiiiiiinieeeeeee 130
4.9.3  Sample Preparation............. o 131
4.10 RESULTS AND DISCUSSION.....cctiiiiiiiiiiiiae e iiieeeniiieie e e e emmme e 132
4.10.1 Relative Error Calculation.............oooeeiiiiiiiimmiiiiiiieeeiiiii e 139
4.10.2  CONCIUSION. ...ttt rene e bbb e e eneas 139
CHAPTER 5CONTACT ANGLE COMPUTATION FROM.......cccoovieiiiiiiiiiiiiieenn. 141
DRAINAGE EXPERIMENTAL DATA ..ttt ettt e e e e e e e smee e 141
5.1 INTRODUCTION.....cciitiiiiiiiiiiiiieetieeerieseeeeeeeereeaasaaa e e e s smmreeeeaaaaaaeeaaasasanns 141
5.2 EXPERIMENTAL CONDITIONS.... ..ottt 142
5.2.1 Ambient wettability variatiQn...............cccccuuiiimmmr e 142
5.3 EXPERIMENTAL PROGRAM......cciiittiitia e aitiireeieee et e e 142
5.3. 1 EQUIPIMENL....uuiiiiiiiiiiiii ittt rmmne e 142
5.3.2  INJECHON PlAN.......ueeiiiii e - 144
5.3.3 TSt PrOCEAUIE......cciiiiiiiieie e 145
5314 MALErIaAlS.....coiiiiiiiieei e 145
5.4 COMPUTATIONAL RESULTS....coiiiiiiiiiiicieeee e eneeenes 146
5.4.1 Thermodynamic CalCulations...............cc.uurrimiimmmniiiiiiiiiiee e 146
5.4.2  Fractional FIOW PIOtS.........coooiiiiiiiiiiieee e 146
5.4.3 Calculated Flooding Properties.............coooiiiiiiimmmnnnissiiiiivieeeeeeeees 146
5.4.4 Wetting FOrce COMPULALIONL. ......uuuiiiiiiiiiiiiii e 146
55 FRACTIONAL FLOW PLOTS OBTAINED BY PROCESSING OF
LITERATURE SOURCE DATA ...ttt eeeeeseieeeee e e e e seneees 147
56 RESULTS AND DISCUSSION.....cuuttiiiiiiiiiiiiiieeeeeeeeeeeee e e snmmne s 147
5.7 MINERALOGY OF INDIVIDUAL SANDSTONES.........cccccciiiiriiiiniiinennnnns 152
5.8 RELATIONSHIP OF THE PRINCIPAL HYPOTHESIS OF THIS WORK TO
PUBLISHED DATA . ..ottt emmme e e e e 165
o< 700 R @0 o X U1 o] o 166
CHAPTER 6COMPARISON OF PRESENT STUDY WITH PUBLISHHED WORKS
AND IMPLICATION FOR THE GEOLOGICAL COMMUNITY .....ccooiiiiiiiiiiiinee. 169
6.1 The Principal View of this Study on WatRiock Interaction...................... 169
6.2  Similarities iN PH CONLIOL........cooiiiiii e 170

6.3 The Use of AirBrine-Core System for Wettability ardontact Angle

rrrrrrrrrrrrrrrrrrrrrrrrr

Vii



6.4 Implication for Efficient Carbon Storage in Nova Scotia Continental ShEn2

6.5 Limitationsof this TheSiS WOrK.........ccccuuiiiiiiiiiiieeeiiiiiiiiiieeeeeeee e 174
6.6 ADVICE FOR EFFICIENT GELOGICAL CARBON SEQUESTRATION..175
CHAPTER 7CONCLUDING STATEMENT ..ot 177

7.1 SUMIMAIY ettt er e 177

7.2  General Contributions of this Thesis WorK..........ccccoeviiiiiieeeiii 179
7.3 RECOMMENDATIONS FOR FUTURE STUDIES.........cccoovviiieeeiceeeeees 180
REFERENGCES.......ooiiiiiiiiii e ae s reees 183

Appendix 31: Interfacial tension of carbon dioxid®ine system versus

O 2S T L= PSPPI 210

Appendix 32: Carbon dioxide pressure versus formation water.pH................ 210

Appendix 4A: Density of carbon dioxide versus depth............cccccoiiiiiieen. 211

Appendix 4B Density of carbon dioxide versus depth...............ccccovieeniiiinnns 212

Appendix 4C: Interfacial tension between carbon dioxide and water at

VAIYING PIESSUIE ... uuttitiiieieieeeeeeeeeeeeseee ettt e teeeeaaaeaeeaaasammmeeeeeeeeeesasa s s s nnnensnnnssaaans 213

Appendix 4D: Stratigraphic terminology proposed for the Jurd@staceous

sediments of the Nova Scotia Shelf...............cuviiiiieeeii e, 214

Appendix 4E: Chemical composition of Wallace sandstone

(http://www.wallacequarrieS.COML)........ciiiiei e eeeee e eene e 215

Appendix 4F: Results of monophasic permeability.feSt.............cooviiieacneeeenen. 215

Appendix4G: Point of zero charge pH of some oxides (Parks and de Bruyn,. 2962)
Appendix 4H: Point of zero charge of oxides (Kosmulski, Mihe pHDependent

Surface Charging and the Points of Zero Charge, 2002)............ccooovvicaceenen. 216
Appendix4l: Albite + NaCl Brine + Supercritical CO2, P& and 200 bar for
nonmineral buffering saline aquifer system (Newell, et al., 2008).................... 217

Appendix (43): X-Ray powder diffraction analysis of Wallace sandstone pow@&8
Appendix 4K: Xray powder diffraction analysis of mica (Tomita et al., 1988)..219
Appendix 4L: Xray powder diffraction analysis of nanarine glauconite (Porrenga,

LS 12 ) 220
Appendix4M: Surface tension increment for aqueous HCL against concentra#®h
Appendix 4N: wettability pH parabolic relationship............ccccevvviiiieeciiiiiiieenne. 221
Appendix40: Porosity and permeability of Wallace sandstone Core samples222
APPENDICES FOR CAPILLARY IMBIBITION EXPERIEMNTS.........cccvvvviveernnn. 222
Appendix 4.3.1: EXPeriMent.L........cooeoiiiiiiiiii e eceeen e 222
Appendix 4.3.2: EXPEIrMENT.2........coiiiiiiiiiiie e eeees e eenns e e e e e aaaaas 223
Appendix 4.3.3: EXPeriMENt.3.........oii i ceeen e e e 223
APPENAIX 4.3.3. Lottt a e e e e e e 223

viii



Appendix 4.3: Graph of contact angle versus pH from published work (Barranco Jr.,
Dawson, & ChristenelO07).......ccooiiiiieiiieimme e e 224
Appendix 4.4.1: Detailed calculations for equation validation......................... 224
Appendix 4.4.2 (iso): Determination of isoelectric point from polynomial plots227
Appendix 4.5 Zeta potential of borosilicate glass versus pH (Barz et al.,.200928
Appendix 46: Point of zero charge pH a mixture of silica and alumina mixture

(Reymond & Kolenda, 1999)..........uuuuuuiiiiiii i ereess e e 228
Appendix47: Point of zero charge pH of silica as function of magnetite impurity Shen
B AL, (1999 ittt 229
APPENDICES FOR SPONTANEOUS IMBIBITION......ccccviiiiiiiiiiiiiiiieeeeeeeeeen 230
Appendix 4.4.1.1: Experimental data for imbibition for pH 1.79
(Wallace SANASIONE).........cooeiiiiiiiieeee e eeea e e e e e e e e e e e e e e eeams 230
Appendix 4.4.1.2: Experimental data for imbibition rise for pH 3.03 9Wallace
RS2 10 151 0] =SSR 231
Appendix 4.4.1.3Experimental data for imbibition rise for pH 5.11 (Wallace
STz 1010 1S (o] 1= ) S 232
Appendix 4.4.1.4: Experimental data for imbibition ieepH 6.77 (Wallace
STz 1010 1S (o] 1= ) S 233
Appendix 4.4.1.5: Experimental data for imbibition rise for pH 9.77 (Wallace
SANUSIONE). ...ttt 234
Appendix 4.4.1.6: Wallace sandstone experiments results with tap.watet......235
APPENDICES FOR FONTAINEBLEAU SANDSTONE EXPERIMENTS........... 236
ApPendixX 4.4.1for PH 5.34 ... 236
APPENIX 4.4.2 TOr PH 2.8 ... e e 237
Appendix 4.4.2a: Baseline experimental data for Wallace sandstone experiments using
(2= T 0= L= PSPPI 237
Appendix 4.4.2b. Appendix fdraseline experiments with Wallace sandstone core
SAMPIE USING KEIOSENE. ....uuiiiii it eeee e 238
APPENDICES FOR SAND PACK EXPERIMENTS.........ccccciiiiiiieevceeeeeeeeeeeeee 238
Appendix 4.7.1 for PH 6.95.......oooiiiii e 238
ApPeNdixX 4.7.2 fOr PH 4.86.......coooiiiiiiiii e 238
ApPendixX 4.7.3 TOr PH 3.34 ... 239
Appendix 4.7.4 for PH 1.96........ccooiiiiiiii e eeeee e 239
APPENDICES FOR CATION EXCHNAGE REACTIONS.........cuvviiiiiiiiieee e 240
Appendix 4.6.1: Experiment for initial pH 5.37 (Wallace sandstone)............... 240
Appendix 4.6.2 for initial pH 5.37 for Fontainebleau sandstone....................... 241
Appendix 4.6.3 for an initial pH of 1.76 (Wallace sandstane)....................ceeee. 242
(@] o1 1] 811 F= U1 o o 1SRRI 243
Appendix 4.6.4 for an initial pH of 1.78 for Fontainebleau sandstone............. 244

IX



Appendix 4.6.5 for an initial pH of 1.75 for Wallace sandstone....................... 245

Appendix 4.6.6 for an initial pH of 1.81 for Fontainebleau sandstone............. 245
APPENDICES FOR REPEATED WALLACE SANDSTONE EXPERIMENTS....246
APPENdIX 4.8.5 TOr PH 3.5 ..t e e 246
APPENdIX 4.8.6 TOr PH 4.5 et 246
APPENIX 4.8.7 TOr PH 6.6t eee e a e 246
Appendix 4.9.1: Compsotion of shale and Slates (Erslev, 1998)..................... 247
Appendix 4.9.2: Composition of carbonaceous slate (Wang & Wang, 1995)..247
Appendix 4.9.3 Experiment for size range &Eb micrometer............ccccceevvvveens 247
Appendix 4.9.4 Repeated experiments for pH 6.95 for size ranga3®0
INUCTOMEBTEN. ...ttt ettt e e ettt ettt e e e e e e e e e e e e s s ammme e e e e e e e e e e s e s e s bbb nnns s e s nnnnnne 248
Appendix 4.9.5 Experiment for size range &85 micrometer.............ccccvvvvveeee. 248
Appendix 4.9.6 Repeated experiment for size range33B0micrometer.............. 248
Appendix 4.9.7Fxperiment for size range 163 micrometers............ccceeeeenee 249
Appendix 4.9.8 Repeated experiment for size rangelB3amicrometers............ 249
Appendix 4.9.9 Experiment for size range 48B3 micrometers..........ccceeeeeeeeeee. 250
Appendix 4.9.10 Repeated experiment for size rangel&36micrometers.......... 250
Appendix 51: Relative permeability data for experiment af65........................ 251
Appendix 52: Relative permeability data for experiment af65......................... 251
Appendix 53: Relative permeability data for experimentat 75.C.................... 252
APPENDICES FOR LITERATURE SOURCE DATA AND RESULTS OF
COMPUTATIONS BASED ON CURRENT STUDY.....ccciiiiiieeeece e eeemeee e 253

Appendix 54: Carbon dioxide brine data for Ellersely sandstone (Bennion & Bachu,
Relative Permeability Characteristics for Supercritical CO2 Displacing Waser

Variety of Potential Sequestration Zones, 2005)...........cccceeeeeiiieeeiiiiee e, 253
Cardium SANASIONE........uuuuiiiiiiiiiiiiiieeetie et e e e e e e e e e e s aer e e e e e e e e e e e e e e s s s e s nnnne s 255
Appendix 55: Carbon dioxide brine data for Cardium sandstone (Bennion & Bachu,
12010 ) PP 255
Basal Cambrian SandStONE............vuuiiiiiiiiieeer e e 257

Appendix 56: Carbon dioxidédrine drainage data for Basal Cambrian sandstone
(Bennion & Bachu, Relative Permeabili@haracteristics for Supercritical CO2

Displacing Water in a Variety of Potential Sequestration Zones, 2005)........... 257
Appendix 57: Maple work sheet for C&molar density calculation.................... 260
Appendix 58 Virial Equation of state constants (virial eqn. of statect@ density)
(Ihmels & Gmehling, 2001)........ccooiiiiiiiiieeee e eeree e 261
Appendix 59 (Spycher et al., 2003)........ccouiiiiiiiiii e 262
Appendix 510: Equivalent sodium chloride concentration correction chart (Al Bahlani
& Babadagli, 2008)..........uuuiiiiiiiiiiiii s 263
Appendix5-11: Literature sources for drainage experiments..............c.ceeeeveeee. 264

Appendix 512: Literature sources of references for fluid and interfac@bgmties 264
X



Appendix 513: Wettability of oitsilicawater SyStems.........cccceevvveeeeeeevccencciennn, 265

APPENAIX BLA.. .. ——— e e annn 266
Appendix: #1: Point of Zero charge pH of minerals phases (Sverjensky, 199468
Appendix J Series (Graphical Approach to Error analysis).........cccccceveeiiaaeenen. 269

,,,,,,,,,,

Xi



LIST OF TABLES
Table 11 Natural systems afarbon dioxide sink (Sally, Oldenburg, Hoversten, &

IMBUS, 2005)... . e errer e e e —————————————— 5
Table 12 Mineralogical composition of Utsira sandstone (Aadig, Irina,
CzernichowskiLauriol, Preuss, & Xu, 2007).......ccceiiiiiiieeeeiieieeeiiie e eeeeeeeeeeens 7
Table :3:Mineralogical composition of Nordland shale (Audigane, Irina,
CzernichowskiLauriol, Preuss, & Xu, 2007)........ccocuuiiiieiiiiiimmriiie et esneees 7
Table 21: Oxide Compositions of Different rock types (Huang, 1962).................. 19
Table 22. Oxide compositions (%) of sandstone (Bhatia, 1983)................ccceveuees 36
Table 23: Major chemical oxide composition (wt. %) and modal mineral abundance (vol.
%) in the lidate granite (Liet al, 2008)...........uuuriiiiiiiiiiiii e 37
Table 24: Point of zero charge pH of some silicate minerals (Sverjenky, 1994)..58
Table 41 Parameters for input Calculations...................uiiiiccceeeiiiiiiiiiee e 88
Table 42a: Experiment with syhetic brine using Wallace sandstone.................... 93

Table 42b: Repeated experiment with synthetic brine using Wallace sandstane .97
Table 42c: Experiment with tap water using Wallace sandstone...................coeuue. 98

Table 43: Experiment with synthetic brine using Fontainebleau sandstane....... 100

Table 44: Summary of Experimental Results (Sand pack)...........ccccceeeivieecevnnnns 107
Table 45: Results of adon analysis for carbonate presence.............cccvvvevieeennee 119
Table 46: Results of potassium analySIS...........ooooiiiiieemneei e 127
Table 47: Deduced parameters of experimental plats.................vvvvcceevieeeeenninn, 137
Table 51: Calculated vapor pressures at experimental Conditions..................... 147

Table 52: Calculated vapeliquid equilibrium properties at experimental conditioh43
Table 53: Calculated thermodynamic properties of liguapor phaseat experimental

(o0 o 1170 o <SR 148
Table 54: Calculated thermodynamic properties together with final carbon dioxide
(o0 Tt = o1 =1 1o o PRSPPI 149

Table 55: Calculated flooding properties of Wallace sandstone at experimental

(o0 0o 111 o IS PP 149
Table 56a: Calculated flooding properties by processing literature.data............. 152
Table 56b: Calculated average contac angle for different rock types................. 154

Xii



Table 57: Results for Experiments at®b(Wallace Sandstone)............ccceeevveeeee.e. 156

Table 58: Results ér Experiments at 6& (Wallace Sandstone)............ccccc.evvveee. 156
Table 59: Results for Experiments at 76 (Wallace Sandstone)...................oc... 157
Table 510: Results of contact angle calculation for Ellerslie Sandstane............. 160
Table 511: Results contact angle calculation for Cardium Sandstone................ 161

Table 512: Results of contact angler calculation for Basal Cambrian sandstanel 62

Xiii



LIST OF FIGURES

Figure 1: Location map of three carbon dioxide storage f{@dHBy, Oldenburg, Hoversten,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2: Porosity and pH changes as function of distance from injection point @&ndre

=L 0 PP 10
Fig. 2-1: Double layer (Grahame, 194.7)...........uuuuuiiiii it eeeeee s 28
Fig. 22 Schematic illustration of an uncharged hydrated ferric oxide surface (Parks & de
2T ) T K G ) PP 29

Figure 23: Adsorption density of potential determining ion on ferric oxide as a function

of pH and ionic strength at temperature,in different concentrations of potassium

nitrate (Parks & de Bruyn, 1962)............uuuuuiiiiiiiieeeiiiiiiiiieieeieeeeeee e e e eeemreeereeeeeeaeaeens 32
Figure 24 Carbon dioxide injection and water rock interactions (Lin, Takashi, Takisawa,
& Hashida, 2008).........ceeeiiiiiiiiiiii e erer e e n e as 33

Figure 25. The spatiotemporal evolution of formation water pH €al, 2006)........ 38
Figure 26: Fractional flow curve with Welge tangent (Garcia & Pruess, 2003)....48
Figure 27: Zeta potential versus pH for sandstone and limestone rock samples. 63

Figure 41b: Bench Top Core Flooding Equipmaevith 2 accumulators and Hassler Core

BaITEL ... e e e 79
Figure 42: Set up for capillary rise eXperiment.............cccccuevirimmmnniniiiiiiieeeeeeee 81
Figure 43: Capillary rise eXperiments iN PrOgreSS..........uuuueeeeeeereieemirerereeeeeeeeeeeeeens 81
Figure 44: Schematic of capillary imbibition S@p..............ooovviiiiiiccce e 82
Figure 45: Experimental satip before imbibition................cccooviiiie s 82
Figure 4 6: Imbibition front after 52 minutes of rock imbibitian.........................cc.. 82
Figure 47: Imbibition front after 52 minutes of rock imbibitian...................c....ee... 83
Figure 48: Schematic of experimental Set.UR.............oovviiiiiiiemei e e 83
Figure 49: Custom built imbibition tUDES............covviiiii e, 84
Figure 410: Experimental saip for sand pack imbibition experiment.................... 84
Figure 411: Schematic of sand pack imbibition experiment..............cccccvvveeennneen. 85

Figure 412: A plot of wettability versus pH of brine for experiment 1(from appendix

XV



Figure 413: A plot of wettability versus pH of brine for experimi@n(from appendix

e ) RSO SSTP 86
Figure 414: A plot of wettability versus pH of brine for experiment 3 (from appendix
T PP EUEPPPPR 87
Figure 415: A plot of contact angieersus pH of brine for experiment 3 (from appendix
e R ) RSP SR 87
Figure 416: Plot of contact angle versus pH using data from appen8i3.1............ 88

Figure 417: Plot of height squared versus time for early spontaneous imbibition
dynamics for pH equal to 1.79 (froappendix 4.4.1.1) (Wallace Sandstane).......... 94
Figure 418: A plot of height rise squared versus time for early spontaneous imbibition
dynamics for pH equal to 3.05 (from appendix 4.4.1.2) (Wallace Sandstone)......94
Figure 419: A plot of height rise squared versuséifor early spontaneous imbibition
dynamics for pH equal to 5.11 (from appendix 4.4.1.3) (Wallace Sandstone)......95
Figure 420: A dot of height rise squared versus time for early spontaneous imbibition
dynamics for pH equal to 6.77 (from appendix 4.5.1.4) (Wallace Sandstone)......95
Figure 421a: A plot of height rise squared versus time for early spontaneous imbibition
dynamics for pH equal to 9.77 (from appendix 4.5.1.5) (Wallace Sandstone)......96
Figure 421b: Combined plots for repeated Wallace sandstone experiment using brine
(from appendix 4.8.5 through 4.8.7).....ccooi i 97
Figure 422: A plot of height rise squared versus time for early spontaneous imbibition
dynamics for pH equal to 2.80 (from appendix 4.4.1) (Fontainebleau Sandston&p0
Figure 423: A plot of height rise squared versus time for early spontaneous imbibition
dynamics for pH equal to 5.34 (from appendix 4.4.2) (Fontainebleaistae......... 101
Figure 423a: A plot of height rise square versus time for experiments on Wallace
Sandstone and Fontainebleau sandstdrpH equal to 3 and 2.8 respectigely € . 103
Figure 423b: A plot of height squared versus time for Wallace sandstone expé¢rim
using tap water (APPENIX 4.4.28) ......ccuuuiiiiiiiiiii i 104
Figure 423c: A plot of height squared versus time for Wallace sandstone using kerosene
(APPENAIX 4.4.210) ... e —————— 105

XV



Figure 424: Spontaneous imbibition rise squared versus pH for pH equal to 6.95 (from

=T 0= [0 3 S 01 U SPPPPPN 108
Figure 425: Spontaneous imbibition rise squared versus pH for pH equal to 4.56 (from
APPENAIX 4. 7.2). et e ettt eeer et e e e e e e e e e e e e e e e s amr e e e e e e e as 109

Figure 426: Spontaneous imbibition rise squared versus pH for pH equal to 4.56 plotted
for the linear section of the data (from appendix 4.7.2)...........ccouvvvvivineeeieennennns 109
Figure 427: Spontaneous imbibition rise squared versus pH for pH equal to 3.34 (from
APPENAIX 4.7.3). .ottt e et eee— et e e e et e e e e e e e e e e s it e e e e e e s 110

Figure 428: Spontaneous imbibition rise squared versus pH for pH equal to 3.34 plotted

for the linear part of the data (from appendiX 4.7.3).........ccccceeiiiiiiiiceciiiciieee e 110
Figure 429: Spontaneous imbibition rise squared versus pH for pH equal to 1.96 (from
APPENAIX 4.7.4)...coo e e ettt erer ettt e e e e e e e e e e e e amr e a e e e e s 111
Figure 430: Scaled wettability versus pH for four experiments........................... 112
Figure 431 Plot of contact angle versus aqueous solution.pH................cccceeeee... 114

Figure 434: Measured pH versus time 10 g of each sample in aqueous solution (NaCl:
43.5gm/I+CaCl: 12.6 g/d#iwith an initial pH of 5.37 (from appendix 4.6.1)......... 122

Figure 435: Transient hydrogen ion concentration versus time pH 5.37 (from appendix

Figure 436: Measured pH versus time 10 g of each sample in aqueous solution (NacCl:
43.5 g/dm+CacCl: 12.6 g/di) with an initial pH of 1.76 (Wallace sandsteblee,
Fontainebleauwed) (from appendiX 4.6.3)......ccccceeeeiiiiiiiiiiieeee e 124
Figure 437: Transient hydrogen ion concentration versus time for equal to pH 1.76 (from
appendix 4.6.4) using 10 g Of SAMPIE.......ooiiiiiiiiiii e 125
Figure 438: Measured pH versus time 2.2 g of each sample in aqueous solution (NaCl:
43.5 g/dni + CaCl: 12.6 g/drf) with an initial pH of 1.76 (from append&6.5)........ 125
Figure 439: Transient hydrogen ion concentration versus time pH 1.76 for 2.2 g of
samples in agueous solution (froppandix 4.6.6)............cccccimviiiiiieemiiiiiiiieeeee 126
Figure 440: Combined plot of transient pH of aqueous solution versus time for Wallace

sandstone at differemtitial pH of aqueous solution.............ccccceee i 126

XVi



Figure 4.9.1: Samples of Meguma Slate from a construction site in down town Halifax

(directly opposite Sexton campus across Queens Street.............uvvivicceeeevevennnnns 131
Figure 4.9.2: Experimental set up for spontaneous imbibitian....................ccee... 132
Figure4.9.3: Experimental plot for pH equal to 6.95............cooooiiiiiiiman, 133
Figure 4.9.4: Experimental plot for pH equal to 6.95 repeated................ccceoeeen. 133
Figure 4.9.5: Experimeat plot for pH equal to 5.08..........cccooriiiiiiiiiieeee e, 134
Figure 4.9.6: Experimental plot for pH equal to 5.05 repeated................cceeeeeee. 134
Figure 4.9.7: Experimental plot for pH equal t0 6.95..........coooiiiiiiiiimen, 135
Figure 4.9.8: Experimental plot for pH equal to 6.95 repeated................ccccoeeee. 135
Figure 4.9.9: Experimental plot for pH equal t0 5.12...........coooviiiiiiieeeeeeeieeeeeeeen, 136
Figure 4.9.10: Experimental plot foHpequal to 5.12 repeated..............cccvvvvvvveenne 136
Figure 5A: Test chamber with separators, core holder and accumulators.......... 143
Figure 51: Schematics of Testing EQUIPMENL............ooovviiiiiiiccreiieeee e 144

Figure 52: Plots of fractional flow versus carbon dioxide saturation for Wallace
sandstone assuming no retardation effect in all experiments..............cccccceeevneee. 150

Figure 53: Plot of fractional flow versus gas saturation with retardation effect for

EXPEIMENT At BT.. ..o e e e e e e e ane e 150
Figure 54: Plot of fractional flow versus gas saturation with retardation effect for

EXPEIMENT AL BT.....eeii et e e e rmne e r e e e e e e e e e emme e e e 151
Figure 55: Plot of fractional flow versus gas saturation with retardation effect for

EXPErMENT At 78C ... .. i 151
Figure 56: Plots for Ellerslie sandStOne............cccoeiiiiiiicceciiiciee e eeeeeeee 163
Figure 57: Plot for Cardium SandStone.............oooviiiiiiiiccce e 164
Figure 58: Plot for basal Cambrian sandstane...............cccccvieeciiiiiiiiiieeee, 164
Figure. 61: Contact angle changes with pressure (Jung & Wan, 2012)............. 171

Figure 62: Graph of Areal Sweep Efficiency versus mobility ratio (Mahaffey,
Rutherford, & Development, 1966)..........couuuuiiiiiiiiiicce e 173

XVii



ABSTRACT

In view of the accelerated increase in anthropogenic carbon dioxide in the atmosphere and
the resulting climate warming, the capture and storage oftbenhouse gas in geologic
media is considered a technically viable option. Consequently, the injection of carbon
dioxide into a saline aquifer initially containing formation brine will lead to-plkase

flow. In this regard, the wettability of the systéimat controls the relative mobility of fluid
phases is a fundamental petrophysical parameter that deserves attention. Generally, the
wettability is controlled by waterock interaction phenomena which consists of cation
exchange and surface adsorptionaofsi.

So far, the wettability of the system carbon dioxsddid-brine has been studied in a
manner where substrates do not reflect those of actual geologic systems that are hosts for
carbon storage. Consequently, contact angles measured so far giveicerslidence

that wettability will decrease with gas injection but they do not give any clue as to the
manner in which this will decrease. This is because contact angles are measured on
individual minerals of rocks rather than on rock samples.

In this study, | have used two mineralogically distinct rock samples to show how contact
angles will evolve given the wateock interaction phenomena that control wettability. The
two rocks are Wallace sandstone from Nova Scotia and Fontainebleau sarfdston
France. The experimental methodology is based on spontaneous imbibition rise of brine of
varying pH in core samples. Contact angle computations are carried out using early
spontaneous imbibition dynamics theory. In addition, cation exchange resagédment

to the geologic system which are principal causes of formation water pH buffering, have
been investigated using pulverized rock samples. FurthermeRayXiffraction analysis

of rock samples to support experimental results have been cauntiedResults of these
experiments give further conclusive evidence that cation exchange reactions can buffer
formation water pH to impact expected trends in wettability evolution.

In view of the point of zero charge pH of the solid surface being fundahterthe water
rock interaction, a mathematical model has been presented that links wettalbiigypH
of aqueous solution.
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CHAPTER 1 INTRODUCTION

Global warming due to anthropogenicission of carbon dioxide (C{phas reachegkcord

levels in recent times and this has rendered climate change ¢esiies to current global
scientific and political debatesh€ IntekGovernmental Panel on Climate ChangeRB

and the World Meteorological Organizatoor{fWMQO) are jointly responsike for
coordinating and monitoringechnical matters related to climate change procesées
major cause of dramatic increases in atmospherig d@@centration since the industrial
revolution is exponential growth trends in global energy consumption. Thisia¢pirend

has caused diversification of the global energy mix to the extent where depleting
conventional energy resources (oil and gas) has caused overdependence on coal for power
generation, particularly among the energy intensive economies. A 100 Miwallpower

plant using coal as fuel consumes ~0.35Mt of coal/year which is equivalent to ~0.228 Mt

carbon/year emitting ~0.83MT/year of anthropogenic Gide at al. 1992)

Following the Kyoto protoco{Oberthur & Ott, 1999)he need to reduce greenhouse gas
presence in the atmosphere has been considered mandatory, particularly for energy
intensive economieé number of sequestration options have baepg@sed among which

are bo-sequestratiorfRamanan, 2009Riebesell,Wolf-Gladrow, and Smetacek, 1963;
Jindal, Swallow, and Kerr, 2008) and geologic sequestr@fonApps, and Preuss, 2005;
Gentzis2000)and geologic sequestration. In view of the financial and technical constraints
connected with possible largealebio-seqiestration projectsgeological sequestration
appears to be the most practical both from immediate and long term planning gidusids.

is because the former carbon sequestration option requires huge research and technical
inputs (genetic engineering resed to be highly successfiilansson, Wullschleger,
Kalluri, & Tuskan, 201Q)Accordingly, the capture of anthropogefii®©, and the isolation

of this gas irsuitable geologic media haween universally acclaimed as atabieglobal
warming mitigation stepGeological medianears saline aquifers together with depleted

oil and gas reservoirs including unconventional natural gas reservoirs.

Koide et al. (1992)estimated the global underground storage capacity of carbon to be 320
Gt of CQ of which 13Gt belongs to Western European onshore aReier (1996)

estimated the global storage capacity in oil and gas reservoirs to be 180 Gt of carbon. On
1



the basis of the same program used, they also estimated the global capacity of saline
aquifers to be 100 Gt of carbon. Baatal, (1994)estimated deep saline aquifer storage
capacity of Alberta to be 20 Gt of G@nd this alone accounts for 16% of ghebal storage
capacity according tgoideet al (1992) The consensus is that the global storage capacity

of geologic formations is greater than 1,000 Gt of C with brine filled formations having the
greatest potentialGunteret al, 2004) Sandstones are the m@atiundant sedimentary
porous formations(Huang, 1962)and they are the likely candidates for geologic
sequestration projects.

While geologic media such as deep sandstone saline aquifers have great potential, this is
no guaranteef efficient use of their available subsurface pore space to store anthropogenic
CQOe. This is because injection of G@to geologic media constitutes the displacement of

a wetting phase fluid (formation brine) from the porous medium by anstting phas

fluid, which in this case is the injected €@ urthermore, C®is a reactive fluid and the
physiochemical changes that accompany the flow of this gas in deep saline aquifers
constitute significant waterock interaction that can greatly impact the {please flow
regime. To understand the effect of wateck interations accompanying twphase flow

of supercritical C@ and brine muchresearchhas been carried out by petroleum and
chemical engineering industries. These studies have sought in different ways to understand
wettability changes accompanying the tplwase lbw. Consequently contact angles at
conditions of temperature, pressure and salinity typical ofgeOlogic storage have been
measured on silica and mi@@hiquetet al, 2007) Contact angles have also been measured

on silica Jung and Wan, 201 Espinoza and Santamaria, 20b@th of which represent

some of the notable current researches aimed at addressing problems of geological storage
of anthropogenic carbon.dwever, it is the opinion of this author that while much of the
published work on Ce@waterrock interactions have made genuine attempts at
understanding wettability phenomenon related to the systemw@@rmineral/rock
surface which is central to the dvphase flow regime, the choice of materials for
experimental works have been rather biased. This is because apagHhrquetet al
(2007)who used mica in addition to silica, much of the experimental data has been gathered
by using silica and calcite for contact angle measurements. In this regard, the principal

hypothesis of this thesis work is that these minerals do not appear to be ofoihels
2



geologic media in the strictest sense. This is because normal geologic sediments and their
geologically transformed ones have accessory or authigenic minerals in addition to the
principal minerad that can impact the wettability in a foreseeablennea. The principal

cause of wettability or contact angle evolution in geologic systems subjected to
anthropogenic C®storage is the watepck interaction reaction. Fundamental to this
reaction is the surface chemistry of solids. Accordingly, all4fockning minerals together

with accessory ones have distinct surface chemistry that characterizes their point of zero
charge pH. Therefore, at a given pH of aqueous solution, each of the minerals will have a
different electric double layer and the resultingt@rrock interaction that control contact

angle evolution will be totally different for rock miadand their mineral aggregates
Another obvious geologic reason is that geologic sediments undergo diagenetic
transformations that are the principal causeseabndary porosity evolutigisteban &
Taberner, 2003and the formation of accessory minerals. Consequently, carbonate rocks
that are predominantly calcite have accessory minerals or diagenetic cement that will
renderthem argillaceous(Noiriel et al 2007) Therefore, under normat situ geologic
conditions of carbon storage in carbonate formations the resulting physiochemical
reactions that will control wettability evolution will reflect that of calcite and those of the
minerals that constitute diagenetic cement. Therefore, this obweo$ogic fact
underscores the representativeness of contact angles measured exclusively on calcite if the
prime objective is to obtain information about trends in contact angle change. The situation
is no different in the case of sandstone where diagetrafisformations can lead to
argillaceous rock. In the geologic literature, petrologists classify sedimentary rocks by
using such terminologies as argillaceous sandstone or argillaceous limestone. Finally, the
surface energy of the saline aquifer rock @il as the interfacial tension/energy between
water and roclareintegral pars$ of the wettability state of the system undesitugeologic
conditions and deserve to be given due attention in research aimed at understanding the
two-phase flow regime refed to geological carbon sequestration. Clearly the best way is

to obtain information about the effect of total rock mineralogy on contact angle evolution

is to use representative rock samples.



1.1 MOTIVATION FOR GEOLOGICAL CARBON STORAGE

The petroleunindustry has a wealth of experience regarding the injection of huge volumes
of fluids other than C@into subsurface geologic repositories. Therefore, in choosing to
geologically sequester anthropogenic carbon as a technically and economically feasible
option for global warming mitigation, the question posed by environmentalists has much
to do with its longterm safety in the geologic containment. The answer to this is to be
found in cases related to geologic formations as natural analogues for carbge. dtora

this regard, a promising natural analogue of carbon storage over geologic time frames exits
in the United States of America (Fig. 1).

" Permian B.

Gull Coast

Figure 1: Location map of three carbon dioxide storage field§Sally, Oldenburg,

Hoversten, & Imbus, 2005)

As can be seen from Tablel] apart from the St. Johns storage site, all storage sites have
depths above the minimum threshold of 800 meters. What is more, the number of years
(geological time frames) of carbon storagéhese formations is an additional motivation

when it comes to the question of underground safety.



Table 1-1 Natural systems of carbon dioxide sinkSally, Oldenburg, Hoversten, &
Imbus, 2005)

Field State Original CQin Depth | Caprock | Years stored
(USA) Place (m) (Ma)
Million . tons
Tcf

St. Johns AZ 730 14 500| Anhydride | O- 6 Ma
Jackson
Dome MS 100 2 4700| Carbonate 70
McEImo
Dome CO 1600 30 2300| Salt 70
All 3 2430 46

St. Johng Sandstonelackson Domé SandstoneMcEImo Domei Carbonate

1.2 EXISTING CONTACT ANGLE MEASUREMENT
APPROACHES AND THEIR INCONSISTENCIES WITH REGARD
TO IN-SITU GEOLOGIC SYSTEMS

Whenever C@and brine flow in a porous medium, the wettability of the system will be
governed principally by three interfacial tensions/energies. They are @@eock- CO;

and solidwater interfacial tensions.

The injection ofCO; into saline aquifers will result in wettability changes due to the
formation of carbonic acid under the prevailing aquifer salinity and temperature regime.
The mechanism behind wettability change is related to surface charge evolution on aquifer
rock surfaces. This surface charge evolution stems from ionization of surface hydroxyl
groups, which produce acid and base contributions to-sglidl interfacial tension. For
conditions typical of geologic carbon sequestration, the interfacial tension between
formation brine and C®will remain practically constantChalbaud, 2009)Drainage
capillary pressure data from G®Orine systems show positive valuy@errinand Benson,
2010)for different experimental conditions and this gives sufficient evidence to rule out
direct contact of injected GQwith solid surfaces at all saturations. The implication is that
by i nvoking Y@easeg ¥ to eatruiadet contact angle, which is the
thermodynamic measure of wettability, it is only changes in iglidd interfacial tension

that control wettability evolution during G@njection into saline aquifers.



Results of several studies relatedC@;-brine-silica have been published in the geological
literature. These studies have generally researched the effect ait€@ction with solid
surfaces through the medium of brine by measuring contact angles at va&@ng
pressurestemperatures andrine salinity(Kim et al, 2012) The solids used in these
studies are mineralk silica, calcite and mica extracted from potential saline aquifer
rocks. The principaassertiorof this work is that as good as these results are they do not
represent the geological state of the saline aquifer rock medium. By this statement it is
implied that experimentally the results are satisfactory but geologically they fallashort
representig the true geological medium that will be eventually subjected to anthropogenic
CQOq injection. The geological argument invoked here is that the rock mass is an aggregate
of minerals(Huang, 1962)Thereforeany measurement of contact angle on a solid surface
that uses only components (minerals) of this aggregate (rock) will not be representative
except in those cases where monometallic rocks are the targets for geosequestration and
this is practally impossible. To demonstrate this point Tabl2 dhows the composition

of Utsira sandstone in comparison with the minerals used in a model.

Again, this fact is supported by simulatio
first commercial artropogenic carbon geological storage in the Sleipner Field of the
Norwegian sector of the North Sea (Audigateal.,2007). While the principal objective

of the authors in this paper was to describe different t@Pping mechanism though the
formation otthermodynamically stble carbonates in watevck interaction in the presence

of dissolved CQ the representation of the host geologic system (saline aquifer rock) as an
aggregate of minerals support tigpothesisof this thesis work. While the salingufer

is modelled as an aggregate of minertle cap rock is no exception and Tabld gives

the mineralogical composition of a Shaley cap rock.

Generally, the idea behind carbon geosequestration is to store anthropogenic carbon in
porous formationsThese geologic systems are sedimentary in origin and constitute
sediment deposition from different sediment sources that have been geologically
transformed into indurate (solid) rocks and further modified diageneti¢ddlyenet al,

2001)by emplacement of authigenic minerals such as calcite cement, mica and glauconite.



Table 1-2 Mineralogical compostion of Utsira sandstone(Audigane, Irina,
CzernichowsktLauriol, Preuss, & Xu, 2007)

Utsira sandstone Vol Minerals introduced in the model | Vol %
composition fraction

Plagioclase 0.0301 | Alibite~low 0.030
Calcite 0.0674 | Calcite 0.067
Quartz 0.7633 | Chalcedony 0.769
Chlorite 0.0133 | Chlorite 0.013
Mica/lllite 0.0522 | Muscovite 0.052
K-feldspar 0.0693 | K-feldspar 0.069
Pyrite 0.0005 | Not used -
lImenite 0.0012 | Not used -
Apatite 0.0002 | Not used -
Zeolite 0.0022 | Not used -
Ti Oxides 0.0003 | Not used -

Table 1-3:  Mineralogical compostion of Nordland shale (Audigane, Irina,
CzernichowskiLauriol, Preuss, & Xu, 2007)

Nordland shale Vol Minerals introduced in the model | Vol %
composition fraction

Plagioclase 0.132 | Alibite~low 0.132
Calcite 0.010 | Calcite 0.010
Quartz 0.228 | Chalcedony 0.334
Chlorite 0.044 | Chlorite 0.044
Mica/lllite 0.251 Muscovite 0.251
Kaolinite 0.195 Kaolinite 0.195
K-feldspar 0.023 | K-feldspar 0.023
Siderite 0.011 Siderite 0.011
Smectite 0.09 Not used -
Pyrite 0.016 Not used -

Different minerals that constitute rocks are the rock forming minerals. They can be

decomposed into different oxide minerals. This means that the pore surfaces of sedimentary



rocks that were formed from the deposition of broken down debris of previousiyngx
minerals have oxides. This class of minerals (oxide minerals) imparts surface chemistry
characteristics to pore walls that play a major role in>-@®@uced physiochemical
reactions. These reactions control the wettability state of thewa@rsolid system
during CQ injection into saline aquifers. Crucial to the surface chemistry of these oxide
minerals is the point of zero charglel (Nuh & Schwarz, 1989; Kosmulski, 2002his is

the pH at which the surface charge of the oxide minsra¢io. Consequently, since each
mineral (silica, carbonate, miegc) has a characteristic point of zero charge that will
determine the extent of its surface charge under varying pH condition, the saline aquifer
rock that was formed from different min&racannot be represented by a singkide
mineral. In this regard, the work Beymond and Kolenda (1999hows explicitly that for

a combination of oxide minerals the effective point of zero charge pH tsmust be used

as the surface chemistry characteristics. Otfi¢us and Schwarz, 1988howed that the

point of zero charge of a mixture of silica and aluminum oxide suspension depends on the

weight fractions.

Contact angles measured so far for-@@tersolid surface systems have been based on
separate mineral surfaces in higltessure cells where G@t varying pressures has been
made to interact with solid surfaces through water media. Contact angles for these systems
related to cases involving actuabrpus media are lacking even though the principal
physiochemical process (pH induced salidter interfacial tension changes) responsible

for wettability changes in the systems studied are exactly the same as those that will be
encountered in porous medltis the view of the present study that there is the need for
trends in contact angle variations for sitwaterCO, system to be better understood on

the basis of proper experimental design related to actual geologic porous samples. The
results of suctstudies can be compared to those of pure silica or mineral surfaces. This
will provide reliable and precise information about the ultimate effect afigj€ction on

the twephase flow relative permeability. Indeed, contact angles measured on silica
surfaces in previous experiments show monotonic increases withp@Ssure whereas
observations from ongoing piletaleCO; injection in the Frior sandstone formation in the

US show initial increase of pH to a maximum and then a decrease following carbonate

cement dissolutiorfKharakaet al 2006). In terms of wettability/contact angle changes,
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this represents an initial contact angle increase followed by a decrease. This field

observation is clear testimony, as well as a reminder that accessory minerals such as
carbonate cement, mica and glauconite, are capable of influencing contact angle or
wettability changes, and that measured values on extracted minerals may not reflect these

in situ effects.

Generally, wetting phenomena are physiochemical in origin that are governed by
intermolecular forces. These forces are electrostatic, structuralvatienl and van der
Waals (Oss, 2006) Therefore, in addition to van der Waals electrodynamic forces,
electrostatic forces that are determined largely by the surface chemistry of the adsorbent
need to be taken into consideratim developing a quantitative understating of wetting
phenomena related to the wa@®, and rock systems where the surface of the solid has
varied mineralogy (oxides) that can give rise to diverse surface functionalities. The extent
of electrostatic intection in this system will definitely be different from that of an isolated

mineral from this rock.

Furthermore, in the kinetic molecular theory of wettiiglake, 2006) the velocity of
wetting has been strongly correlated with two parameters. They are the distance between
adsorption surface sites of solids and the number density of absorption sites. The number
density (Zhurale\& Potapov, 2006and @ncentration of hydixly groups orthe surface

of amorphous silica (Zhurale¥987) Theconcentration of hydroxyl groups on the surface

of amorphous silicas depexndn the concentration of surface functional groups that can
ionize by protonation or dprotonation reactionst grevailing aqueous solution pH.
Therefore, for an isolated mineral, the number density as well as the distance between
adsorption sites will be different from the case of rocks that are formed geologically from
the aggregation of these minerals. Als@ theory of intermolecular forces (Oss, 2006) at
interfaces coupled with the Yowiupre equation show that the contact angle for a system
where phases 1 and 2 interact through the medium of phase 3, depends on the total
interaction energies which consisist only of Lifshitzvan der Waals interaction but also

on acidbase interactions which are contributed by all phases. In this regard, timseid
contribution for an isolated mineral will be significantly different from the case of rocks

where the totflanteraction energy depends on contributions from different minéatie



et al, (2007) carried out a simulation studies aimed at predicting anthropogenic carbon
dioxide injection into deep saline aquifers in France. In this regard, the performdhee of
Dogger formation carbonate was simulated. Figure 2 shows porosity and pH evolution as
a function of distance from injection point. In this regard, carbon dioxide pressure is a
function of distance from injection point such that its pressure decreasgsfram the
injection point. The figure shows a clear decrease of formation brine pH towards injection

point, with the potential for wettability change.
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Figure 2: Porosity and pH changes as function of distance from injection point

(Andre et al., 2007)

The principal cause of carbon dioxide induced wettability decrease is to be seen in its
ability to dissolve in formation brine ant prevailing temperature and pressure conditions.
The dissolved species is hydrated to carbonic acid (Iglauer, 2011) whidlcialies to
produce hydrogen ions which cause pH decrease as seen in Filjuselbwever, worth
mentioning thapH changes in particular will depend on formation brine salinity such that

the more saline formation brine is the more will be contact angleases.

1.3 OBJECTIVES

Geological and thermodynami@argumentsalready invoked above show that previous

research work¢Chalbaudet al, 2009 Chiquet,et al, 2007 Jung and Wan, 2012jave
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produced contact angles that regent those of rock forming minerals rather those of the
actual geologic media (rocks) which are aggregates of these minerals. What is more,
geologic systems that are to host anthropogenic carbon are sedimentary rocks that contain
diagenetic mineral¢Bjglykke, 1998) These are layered silicates with distinct surface
chemistry characteristics and cation exchange capacities. In this regard, all indurate and
lithified sedimentary rocks, clastics and precipitates have gmmgortions of these
minerals. In a geologic system typical of £@ine-solid system, there will be distinct
water rock interactions involving surface complexation react{#wsetsky, 2000)and

cation exchange reactiorfsauckelout et al, 1968)involving each mineral and the net
interactions will be the one that will determine wettability evolution representative of this
system. In all published works to date, formation water pH changes are the principal causes
for wettabilityreduction in saline aquifers. Therefore, the principal hypothesis of this thesis
work is that the response of formation brine to pH changes durinmfg€tion will reflect

the mineralogy of the host rocRklso, the resulting solidiquid interfacial tesion which
appears i n Y@oaamg&de Genges, 4984y smechanical energy balance

at the three phase contact liwél reflect this net interaction. Consequently, host rocks
with the capacity to buffer formationater pH will resist weability changes to some

extent

Also, all experimental works to date regarding relative permeability measurements for the
system CQwaterrock have achieved their objectives using predetermined wettability
states of core samples. these experimen{8ennion & Bachu, 2005mutual solubilities

of phases were avoided to maintain constant wettabilities. Under actual field conditions,
CQO; at the injection front will be saturated with water vagdris is particularly the case
where the threshold depth of sequestration (800 m) is met (Bachu, 2000). Under this
condition consolidated formations hawabsolute permeability values that render the
mobility of injected carbon dioxide suitable for its phas be water saturatetherefore,
solubility of CQ in formation brine is a physical possibility and change in ambient pH of
formation brine will cause wettability evolution. Admittedly, the change in formation water
pH will lead to wettability changeand any experimental design that make provision for
carbon dioxide dissolution will replicate wettability changes similar to those encountered

under field conditions.
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Formation wéer pH changes due to dissolution of injected carbon dioxitheiprincipal

causes of anticipated wettability evolution in geologic or saline aquifer systems. In the
process engineering industries related to surface modification of ceramic materials to
achieved surfaces with predetermined wettabili@angabet al.2010)the mahematical
aspects of pH induced wettability changes of surfaces have been considered. To date, the
geological sequestration community has only done a lot regarding measurement of pH
induced wettability changes on mineral surfaces. The surface chemistig @olid,
rock/mineral, under different aqueous pH conditions plays a central role in surface charge
development that impact solidjuid interfacial tension/energieeaet al, 2003, and it

is a major cause of wetting transition. The fundamental seidaemistry property here is

the point of zero charge pH of the mineral or solid surfatéhe colloid industry, this
property has been determined using traditional approaches invgbatentiometric
methods,electroacoustianobility of reversibleparticlesvariation with pH and direct
assessmermdf surfacecharges via norspecific ion adsorption as a function of (ppel

et al, 2003) Potentiometric titration method measures the adsorption of hydrogen and
hydroxyl ions on amphoteric surfaceswarying ionicstrength. Theamportance of this
surface property as far as geological carbon storage is concerned is that it offers a clue as
to the type of charges that will develop on rock surfaces as formation water pH reduces due
to dissolved anthropogée carbon species. This thesis will take the research work further
by considering the mathematical aspects of wettatpltyrelationship that integrates the
point of zero charge pH parameter pertaining to minerals, specifically silica. Silica is
preferra@l here because sandstone formations that are predominantly silica offer attractive

subsurface storage volumes for anthropogeaiban on global bas{giolloway, 2001)

Research areas in geological carbon storage can be dinideal number of areas. They
are (i) research based on understanding thethase flow characteristics (Benion and
Bachu,2008) (ii) research aimed at understanding water rock interaction phenomenon
which impact wettabilityChiquetet al, 2007) (iii) research aimed at understanding the
evolution of fluidfluid interfaces in the geologic syste(@halbaud, 2009)and (iv)
research aimed at understanding the long term fate of inje@g(Gunteret al, 2004) It

is the opinion of thisauthor that becausetwo-phase flow characteristics (relative

permeability and capillary pressure) are controlled by prevailing wettability conditions, a
12



link can be obtained between wettability and relative permeability fronmadra

experiments. Apart from reported separate measursmémrbntact angles and relative

permeability no work has so far been reported in the petroleum literature that has deduced

contact angle from twphase flow petrophysical data. On the basis ofréisss so far,

this thesis work will propose the following principal hypothesisaddition, itwill pursue

a number of tasks. The following are the hypotheses and tasks

1.3.1 Hypotheses

1. Different rock systems will affect wettability evolution diffetyy due to

formation water pH changes using mineralodycdlstinct rock sampleshis
is because, different mineral aggregates will interact differently with increases
in hydrogen ion concentration as injected carbon dioxide dissolves in formation
water Notably,phyllosilicateminerals such as clay will have cation exchange
capacities. Also, carbonate minerals from diagenetic emplacement will use
added hydrogen ion for dissolution while quartz in the rock will adsorb or
desorb hydrogen ion with pH chagglue to the presence of surface hydroxyl
functional groups All these reactions will affect formation water pH
differently. This hypothesis will be tested experimentally using different rocks
samples

1.3.2 Objectives

1 To mathematically model the pH induced wettability change phenomenon

while integrating the point of zero chargél parameter and experimentally
verify the model to determine this parametdre theory of capillary imbibition
atagiven pH of aqueous soloti leads to a relationship between contact angle
and equilibrium heightn this regardthe capillaryimbibition method that has
not yet been used by the geological sequestration industry to verify pH induced
contact angle change will be employtedtestthe mathematical mode$ince
the effective point of zero charge pH of a mineral surface is fundamentally
different from that of the rock thatonsistsof different minerals, the
mathematical model will be used as the basis for proving this hypothesis by

using suitable experimental data.
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2 To mathematically link contact angle and/or wettability to drainage relative
permeability data and to further usgperimental datfor determination of
contact angles.

3 To propose suitable geologic media for efficient esplogenic carbon storage

1.4 ORGANIZATION OF THE THESIS

Chapter 1, introduced the general workwith particular emphasis on carbon
geosequestratioand the state of contact angle measurements so far. It further defined a

principal hypothesisand number of tasks.

Chapter 4s devoted to literaturpertinent to theesearch work iselected areas carbon
geosequestratioand wettability phenomenothat arecrucial for achieving the principal
tasks. Accordingly,iace this thesis work reliem theoretical and experimental initiatives
to achieve its principal objectivethoseaspecd of two-phase flow thaaremost relevant
and crucial to experimental data processihgve been extensively reviewed.
Thermodynamic theory required for vagmuid equilibrium calculations were thoroughly
reviewed. Waterrock interaction theory related to cation exchange reactions, which
control contact angle evolution, was also revieviRadt of this chapter is devoted to model

development regarding wettabilitydprelationship

Chapter 3 is devoted the mathematical modeidg aspect of the thesis workccordingly,

an equation required for computing contact angbenfidrainage experiments wasrived.

Chapter 4oresentexperimentdor validation of themathematical models. In view of the
interdisciplinary nature of this studthe experimental program involved an exhaustive
measurement of spom@ous imbibition using rock samples and was further augmented by
synthetic porous systemEBhe spontaneous imtition experinents were largely designed

to dmulate the physiochemical conditions of the aquifer with regard to interfacial free

energies under typical geologic conditions of saline ag@i@rstorage.

Since Chapter 4 is devoted to studying the effectook mineralogy on wettability
following pH changs using spontaneous imbibitiddhapter 5 is devoted to studying the
effect of rock mineralogy on wettability using drainage flow experiments. In this chapter,

published literature data from landmark expents on CQ@displacing brine in a variety
14



of Canadian sedimentary basins have been utilized in addition to joint experimental data

acquired in the Dalhousie University Petroleum Engineering Laboratory.

Chapter 6 gives a comparison of present studies pubiished works and strategies for
carbon geosequestration in Nova Scotia.

Chapter wimply presents a summary and principal conclusion. Finally, the contributions
of this study to knowledge were stated, after which recommendations for futurevererk

made.
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CHAPTER 2 BACKGROUND STUDY

2.1 PREVIOUS STUDIES OF WETTABILITY CHANGES
RELATED TO CARBON GEOSEQUESTRATION

2.1.1 Carbon Dioxide Mineral Interaction under Geologic Conditions
Carbon dioxideminerals interactions are ubiquitous in geologic systems.a8pects can

be identified, one relating to carbon dioxidehanced oil recovery (Holm & Josendal,
1974) and the other relating to anthropogenic carbon geological sequestration. In the case
of carbon dbxide-enhanced oil recovery Rogers and Grigg (2000yeh&eported

wettability evolution towards water wetting.

The wettability alteration phenomenon on which this thesis wdekgelybased has been
studied by a number of workers notable among these {€hmjuet et al., 2007; Jung &
Wang, 2012)In thepublished work of Chiquetdt al (2007)the effect of supercritic&@O»

in controlling wettability of rock mineralwasobservedTheresult of their worksuppors
the factthat CO, can wet the minerasurface of agifer rocks provided the system is
intermediate to water wet. Itheir work the effect of supercriticalO; interaction on the
wettability of clay mineralsniica), which is are componerg of seal rocklayers over
potential saline aquifersand quartz werenvestigated. By means of contact angle
measurements on these minerdisseworkers arrived at a conclusion that the interaction
of COr with these mineralat reservoir/aquifer conditions amessure$7-15 MPa)will
cause a reduction of water wetnélsng and Wan, 2012)

In the work of Jung and Wan (201®ettability alteration of silica surface @O,-brine
systems was studied under temperature, pressure and salinity conditions typical of geologic
storage of carbon using silica plates. In this sttitly authors arrived at a conclusion that

the wettability of silica surface will be altered through interaction with supercr@@iCal
Specifically, the authors established that the wettability decreased from 7 MPa to 10 MPa
and remained constattere,increasing pressure corresponds to increasing carbon dioxide
solubility which means increases in the dissolved species of carbon dioxide. This situation
corresponds to pH decreases with pressiliney also established that the wettability

decreased more thiincreasing brine salinity.
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2.1.2 Merits and Demerits of Previous Studies
The principal cause of wettability evolution due@@®:, interaction with silica surface is

physiochemical evolution of surface hydroxyl functional groups and acidic groups found
on silica surface. These groups, notably the silanol formed by the dissociation and
physiosorption of water molecules on the oxygen sites of oxide on silica surface
(Mahadevan & Garofalini, 2008 hiquetet al. (2007) have explained thaO; induced
wettability change results from physiocaption of silanol group on rock surfatss.
dissolved carbon dioxide species will be respble for the presence of hydrogen and
bicarbonate ions (Matter & Takahashi, 200X)other cause of wettability evolution can

be seen from protonation and deprotonation reactions of silanol groups under different pH
conditions.This fact obviously undecsres tle work of Chalbaud2007) when the surface
chemistry of silica is taken into consideratidime important parameter here is the silanol
number, which is the number of silanol or surface hydroxyl groups per nanometer square,
and depends on the typésilica and its impurities. For fully hydroxylated silica typical of
geologic and amorphous systems, the silanol number iéhm® (Zhuravlev, 2086).
However, studies using-Kay microanalysis and transmission electmaoroscopy (TEM)
showinhomogeneities and other structural defeotguartz Samples of quartz uséd

some studieiave come from three genetic types, namely hydrothlenpegmatitic and
magmatic(Steninaet d., 1984) The impurities include aluminum (Al), sodium (Na) and
water (HO) and these occupy interstitial or tetrahedral positi@teninaet al, 1984)
Consequently, if sandstes are predominantly the resulif sediment depositions of
detrital material from these genetic sources, then the presence of these impurities will affect
the surface chemistry of quarithis is because, recently Spgrsky(1994) contributed to

our knowledge of point of zero charge pH calculation by showing that this fundamental
surface chemistry parameter depends on the dielectric permittivity as well as the ratio of
Pauling bod strength to metiaydroxyl bond length. In this regd, the presence of
impurities will affect all these parameters to impact the point of zero charg&imté. the

point of zero charge pH determines the development of surface charges and its subsequent
evolution with pH, it will impact contact angle difently for a pure mineral and a mineral

with impurity.
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The implication here is that contact angles measured by different workers using silica or
other minerals from different sources will not reflect those that will be measured on these
minerals when thegre in the geologic systems due to the inherent impurities in the natural
geologic environments. The micro model used by Jung and Wan (2012) in their studies
obviously gives contact angle changes that will be quite different from contact angles
recorded byother works like Chiquegt al. (2007). The reason is that the latter workers
used silica typical of geologic systems where anthropogenic carbon sequestration is
anticipated while the micro model is constructed from amorphous silica by treating original
slica at different temperature¥van (2012).This treatment deprives original quartz of its

impurities leading to modification of its surface chemistry.

However, while the work of Chiquet al (2007) can be said to be representative of the
surface chemitsy state of silica under geologic conditions of carbon geosequesi(faitibn
formation brine salinity and temperaturgskere still remains a shortfall in the opinion of

the present study. This shortfall can be seen from the obvious fact that thel nseera

was isolated from the geologic system. The system used by these workers therefore do not
represent quite well the integrated geologic systems like the saline aquifer or depleted
hydrocarbon reservoirs that have been formed by aggregation of mitieralsyh
sedimentation that is later affected by diagenesis in the geologic hisamgonet al,

2002) In these actual geologic systems, the pore surfaces will have different minerals with
different oxide compositions leading to different silanol nurebd&his fact equally
underscores the works of Jung and Wan (2012) who used silica micro models for contact
angle measurements. Thus, the presence of impurities in natural quartz samples has the
potential to produce experimental results different fromerasjuired using amorphous

silica in much the saw way as contact angle measured on these two types of quartz will be
different from those measured using actual rock samples due to the aggregation effect of
minerals in the rock sample.

2.1.3 The Need for aFully Representative System for pH Induced Wettability

Changes
Geologtally, sandstone consists of ¥B5% quartz, ~1412% feldspaon the averagend

a subordinate amount of accessory mineradiagenetic carbonatelay and iron oxide.
Table 21 shows the oxide compositions of different rock types. Each oxide corresponds to
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the relative abundance of a particular mindgalch of these minerals in the rock mass has

its distinct surface chemistry with regard to oxide composition and élefore have
different surface charges at a given aqueous solution pH. Similarly, carbonate saline
aquifers have predominantly calcite with accessory minerals such as iron oxide and clay
minerals. On the basis of these mineral compositions, one wouldteékpepore surfaces

of saline aquifer rocks interacting with carbon dioxide under geologic conditions of
sequestration to have different contributions to the dmjidd interfacial free energyhe
evolution of which is the principal cause of wettaithangesThis occurs because of the
presence of different positive and negative sites directly related to protonation and
deprotonation of surface sit€Sulpizi, 2012)as solution pH evolves. Therefore, the use of
saline aquifer rock samples for expeemmts aimed at understanding wettability evolution
due to carbon dioxidevater interaction reactions deserves to be considered and this is the

principal goal of the present study.

Table 2-1: Oxide Compositions of Different rock typegHuang, 1962)

Constituents Igneous (%) | Shale (%a) Sandstone Limestone
(%0) (%0)
5107 59.14 58.14 78.33 5.19
T102 1.05 0.6 0.25 0.06
Al:Os 15.34 15.40 4.77 0.81
FexO 3.08 4.02 1.07 0.54
FeO 3.80 245 0.30
MgO 349 244 1.16 7.89
CaO 5.08 3.11 5.50 4257
NazO 3 84 1.30 045 0.05
K:0 3.13 3.24 1.31 0.33
H.0 1.15 5.00 1.63 0.77
P20s 0.30 0.17 0.08 0.04
CO: 0.10 263 5.03 41.54
S0 - 0.64 0.07 0.05
BaO 0.06 0.05 0.07 0.05
C - 0.80 - -
MnO - - - -
Total 99.56 100.00 100.00 99 84
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2.2 SPONTANEOUSIMBIBITION

A number of multiphase flows in porous media can be distinguished. Among tiwese

kinds of flow related to the flow of a wetting phasach as watercan be distinguished.

They are forced imbibition and spontaneous imbibitionil&ih the case of the formereh

driving force isrelated to pumpsthe driving energy behind spontaneous imbibition is
capillarypressurgradient Spontaneous imbibition is thus the flow of a wetting phase fluid

into a porous medium containing a Rartting phase under the influence of capillary
pressure gradient that reflects the petrophysical characteristics of the porous medium and
its chemical omposition. The phenomenon of imbibition in general involves a complex
interplay of capillary, gravityrad viscous forcegQasemet al, 2008) Washburn(1921)

first demonstratethe phenomenon of spontaneous imbibition

To integrate the concept of spome@us imbibition into wettability changes related toCO
waterrock systems, it is noteworthy that the driving force behind this flow is the wetting
state of the porous medium/capillary tube which has a strong bearing on surface/interface
energy. This meathat the task of integration cannot be achieved without further exploring
surface or interface thermodynamic concepts related to this system. In this regard, the
concept of surface free energy is essential because it determines the extent of spontaneous
imbibition and its overall dynamic@Ma, et al,1999) In the thermodynamic sense, the
interfacial or surface free energy is an intrinsic property that characterizes an interface or
surfaceand itis the work required to create unit surface/interfacia aetween immiscible
phasegMarmur, 2004) The surface or interfacial free energy has polar and dispersion
componentgNguyen & John, 1978)In the case of carbon dioxide injection into saline
aquifers, water rock interaction following pH evolution welectrostatically modify the
solid-liquid interface which is one of the principal interfacial energies or tensions required
to define the wettability of the systegiobally calculated as the cosine of the macroscopic
contact angléWhymanet al. 2008) The following text will be devoted to the theoretical

aspects of surface free energy and its relationship to spontaneous imbibition dynamics.
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2.3 RELATIONSHIP OF WETTABILITY TO SURFACE AND
INTERFACIAL FREE ENERGY

2.3.1 Interface Thermodynamics of Multiphase Flow in Porous Media
The surface free energy of a material is the work required to create unit surface area

(Marmur, 2004) For the system carbon dioxigater and rock surface three distinct
interfacial energies come together to define the Wwiithastate of the systenirhey are
liquid-vapor interfacial free energyiquid-solid interfacial free energy and vapswlid
interfacial free energfkKwok & Neumann, 1999)For a given temperature, the magnitude

of the individual interfacial free energies ok determined by polar and dispersion forces
contributions. For the system mentioned above, the interfacial energy between liquid and
vapor phase will be pressure dependent at a given temperature but under typical geologic
conditions(for pressures abové MPa)the value is constaf€halbaucet al, 2009). The
solid-liquid interfacial free energy will evolve under typical conditions of geologic
sequestration due to water rock interaction which causes protonation of surface
deprotonated species due d¢arbon dioxide induced acidity in formation brine. This
variation of solidliquid interfacial free energy will impact the wettability of the system
through Young equatio(Aksayet al, 1974) Therefore water rock interaction is a major
physiochemical pragss in carbon geosequestration that can cause wettability evolution to
control the twephase flow of injected C£{and formation brine. Since wettability is the
sole thermodynamic attribute that governs spontaneous imbibition, the physics of how the
surfacefree energy change of a system can be linked to spontaneous imbibition dynamics
is crucial to quantifying wettability change due to£@luced water rock interaction. The

following sections will be devoted to this aspect.

2.3.2Imbibition Dynamics and Free Energy of Spontaneous Imbibition for Capillary
Tubes

Assuming that gravity forces are negligiblentpared to capillary forcaben the change
or reduction in free energy following spontaneous imbibition of brine/water into a

cylindrical capillary is giren by(Chibowski & PereaCarpio, 2002)

QO i | Q® (2-1)
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in whichdGis the free energy change of spontaneous imbibitiom [dlthe radius of
capillary tube [m]gsvis the work done to create unit selidpor interfacial area [JAj,
gsLis the work done to create unit seliquid interfacial area [Jrf] anddxis the distance

advanced by the spontaneous imbibition front [m].

If the solid surface is not pieetted by the imbibing fluid there will be an additional surface
free energ change due to the wetting of solid surface by liquid vapor. Young equation for
mechanical equilibrium along the thrglease contact line givéaksayet al, 1974)

9,y C0Sq =G5y - Gs. (2-2)
in whichq is the contact angle and all other symbols have their usual meanings.

By integrating the theory of capillafghmudet al, 2000)flow Eq. (21) and Eq. ()
combined leads to the following equation:

— — I T el — (2-3)
Integrating yield:
0 — T o wé io— (2-4)

This equation shows the relationship between capillary rise, interfacial free energies, cosine
of contact angle and the dynamic viscosity of the imbibing liquid. Apart from capillary rise
andtime, all other parameters are constants at a given temperature. The next section will
focus on the application of this equation for the case of the porous medium, which is
assumed to consist of a bundle of parallel capillaries with different pore sizes.

2.3.3 Spontaneous Imbibition into Porous Solids

Equation (24) gives the distance of the imbibition front into a capillaryetw radius.

For spontaneous imbibition into a porous solid containindrarradius irthis equations
replaced by an equilent of effective radius that takes into account the macroscopic
petrophysical properties of porosity and permeability. The effective radinsalso be

calculated agSalem & Chilingarian, 1999)
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In whichreis effective or average radius [ni,is permeability [M] andf is porosity f]

By assuming a bundle of capillary tube model for the porous medium which seigard
porous solid as consisting of bundles of parallel capillaries with €iffeadii, the #ective
radiuscan be considered as the radis representative capillary tfe porous medium
that is subjected to spontaneous imbibition of water when the medium contains air. The
equation for the porous medium becomes:

x? =im§£8£§ (s - gs.* 91y cosg)t (2-6)
The difference between solid surface free energy and the surface free energy of the liquid
vapor interface is the film pressure. This is applicable for the case of spontaneous
imbibition into capillary tubes. For spontaneous imbibition into porous sotid&ining
air it will be assumed that the concept of film pressure is not applicable. This assumption

makes it possible to remove the film pressure leading to the following equation:

a8K

= m%e (9., cosg)t (2-7)

This equation shows that for a given \abitity state a plot of the square of imbibition
penetration in the porous medium versus time will give a straight line with gradient equal
to the coefficient of time. With this equation is, therefore possible to determine the
wettability measured bghe cosine of the contact angle. This can be done by equating the
gradient of the plot to thcoefficientof time in this equation and solving for the cosine of

the contact angle. Thus:

0
dt 2_”%}7 é (gLV COSC]) (2'8)

Solving for the cosine of the contastgle gives:

cosg = 2_/77%?&8_0'5 d(xz) (2-9)
v ¢ fz dt



For spontaneous imbibition into a porous medium where distance and imbibition time are
available, Eq. (D) provides a means of determinitige cosine of the contact angle which

is the universal measure of wetiéli (Kossen & Heertjes 1965)

The free energy change terncnnected with the surface free energy of the porous solid,
considering the change in the free energy of the system per area unit as a consequence of
the imbibition process. This can be calculated based on the assumption that capillary force
is the only diving force for spotaneous imbibitionThis gives sulace free energy change
as(LabajosBroncancet al, 2004)

YO I wéi — (2-10)
in whichl is liquid vapor interfacial tension [N/m] ardis the contact angle.

Substitution into Eq(2-9) gives:

N 8
r RAifOY ¢t — (2-11)

Solvingfor surface free energy change gives:

Vooct- — (2-12)

n

Equation (212) provides the basis for calculating free energy change accompanying

spontaneous imbibition into a porous solid.

2.4 CONTACT ANGLE AND FREE ENERGY DETERMINATION
FROM EARLY SPONTANEOUS IMBIBITION DYNAMICS

2.4.1 Early Spontaneous Imbibition Dynamics
Previous equations clearly provide the theoretical bases for free energy change and contact

angle or wettability determinain using spontaneous imbibition processes but they do not
provide the fundamental bases of spontaneous imbibition dynamics theory. The
spontaneous imbibition of water into a porous medium is governed by an ordinary
differential equation which considers éer balance among the fundamental forces of
gravity, capillary and those due to viscous shear stressesimitii@ng fluid (Zhmudet

al., 2000)
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In accordance with viscous n@ompressible liquid flow along a cylindrical capillary tube

the applicationoNe wt on 6 s d y(@hanndet@als20@)i v e s
@ a - i —a " G (2-13)

In which r is liquid density kgm?®], z is the distance advanced by the spontaneous
imbibition front [m], Z” is the acceleration [11%$, Z the velocity of the imbibition front
[ms?] and all other symbols have their usual meanings as before.

The first term on the right hand side . (2-13) represents capillary forces, the second
term represents viscous forces and the last term represavity forces while the term on

the left hand side represents acceleration forces.

Different solutions exist for this equation. There is the steady state solution popularly
known as LucasWashburn equation. In this regard, if it is assumes that the fsuistous

forces and gravity forces cah@apillary forces then Eq2-13) reduces to
2 8
~gcosq- m=z- rgzz =0 (2-14)

This is obtained by equating the left hand side of Egrl3)2to zero meaning zero

acceleration forces.

Two distinct solutions exisfor this ordinary differential equation. The shtatm

asymptotic solution of Eqn. {24) gives(Zhmudet al, 2000)

At) = /% (t- 0 (2-15)

This equation shows the relationship between capillary rise and time. It shows that a plot
of capillaryrise squared versus time will give a straight line with gradient given by the
following equationElsewhere, Babadagli and Hatiboglu (20G¥plot of volume square
versustime has been used to show a straight line plot in the early imbibition p&hed.

gradient of the plot is given as:

dZZ _rgcosg

dt 2m

(2-16)
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This equation shows that the gradient of the plot can be related to the cosine of the contact

angle by the following equation:

_2md(2’)

— 2-17
rg dt (&17)

cosq

By definition the cosine of theontact angle is the wettability of the system. Therefare
capillary rise experiment can be used to determine the wettability of the system by

employing height rise versus time data for the early imbibition dynamics period.

2.5 RELATIONSHIP OF FREE ENER GY CHANGE TO THE
SURFACE CHEMISTRY OF ROCK SURFACES

The principal goal of this thesis work is to research wettability evolution in saline aquifers,
particularly those of siliciclastic origin where €@ injected for longerm containment.

In this regardpy comparing C®@injection into saline aquifers with that of conventional
water flooding of oil reservoirs for secondary oil recovery, one obvious thing is noted. In
the case of the latter, the interfacial free energies of the systemateitrock remain
practically constant. This is due to the obvious lack of water rock interaction. In the case
of the former, this is not the case. This is because the dissolutiore@i @@mation brine

and its subsequent hydration into carbonic §Gi$lasonet al, 2010)changes formation

water pH. This triggers off water rock reactiqiharakaet al, 2006). Equation (22)

for free energy change in spontaneous imbibition contains-gafidr interfacial free
energy and soliiquid interfacial free energy. Consgently, the effect of water rock
interaction on solidiquid interfacial free energy and its ultimate control on both contact
angle and overall free energy change deserves to be understood in the proper perspective.
Pertinent to this is the dependencehaf solidliquid interfacial free energy on dispersion

and polar contributiofJanczulet al, 1999) Generally, polar contributions also known as
electron acceptor and donor components of surface free energy arise from protonation and
deprotonation of suaice hydroxyl functional groups on rock surfaces as mentioned earlier.

These reactions can be represented as:
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1 SiOH?2 1 SiIO +H”
0)
1 SIOH+H™ 2 1 SiOH,
In which * SiOHis a surface hydroxyl functional group;SiO deprotonated surface

species.! SIOH, protonated surface species ard hydrogen ion

Therefore, in order to understand the link between digjidd free energy changes and
water rock interaction that is the principal caws wettability evolution during carbon
dioxide injection into saline aquifers, the remaining part of this chapter will be devoted to
aspects of interface chemistry related to aqueocis systems applicable to geologic
systems.

2.5.1Concept of Point ofZero Charge (PZC) pH

For every metal oxide surface there is a characteristic pH of the ambient condition (aqueous
medium) for which one of the categories of surface charge becomes zero at a given
temperature and pressyMarek, 2002) At the point of zero charge pH there is no surface
charge to be neutralized by ions in the diffuse layer and any adsorbed ions existing must
be associated with surface complex. This pH is, therefore, measured by knowing the pH
value at which there is gect charge balance among ions in aqueous solution with which
solidshave been equilibrated usitigimetric (I alac & Kallay, 1992)In colloid chemistry,

the PZCpH is fundamental to knowing the type of surface charge that an oxide surface in
a solutionof a given pH will develop at a given temperature.

2.5.2 Electric Double Layer in Geologic System

The electric double layer is a structure that appears on the surface of an object and it
corresponds to two parallel layers of opposite charges. This sedadaea solid in or a
porous surface in contact with an aqueous solatievater droplet. This structure is caused

by charge transfer reactiat interfaces. The charge density gives rise to surface potential
determining ions or hydrogen and hydroxyhso Figure 21 gives an illustration of the
electric double layer.

There is a consensus among investigators of the double layer that the mechanism through

which the double layer is formed involves two steps. They are surface hydroxylation and
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dissociationof the hydroxyl formed groups under appropriate physiochemical conditions.
The hydroxylation step is illustrated in Figur€ 2nd it involves surface exposed surface
atoms trying to complete their coordination shell of nearest neigliarks & de Bruyn,

1962) This is achieved through exposed cation pulling a hydroxyl ion or water molecule
and the oxygen ion by pulling a proton from aqueous solution. This results in the covering
of the surface by hydroxyl functional groups with the cation now burieavtéle surface.
Physical evidence of the involvement of hydroxyl groups in this reaction step is amply
furnished by the observation where that part of the water vapor adsorbed by metal oxide

surfaces occurs as hydroxyl groypsirks & de Bruyn, 1962)
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Fig. 2-1: Double layer(Grahame, 1947)

The crystal structure of a typical metal oxide such as ferric oxide serves as an example for
clarifying the hydration reaction (Figure2. In this crystal structure six oxygen atoms
form an octahedral group around the iron atom with each oxygen atoghdosirdinated

to four iron atoms. The hydration step therefore provides a thermodynamically favorable

state for the system.

28



o 0 OH Solution

Solid

Fig. 2-2 Schematic illustration of an uncharged hydrated ferric oxide surfac¢Parks
& de Bruyn, 1962)

2.5.3 Origin of Polar Contributions to Solid-liquid Interfacial Free Energy
Surface charge develops by two distinct surface reactions involving the adsafption

charged ions othesurface or the ionization of surface hydroxyl functional groups formed
from the hydration reaans. In addition to these mechanisms of surface charge
development, clay minerals also develop permanent surface charge by structural
substitution (Sposit@t al, 1999) Adsorption reaction involves protonation of surface
hydroxyl functional groups whildesorption reaction involves the dissociation of protons
(deprotonation) from surface functional groups. Therefaretonation and deprotonation

of surface sites or functional groups leads to the development of positive and negative
surface sites respeetily, which constitute polar contributions to interfacial free energy.

Surface chemical reactiomgsponsible fothe formation of surface chargbeave been
written previously for hydroxides: following Parks and Debruyn (1962) for oxides the

following equations can be written:
KkOOGO i 61 "QR&QAGA 61 "QOEQ ()
k00 61 QBRAG | 61 "Q0Q (1)

In which 060 6i "Qoi®Ca neutral surface group on the mineral surface,
0 00 i 61 "Qds@@otonated surface group on the mineral surfadep | 61 "Qds®dQ
deprotonated surface group on the minerals surfac&®amslhydrogen ion.
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The symbok 00 i 61 "Qdndams a surface deprotonated species that is attached to the

crystal structte of the mineral. The meaning also applies to other species with this symbol.

In these reactionsthe metal hydroxide sites are neutral or uncharged surfaces that
constitute adsorption and desorption sites for protons depending on the pH conditions of
agleous solution. Adsorption reaction gives rise to positive sites while desorption reaction
gives rise to negative sites. These reactitieseforeimply amphoteric behavior of metal
oxide where the surfadeydroxyl group constitutes the conjugate basehef acid site

0D 00 i 61 "Qdithe conjugate acid of the baked 0 i 61 "QdFarks, 1962)The

addition of the two reactions gives:
kOOO i 61 QB&KAU i 61 "QOQO (D)

The equilibrium constant for the reactigives:

k

. — K (V)

In which + is equilibrium consint for the reactionll [mol/l], k 06 i 61 "Qib dhe
concentration of deprotonated surface group [mal/i;0 i 6 i "Qis éhe concentration
of surfacedorotonated species [mol/fj, is the activity coefficient of negative site, is
the activity coefficient of positive site][ a is the activity coefficient of hydrogen ion|

and "O is the concentration of hydrogen ion [mol/l]

The value of thequilibrium constant measures the ease of binding of protons on the metal
and or minerabxide surface. Assuming a value of unity for the ratio of activity coefficients

of surface positie and negative species HY.rewrites as:

k

. A V)

This equation can be solved for any of the surface species as:

k-/( OOOEALA— K (VI)
k-/ OOOEAAA (V1)
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Equation (VI) shows that the concentration of surface positive charge is directly
proportional to hydrogen ion activity. This means that increasing the hydrogen ion
concentration or decreasing ambient pH of aqueous solution will lead to an increase in
surface positive chargdsy proton adsorptianConversely Eq. (VII) shows that the

concentration of surface negative charge is inversely proportional to the activity of
hydrogen ion. The implication is that as ambient pH decreases through hydrogen ion

increases, negative site concentration reduces

For a givenmineral surface there is aHp called point of zero charge pH where the
concentration of surface positive sites is equal to the concentration of surface negative sites.
The equation for the ionization constant [Eqg. (V)] can be written for equal surface species

concentration as:

+ £ A A ( (V1)

k

Using the ckmical definition of pH EqVIII can be written as:

A€ QURL & 'k‘i-‘z AECD & ¢ Qd cy’o (IX)
Thus:
o R (X1)

In whichr) 'O is the point of zero charge pif the solid surface angb is the negative
logarithm to base 10 of the equilibrium constant This gives the pH at the point of zero
charge to be equal to half the negative logarithm of the dissocctimtant.

2.5.4 Effect of pH on SurfaceCharge Type

At the point of zero charge pH there are equal concentrations of positive and negative
chargesAbove the point of zero charge pH there is an increase in pH due to decreases in
hydrogen ion activity. The extent of negative site protonation is therefore decreased and
the surface of metal oxide becomes predominantly negatively charged. Below thef point
zero charge pH there is an increase in hydrogeactivity and a corresponding decrease

in ambient pH. The protonation reaction of surface hydroxyl gr@itherefore favored

and the surface of metal oxides becomes predominantly positively chdfggoe 2-3
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showsthe effect of pH oradsorption densitfor ferric oxide in potassium nitrate solution.

In the case of sandstone the dominant mineral to consider is silicg.(BiGhis case,
increasing pH above 3 which is the point of zero charge pithe average will lead to
negative charge development and decreasing pH below this point will led to positive charge
development

—aoj I8 -
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o
I

[a]

+Z20

Adsorption densily, [[ye- gy micro moles per grom,

+E0

— phH —=

Figure 2-3: Adsorption density of potential determining ion on ferric oxide as a
function of pH and ionic strength attemperature, 21C in different concentrations of
potassium nitrate (Parks & de Bruyn, 1962

2.6 INTERMOLECULAR FORCES THEORY

WhenCGQO; is injected into an underground geologic storage system, a number of processes

(see Fig. 24) of hydrodynamicgeologic, geochemical and thermodynamic origocur.
They are the following

91 Drainage two phase flow of injected carbon dioxide and resident formation brine
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Increase carbodioxide phasepressure and decrease water phase pressure in
invaded zonedue to irtrease carbon dioxide saturation and decrease water
saturation

Interfacial interactions involving the systavater, carbomioxide and rock
Dissolution of injected gas and hydration of dissolved gas to form carbonic acid
Dissociation of carbonic acid

Waterrock interaction

Wettability evolution

Decreases in interfacial tension between carbon dioxide and brine

Increases in interfacial tension between brine and rock surface due to water rock
interaction

Dissolution of major and minor or authigenic rock miterhue to water rock
interaction (such as silica, calcite etc., siderite)

There will be gravity segregation at low injection pressure and the extent to which
this will be measured bgravity number (Idet al,, 2007)

Unfavorable mobility ratio due to excge difference between phase dynamic

viscosity

COq injection ||
|

Surface

(i) £¢COz + rack
(i1) 8c¢CO2 + HaOlg) + rock
(i) CO:2 + HaO() + rock

(iv) H20() + rock

Figure 2-4 Carbon dioxide injection and water rock interactions(Lin et al.,, 2008)

The evolution of the wettability of the aquifer rock and its subsequent impact on the
drainage twephase flow of C@and brine will depend on the interactions among some of

the listed factors. Specifically, the production of hydrogen ions from carbonic acid
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dissociation will cause formation water pH reduction. Thereafter, the evolution of the
surface chemistry of aquifeock will be controlled by pH evolution. The dissolution of
CO; in formation water and the resulting density increases will impact the interfacial
tension between gas and water. Similarly, the evolution of the surface chemistry of aquifer
rock in respons to formation water pH will impact sohlidquid interfacial tension.
Consequently, interfacial interactions of the systems-@&errock will evolve with gas
injection. In this regard, the surface chemistry of aquifer rock with regard to the aggregate
mineralogy of the rock is a key parameter in determining the effective-lsplid
interfacial tension due to the response of different oxide mineral to pH conditions as
dictated by its point of zero charge pl8chwarz & James, 1989)n line with the
interelationship between wettability defined by the cosine of the contact angle and the
three interfacial tension or interfacial free enerdikksay, 1974)characteristic of the
system carbon dioxideraterrock, the prediction of wettability evolution undeypical
geologic conditions of C&storage must consider a geologically realistic scenario where
total solid liquid interactions contributing to wettability will reflect the aggregate surface
mineralogy or naturgElwing et al, 1987) of the aquifer rock.Under geological
sequestrationpressure build up can result in the interfacial tension between formation
brine and supercritical carbon dioxide being nearly constant for different salinity and

temperature conditions (appendice$ &nd 4c)

2.7 RELEVANCE OF INTERMOLECULAR FORCES TO
WETTING PHENOMENA RELATED TO THE SYSTEM CO »-
WATER -ROCK

2.7.1 Nature of Intermolecular Forces
At the interfaces within the syste@O,-waterrock, intermolecular forces will be manifest.

The existencef forces between moleculesmd atomsvasfirst put forward by van der
Waals(Buckinghamet al, 1988) These force are electrodynamic in origin consisting of
randomly oriented dipole interactigrmrandom orienting dipotenduced dipole interacti@n
called Debye interaction and fluetting dipoleinduced dipole or dispersion interaction
described by LondofOss, 2006)Dispersion interaction is universal. The first two were
later found to be similar to the third one following which the three electrodynamic forces

have been jointly called Lifshitzan der Waals forcg®©ss 2006)
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2.7.2 Lifshitz van der Waals forces ainterfaces
The interfacial free energy is the work done to create unit interface area between phases

and it is numerically equal to the interfacial tensjfmmce/unit length)and thisis a direct
outcome of intermolecular forces described earhecordngly, the interfacial free energy

or interfacial tension can be quantified in terms of intermolecular forces. This gives for
phase 1 and phas€@ss, 2006)

A S R (2-18)

in whicht is the interfacial tension bgeen phase 1 and phase 2, is the surface
tension of phase 1 and, is the surface tension of phaseall due to Lifshitz van der
Walls forces (LW).

2.8 CONTRIBUTION TO INTERFACIAL FREE ENERGY DUE
TO ACID BASE INTERACTIONS

Apart from electrodynamic van der Waal forces contribution to interfacial tenthene
are acidbase inteactions. These contributions are known as electron acceptor and electron
donor contributions respective(Bellon-Fontaine, 1996)Compared to Lifshitz van der

Waals forces the contribution due to abmse interactions is stronger

2.9 ORIGIN OF ACID BASE INTERACTIONS IN GEOLOGIC
SYSTEMS

Rock is defined as an aggate of mineralfHuang, 1962) and these minerals can
decompose into oxide components with eaxide surface having a point of zero charge

pH which is the pH at which the surface in contact with an aqueous medium will have a
net zero chargd.able 22 shows the composition fdPaleozoic Sandstone Suites of Eastern
Australiawhile Table2-3 shows thecomposition of a granitic rocksranitic rock § worth
mentioning in this thesiwork becausé.iu.et al, (2003) have considered the injection of
Carbon dioxide into granite and sandstofié® table shows variations in the silica content
with values typially above 70%Each oxide mineral on the surface of a pore for the case
of a porous sedimentary rock and on the surface of a fracture in the case of granitic or

crystalline ro& has a point of zero charge pH. Above the point of zero charge pH it
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developsa negative charge equivalent to an electron donor component. Below the point of
zero charge pH the surface of the oxide minerals will develop a positive charge equivalent
to an electron acceptor component. This is equivalent to deprotonation and pratonatio
reactions of surface hydroxyl functional grogpsrouvelet al,, 2007) on the rock surfaces
formed by the dissociation and chemisorption of water molecules on oxide surfaces. These
surface functional groups have specific surface site dengdiesavlev, 1987)neasured

as number of sites per nanometer and will undergo dissociation in accordance with the pH
of the aqueous medium. The presence of these hydroxyl functional groups on rock surfaces
in amounts determined by their specific surfacessilensities will impact the overall
interaction energies or interfacial free energies of the carbon dimdtixrock system

Table 22 and 23 show that the silica content granite rivdlat of sandstones.

Table 2-2. Oxide compositiong%) of sandstongBhatia, 1983

TS HE HS BS CS
Samples 11 29 10 7 8
Sioz 55.79 71.66 76.79 83.79 85.63
TiO2 0.81 0.63 0.44 0.49 0.27
Al202 15.37 11.8 10.82 7.36 7.85
FeO 1.59 0.99 0.62 .055 0.53
MnO 0.22 0.08 0.05 0.02 0.01
MgO 2.57 1.43 0.99 0.98 0.37
CaO 6.65 2.54 1.16 0.18 0.10
NaO 4.49 2.43 2.27 1.36 0.89
K20 1.10 1.75 2.65 1.30 1.27
P20s 0.18 0.12 0.08 0.13 0.08
S 0.36 0.03 0.04 0.02 0.02
H>O" 2.55 1.99 1.34 1.49 1.87
H20O 0.42 0.12 0.06 0.14 0.17
CO; 2.88 1.28 0.67 0.48 0.20
Total 94.98 96.85 97.98 97.795 99.26

TS: Tamworth Suite, HS: Hill End Suite, HS: Hodgkinson Suite, BS: Bendigo Suite, CS:

Cookman Suite

As gas injection occurGO; will dissolve in formation water in a manner that depends on
salinity, temperature and pressure conditions. DissoB@gwill hydrate into carbonic
acid and dissociate in accordance with the following rea¢@Gasiason, 2010)
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60 "MQwi 00 a 060 wn (2-X1)
060 wR OB O (2-X11)

The extent of reaction {XI) and reaction (I1) will be measured by the equilibrium
constants Kand Ko respectively. Reactiof2-XIl) is dominant at lower pH conditions.

Table 2-3: Major chemical oxide composition (wt.%) and modal mineral
abundance (vol.%) in the lidate granite (Lin et al, 2008)

Oxide Wt % Modal Volume %
mineral
abundance

SIO, 73.99 Quatz 37.1
Al0O 13.4 K-Feldspar 21.8
FeOs 2.05 Plagioclase 34.0
MgO 0.36 Biotite 6.3
CaO 1.8 Others 0.6
NaO 3.58

K20 3.78
Others 0.26

Total 99.22 99.8

2.10 pH EVOLUTION IN SALINE AQUIFERS

As carbon dioxide is injected into geologic repositories there will be gradient of pressure
and saturation from the injection point in the injection well. Normally, zones closer to the
injection point have higher carbon dioxide pressure with higher caatientof carbonic
acid. This causes a spatiotemporal evolution of formation water pH as shown in%ig. 2
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Figure 2-5. The spatiotemporal evolution of formation water pH(Xu et al, 2006)

For silica surface the silanols will undergo the follomegctions due to pH change
(Behren &Grier, 2001) Below the point of z® charge pH of silicon dioxide

kK "YQ0L @ YO (1)
Above the point of zero charge pH
k "YQ0 OvylQ 'O (X1)

The surface sites SO, SOH, will give rise to acid base (AB) interactions

contribution to interfacial tension

2.11ENERGY ADDIVITY THEORY

The energ additivity theory of Fowkebholds that the interfacial tension is the sum of van
der Walls electrodynamic and acid base contributions. This gorgphase 1 and phase 2
(Oss, 2006)

0=+ Y+ o g +\gig - o g - Vo g ) (2-19)
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The total interaction energyor the system carbon dioxideaterrock where water and

carbon dioxide is interacting througbck medium can be given é39ss, 2008)

1 1

- 2 1 1
¢ dgf+lg)-)+a)a
TOT = LW_ LW_ LW e +%a +% +% +%6_ l:l _
DG, =gi - gi' - g +22(93)%91) g +lgkg v @2
¢ : , o ad
¢ Foa)-Ga)k-Ga)l

Subscriptr refers to 3, 1 refers to water and 2 refer€@.

In whichd,»is the interfacial tensiometween phase 1 andggv is dispersion foce
contribution to phase 1nd phase Znterfagal tensiomgfgw is the dispersion forces
contribution to phase 1 and phase i8terfacial tension gzL;N is the dispersionforce
contribution to interfacial tension between phase 2 and ph#seiSthe electron dar
contribution tophase 1 surface tensic@[+ is the electron accégr contribution to phase 1
surface tensigr), is the electron donamontribution tophase 2 surfatension g§ is electron
acceptorcontribution tophase 2 surfacension g; is the electron acceptor contribution to
phase 3urface tensioand g; is the electron donor contribution to phase 3 surface tension.

By invoking the concept ahechanical equilibrium at interfaces dudrnterfacial forces
and by integratin@upre definition of work of adhesiothe contact angle for liquid phase

1 and solid phase 2 interactitigroughair is given as( Oss, 2006)

p WEiIT— ¢ S R A (2-21)

in which g is the contact angley the surfacdension of liquid [N/m] andy the surface

tension of solid [N/m].

On the basis of this formulation Eq-22) can be written by integrating the cosine of the

contact angle (wettability) agOss, 20086)
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Equation (222) arises from the fact that interfacial tension is numerically equal to
interfacial free energy and or interfacial interaction energy. This equation testifies to the
eminent dependence of the wettability of the system-W&erbrine on acid base

contributions.

2.12 DEPENDENCE OF SOLID-LIQUID INTERFACIAL TENSION
ON pH FROM MOLECULAR THEORY

On the basis of molecular theory of interfacial tension the $igliid interfecial tension is
calculated agOsset al., 1988a)

=) @)+ 2oaf +laaf- af - @af?) @2
In whichds is solid liquid interfacial tensioltjleLW is dispersion force contribution to solid
liquid interfacial tension due to soI'EmrfacegLLW is the dispersion forces contribution to
solid-liquid interfacial tension due to waté, is the electron donor contribution to isbl
liquid interfacial tensiomg; is the electroracceptor contribution to sokitjuid interfacial
tension due to soli@: is the electron acceptor contribution to sdiglid interfacial tension
coming from liquid and_ is electron donor contribution to interfalciansion due to water.

Under conditions typical of aquifer geologic storage the pH of formation watkrsesr¢o
neutral. Therefore, for Sandstone saline aquifers that are predominantly silica (Quartz
arenites, nearly 99% silic#)e surface charge ofisa will be negative because the point of
zero charge pH of this mineral is 3. Protonated surface species will be |athkergfore

Eg. 348 can be written as:
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g5 =(e")- )+ 2lara f*- (et V) (2-24)

Generallythe electron acceptor and donor componenisteffacial tension are related to
the protonated and deprotonated species given in E28)(@nd Eq(2-24).These species
are pH dependent through the following equatiGloveret al, 1994)

R, = [H +]izc (2-25)
"L T

PR L

T e T -

In which R;)H is the fraction of surface sites available for the adsorption of positive spf}ci%@[

is the fraction of surface sites available for the adsorption of negative spédies, is the
hydrogen ion concentration of aqueous solution at the point of zero charge of rock surfa¢e [mol/

and "O is the concentration of hydrogen ions of aqueous solution [mol/ []

In order to derive the pH dependence ofdstfuid interfacial tension it Wi be assumed
here that the extent of electron donor contribution from solid will depend on the fraction

of this sites available on the surface at a given pH. The following equation will be written:
r 0'Y o —— (2-27)

where K = constant of proportionality

For pH conditions typical of carbon dioxide injecti@@to 5.6Kharaka, 2008) Equation
(2-24) can be combined with Eq.-£5) to give:

: F 4 a5 g fi 2
9o, = got" ) (gLLW)JFZ((g:gi)OIS)' ileKae LH ]PZC+]2 8€’L§ Y (2-28)
e ' b

Equation (228) clearly shows the effect of hydrogem inputs on solidiquid interfacial
tension. Specifically it shows that as hydrogen ion concentration increases due to CO

dissolution the expression involving hydrogen ions and the electron acceptor contribution
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to solidliquid interfacial tension fnm liquid will decreasedue to protonation reaction

explained earlieiThis increase is supported by the published work of Chaétledr 1995)

2.13 IMPLICATION FOR DIFFERENT SALINE AQUIFER ROCKS

Saline aquifer rocks can be divided into two categdreesed on the ability of minerals

found in the rocks to buffer formation water pH. Normadgrbonate cement and mica
minerals found in sandstones saline aquifers will tend to buffer formation water pH through
hydrogen ion reaction with carbonate cememaerals (iron and magnesium carbonate)

and through cation exchange reactions respectively. Any of these reactions has the capacity
to deplete added hydrogen ions from carbonic acid dissociation leading to pH buffering.
Wallace sandstons atypical examplef this type with 82% silica and significant amount

of glauconite and mica.

The other types of siliciclastic saline aquifers are the predominantly monominerasic type
which have close to 99%uartz(Ruffet et al, 1991) This aquifer will not be capabld o
formation water pH buffering and wettability changes during carbon dioxide injection into
these aquifers will depend on variations of the three interfacial tensions foundringYé s
eqguation. In the case of those with formation water pH buffering c#tgabh# change in
wettability will depend on chages in soliecarbon dioxide and liquidarbon dioxide

interfacial tensions.

The third type of saline aquifer rock deserves to be distinguished bedaise
monomineralic in calcite. These are the carboftataations. In these saline aquifers there

is abundant calcite to react with added hydrogen ion to the extent that pH increases can
occur after some time and this can lead to decreases iwat#dinterfacial tension leading

to eminent wettability changé is, however, important to mention that in those siliciclastic
saline aquifers where theese formation water pH buffering mechanisms the minerals
responsible for these (iron and magnesium carbonates) occur as accessory or subordinate
minerals. This reans that excess of hydrogen ion concentration following high gas

saturation can lead to this pH buffering mechanism to be lost.
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214 KINETIC MOLECULAR THORY OF WETTING

In the kinetic molecular theory of wetting molecular processes occur within the
intermediate vicinity of the moving wettinghase where solid, liquid and a second
immiscible fluid meet. For wetting to occur the molecules of one fluid phase must displace
those of the other and the formulation of the direct link between moleculartyaeind
macroscopic flow within the liquid is the major preoccupation of this theory. Generally,
the extent of wetting is governed by sdliguid interaction(Blake & Coninck, 2002)The
stronger this interaction the faster the wetting and the smalleqgthibrium contact angle
andvice versa For liquid displacing gas from the surface of a solid there is a dynamic

contact angle that is a function of the moving line velocity.

According to the&inetic moleculartheory of wetting, the velocity of wetting determined

by the frequenck and lengthl of individual molecular displacement along the wetting

line. These displacements are assumed to occur to and from with a net frequency given by
(Blake & Coninck, 2002)

LA (2-29)
In whichy is the net frequency of wetting, is the frequency of forward wetting and

y is the frequency of backward wetting.

At equilibrium, the frequency offorward wetting is equal to the frequency of backward

wetting making the net frequency equal to zero. Equati€t®j2s then written as:
Y Ty Y (2-30)
Hence:
Y ¥ Y (2-31)
Wherey is theequilibriumfrequency of wetting

This refers to th@artial wetting domain where the contact angle is greater thanFzaro.
wetting to be effective work must be expended to overcome energy barriers related to the
displacement of molecules. This work is directly linked to the out of balance surface
tensionforce given as Blake (2006):

0 1 hE — (2-329)
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whereFw is the out of balance surface tension forcgys the vapr-liquid interfacial

tension, Tequilibrium contact angle [degrees] andlynamic contact angle.

By discountingviscous effects, the work done by this driving force is used entirely within

the threephase zone and any channel where dissipation is required.

By integrating this theory with the right activated rate the@fyenkel, 1946)and
(Glastone, 19419f transpat in liquids the following equation has been presented:

O cy _OET—E— Oét Géi — (2-320)

Whereo is the velocity of wetting [m4, nis the number of absorption sites per unit area
on solid, ks is Boltzmann constant [JK and T is absolute temperatuf&]. All other
symbols have been defined before. The equilibrium frequency of wetting is related to the

activation free energy of wettings as:

I —Qowh— (2-33)
whereh([J/s]i s Pl anckoNi somsAavaamngadmadds number .

This equation shows that at a given condition defined by temperature, the lower the free
energy change of spontaneous imbibition the lower the equilibrium frequency of wetting.

This means reduced water rock interaction and reduced wettability

2.15 IMPLICATIONS FOR ROCK MEDIA

The equation for wetting l@city contains the number of sakption sites per unit area of

the solid undergoing wetting or geetting. This number directly reftés the surface
hydroxyl functional groups on solid surfaces that have been formed by protonation or
deprotonation related to surface ionization in response to change in aqueous solution pH.
Therefore in rocks where we have mineral aggregates togethérawithigenic minerals

within the matrix and opore surfaces, the number osadgption sites per unit surface area

will be totally different from the case of an isolated mineral such as quartz, calcite of
muscovite. This justifies the choice of a rock nuedifor contact angle measurements
related to the€€Ox-waterrock system.
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2.16 PROTONATION AND CATION EXCHNAGE REACTIONS
MERITS

2.161 Pertinent Geochemical Recations
The preceding sections have eventually outlitieel theoretical basi®r pH induced

wettability evdution during carbon geosequestration. While pH induced availability of
surface deprotonated species is the principal cause oflisplid interfacial tension
changes giving rise to wettability changather reactions can sal be proton sinks
depending on the chemical composition of aquiferesenvoir rock. In this reagard, it is
possible to distinguish between two extremes of sandstones. They are quartz arenites
consisting predominatly of quartz grains (99%) in additiaquiatrz cementHuang 1962).

The other class of sandstone contains diagentic or authigenic minerals such &s mica

(K,Na), X, AISi,O,,(OH,F), X = AI*,Mg*™,F*,F* (Davidson and Vickers, 1972))

and glauconite(K)z(Fel_x, ng)z AIG(SiOw)3(OH)12, (Chapelle, 1988. These authigenic

minerak are capable of cation exchangmactions which forms the basis for potassium
leaching reactions. Therefore, the pertinet geochmeical reactions following carbon dioxide

injection into saline aquifers can be represented by the followin reactions:
Dissolution and hydration reactions of carbon diox&igiven as:

60 Q@ o606 dnn O 060 (XV)
In which co,(g) is gaseous carbon dioxideo, (ag)aqueous carbon dioxidé, ® is
bicarbonate ion andH * is hydrogen ion.
Surface Protonation reaction given(&serjensky & Sahai, 1996)

k'Y O Kk "Y'Q0'O (XVI)

The velocity or rate of this reaction is mass action depen@orinors, 1990and it
depends on the concentration of hydrogen ion in solution. As hydrogen ion activity
increases due to pH decreases of aqueous solution the forward reaction is favored in

accordance with Le Chateliero6s USOMH).and t hi
Cation exchange reaction given(&hapelle and Knobel, 1983)

58Y 8 8 (XVII)
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In which A" andB" are the exchangeable monovalent cations and refers to the insoluble

nondiffusible nonrionic portion of the substrate.

In terms of two phase flow of injected carbon dioxide and resident formation brine, what
is required for higher sweep efficiency is lower wettability of the system w@Deirock
(silica). If this is to be achved then reactioKV | is more favorable compared to reaction
XV Il when it come to protoar hydrogen ion consumptidsecause this reaction will result

in wettability decreaseTo see which reaction is preffered or has the highest rate requires

kinetic consideration and the following sections will be devoted to that.

2.17 TWO-PHASE FLOW HYDRODYNAMIC THEORY

The concept of fractional flow and the frontal advance theory of Buckley and Leveret are
fundamental to petroleum reservoir engineering aspectsddtatenhanced oil recovery
related tanultiphase flow in porous media. If two or more phases flow in a porous medium,
the fraction of the total flux that is assigned to a given phase at any point is the fractional
flow. For efficient water flood recoveryylforced imbibition an efficient flood requires

the mobility of injected water to be low and that of the displaced oil to be high. This implies
a high wettability of the reservoir roekith regard tanjected water. For twphase flow

of a displacing and displaced phase in a porous medium the application of mass balance

gives the followinggeneralizedlifferential equatiorfPope, 1980)

WS, , q dip KS, _
i A dS, X

(2-34)

In which s is the displacing phassaturationsthe displacing phase fractional flowis
the total injection rateAis the cross sectional area of injectiois the porosity is time

and Xis distance

By noting that the space derivative of the displacing phase saturation is negative this

equation reduces to:

HSD . i de “‘SD :0 (2_35)

i A dS X
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The ®lution for the velocity of saturation gives:

adxg _ q dfg 2.36
cdtzy, A dS, o (239
where:
df,

is the displacing phase saturation derivatofefractional flow evaluated at a
S

saturation of interest.

For any displacement experiment the displacing phase saturation in the porous medium
will increase from the iial irreducible saturation to one less the residual saturation of the
displaced phaséArcher & Wall, 1986) page 105. Between these two saturations there
exist two zones. They are the stabilized zone and the drag Hoaetabilized or zone is
formed by the saturation distribution between the initial irreducible saturation and a frontal
saturation which is formed depending on the wettability of the porous medium with regard
to the displacing phase. Between the frostdlration and one less residual saturation of
the displaced phase the drag zone is for(Bedithet al, 1992) page 1113

Generally, the higher the frontal saturationdagiven water flooding for oil recovery the
higher the fractional flow and thiless wetting the system is to the injected water. By
applying mass balance criterion the construction of a sharp front eliminates what is known
in the petroleum literature as the double saturation phenoni8nothet al, 1992) Based

on this theory a Wek tangen{Binninga & Celia, 1999fan be drawn from the initial
displacing phase saturation to a point where it makes tangent withd¢tienal flow curve
(seeFigure 2-6). With this approach the velocity of the skdront evaluated at the frontal

saturation gives:

Q
8 (2:37)

In which the fractional flow derivative is evaluated at a saturation corresponding to the

frontal saturationS,; of the displacing fluid.
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Depending on thevettability of the displacing phase the frontal saturation corresponds to
a given fractional flow. The higher this vajube higher the mobility of the displacing

phase andice versa

1 T T T
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Figure 2-6: Fractional flow curve with Welgetangen (Garcia & Pruess, 2003)

2.18 APPLICATION TO DRAINAGE FLOW

Drainage flow occurs in the porous medium where awetiing phase such as gas is
injected to displace a wetting phase such as water from the porous me@inocoantered

in the geological sequestration of carbon. For gas injection under this condition the frontal
advance theory for calculating the velocity of the frontal saturation ¢&esth et al,

1992:

20X o q adf, g
-9 &g 2-38
cats,,  Af @IS, O (2-38)

whereSfg is frontal saturation anfg is thefractional flow of gas
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The generalized fractional flow equation including aquifer dipping angle and capillary

pressure written for gas injection giv&ateret al.,2008)

1+ Ku gup" - gbr sinag
f,=— e‘:‘ L (2-39)
1+ﬂ*ﬁ
krg ”zv

In which fg is the fractional flow of gas]; 0, is the total flux [m3], Mis the dynamic

viscosity of gas [cp]{T},is the dynamic viscosity of water [cdi,P_c is the capillary pressure
X

gradient [psi/ft],krg is the relative permeability of gas],[krwis the relative permeability of

water [], Dr is density change between fluid phases [Ibih#hd & is the dipping angle

of reservoir {]

Assuming negligible capillary effect and a horizontal system this equation becomes:

Q - (2-40)
Phase relative permeabilities are functions of phase situans
T QY (2-41a)
T QY (2-41b)
Substitution into Eqn(2-40) gives(Gunter et al., 2004)
"0
Z_ (2-42)

Equation(2-42) shows that, given relative permeability as a function of phase saturations
the fractional flow forinjectedcarbon dioxi@ can be constructed asfunction of gas
saturation. Since the fractional flow curves reflect the wettability of the system for multi

phase flow in porous medii&provides a practical and theoretical means for evaluating gas
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sweep efficiency which requires low gas mobility evidenced by low frontal saturation

velocity.

2.19 DRAWING OF THE FRACTIONAL FLOW CURVE
COUPLING GEOCHEMISTRY

Forrelative permeability measurements at varying temperatures conducted in the present
work, CO; was equilibrated with brine and injected under supercritmadlitions.To draw

the Welge tangent, the partial miscibility or solubility®@®, and water at exgrimental
conditions must be taken into consideration. Generally, the physics of the system is totally
described by coupled fractional flow and geochemical fiMah et al, 2007) This calls

for the consideration of total carbon flux in addition to wéiex in the overall material
balance equation of the system. Consequently, the conservation equation assuming no
dispersive effect is given glloh et al, 2007%:

— — 1hQ p8 & (2-43)
where:
6 wp Y 0Yp8a (2-44)
And
O GOp Q Ohp8E (2-45)

In which 0 is concentration ofomponent,Ois fractional flow of componerit @ refers

to liquid phasew refers to gas phas&jis saturation¢ is the number of components

For the case undeonsideration where we havelprcarbon dioxide species Eqf2-38)

can be written as:
— — TE p #/ (2-46a)

— — m (2-46D)
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Under this condition, the solution to Eq. {#6) is a wave of varying fluxes and
concentrationsln this casea mixed wave is generated where the velocity of the specific

shock or the fastest shock is giver(ldsh et al.,, 2007)

0¥ I (2-47)

In whichvDC s thevelocity of the specific shockfg is the fractional flow of gas\-, is
the solubility of carbon dioxide in aqueous pha§eg Is the concentration of carbon

dioxide in the vapor phase ayjgas saturation upstream the shock.

Since the computation of the fastest shock velocity involves the use of two distinct points,

Egn. (5-22) shows that the tangent used for velocity computation which is the Welge

o

h . g‘p Ci a Ci a S f - 8
tangent passes throu oints —, —, S, 1, 9
g p gi-e p éa:i,a - Ci,g Ci,a - Ci,g ’ ’ 9
Equation (247) can be written as:
oy —
(2-48a)
é‘ Ci a Ci a 6
In chromatographic terms the point involving concentra@a —, ——2is
Cia - Ci,g Ci,a - Ci,g =

called theretardation(Leeet al, 1974 D.

Consequently, becausé partial miscibility, that is solubility of CO2 phase in brine and

that of brine phase in G@hase prior to injection, the tangent to the fractional flow curve

o

r% CI a CI a 8
. . Ca 8 2-48b
is drawn from the poi é&;i’a -C, C.-C,° | )

The foregoing text shows that in order to calculate the specific shock velocity as well as
draw the Welge tangent in an experimental work, the solubilitg@f at experimental

conditions is required. This approach requires thermodynamic concepts inwyiog
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liquid computations for the system carbon dioximige under experimental conditions.

The following section will be devoted to that.

220 THERMODYNAMIC CONCEPTS: VAPOR -LIQUID
EQUILIBRIUM THEORY

2.20.1 Water solubility in supercritical carbon dioxide
The mutual solubility of supercritical carbon dioxide and brine under reservoir conditions

are calculated g#lassanzadeét al, 2008)

KS.a %P— I30)\-/ 8
— _“H,09H,0 P2 H,0 O 2-49
c 0
T oPu @ RT O (49
z e 0
g -_—
&p- PO)\'/ 8
X _ F co, (1- szo )Ptot e F ) Cco, 0 (2_50)
co, 0
555087 K ) & RT 0
Q —_—
Where
a €0Q PP P wpd mMIp MY LA FPTY (2-51a)
AQeEvQ B nmwadtw)p m’Y pdrwyp MY It yYp m"Y (2-51b)
InwhichKC"ozisHenryOs |l aw constant for carbon dio
[bar mot* kg H:0] andK;oi s Henryodés | aw constant for wat

mol?! kh HxO], Yh,0is the mole fraction of water in carbon dioxide phaX¥gg, is the

mole fraction of carbon dioxide in liquid phasé, is absolute temperature [K], R is
universal gas constant [J/K]\/ o is partial molar volume of water [cc/moly/ co partial

molar volume of carbon dioxide [cc/mol}z_, is total pressure [bar]Pis pressure of
interest [bar],P°is reference pressur&; phase fugacity g’ is an activity coefficient for

carbon dioxide.

Thefugacity of water is calculated @3ortier & Rochelle, 2005)
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, ot o i P P
F quo =Fuo=an0 PHzct> eXpeTU (2-52)
e g

In which &, 5is water activity, F co, Is the fugacity of carbon dioxide [P, h,01S the
fugacity of watefPa], X.o, is the mole fraction of carbon dioxide in aqueous phdsg;[,
is the mole fraction of water in carbon dioxide phagda, o =-0.0360Q,¢;,Vipis

the average partial molar volumewséter [cn¥/mol], ijéis the saturation vapor pressure

of water [baf], Ris the universal gas constant [bar per mol Kelvih]is the temperature

[K] and | the ionicstrength[mol/drf]

| is the ionic strength defined édelgeson, 1969)

NI

azm (2- 53)

In which Z is the valence on an ioril} is the molarity of an ion [ma#n3 and Q. is

the osmatic coefficient of sodium chloride

The saturation vapor pressure of water as a function of temperature and salinity is given as
(Benson & Krause Jr., 1984)
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18.19745a- 373168,
¢ =
& e a8 T gl
3.181310 71 1- expe26.120%8 -
1+ &xpeb120% 373164y
P,, = (1- 5.370*10*S)exp
& ¢ ; -
- 18726°10°%}1- exp3.0304%5k- > o100,
|’ e g . Ve
5.02802|n2§’$58
g =

(2-54)
In which P, is the saturation vapor pressure of water [b&]s salinity in parts per million

and T is the temperature in Kelvin

Henryds | aw c¢ on ¢§SpyahertandiPess,c2@1l0)c ul at ed as

a(p 0
K(T’ ref):KO(T’Pref)expwg (2_55)
R

T« is temperature [K] andet is the reference pressure [bar]

Henryds | @wYc o (bar/nel)ror phases at temperatures from 12 to@09

andpressures between 1 and 600 bar are calculated as (Spycher and Prejss, 2010
a €0Q PP Y WP TIP TO LB FP T O (2-56a)
GV B MNMwodiw¥Xpmo pPSrwyp Mo 8t Yp M"Y (2-56b)
t = temperature [°C]

The solubility of carbomlioxide in brine is calculated using the following equati®artier
and Rochelle, 2005
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/. co, Xco2 eoivcnq 0 t ?
=K°(T,P, expeE—=QP- P3% U 2-56c
In which g’ isthe salting out effect of carbon dioxide in sodium chloride solditiorin.q,

is the solubility of carbon dioxide in brine [mol/dand Vo, is the partial molar volume

of carbon dioxide at infinite dilution [mol/dth

The average partial molar volume {mol) of phases over the pressure rangaisulated

as.

V =a+b(T, - 37315), b=0 for T, <37315 K (257

Ty = temperatur¢K]

For lower temperatures from IDIC and pressures from@00 bar the average partial

molar volume are calculated €pycher and Preuss, 2010)

Veo, =326 cm®/mol
(2-58)
V0 =181 cm’/mol

The density of supercritical carbon dioxide is calculated using a virial equation of state as
(Ihmels & Gmehling, 2001)

6 "Y 8" 8" O O O (2-59)

where:
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C:a6+ﬁ+$
T T2
D:ag-% (2-60)
SR
F=2s
T

where:r is the densityRtheuniversal gas constahtMPa L/mol F (0.008314472), and

T istheabsolute temperature.

2.21 PROBLEMS WITH RESEARCH ON PAST CONTACT ANGLE
MEASUREMENTS FOR THE SYSTEMS WATER -CARBON
DIOXIDE ROCK

Problems with contact angieeasurement of the above mentioned system can be realized
by integrating the geologitaefinition of rock with Egs. (29) 1 (2-22) where contact
angle will be determined by all acid base contributions in thesys addition to van der
Walls contributons Measurements so far have involved isolated minerals of rock (calcite,
silica, shale) These minerals are carefully selected to provide wettability change with pH
carbonate saline aquifers, sandstone aquifers and caprocks respettieetyore in the
systems where these experiments were carried out acid base consitoutiomtact angles
were coming only from the minerals used in the experinmantgell as from the fluifluid
(carbon dioxidebrine) interfacesThe principal objective of carbon gesgustration is to
geologically sequester carbon in rock media where we hasstahminerad forming the

rock. Different oxide compositions and diagenetic minerals characterize rock.mddia
these minerals have different surface chemistry and wilktbee give naltiple acid base
contributions. Consequentlio provide experimental data of contact angle representative
of the geologic conditions of carbon sequestration theheiseed fill the research ghp

using rock samples in experiments whdne #tcid base contributions from respective

minerals with different surface chemistry will reflect in the contact angle data
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2.22MODEL DEVELOPMENT

2.22.1 Problem Analysisand M athematical Development
The solubility of CO, depends on its phase pressurdingg of formation fluid and

temperature. Assuming there are no pH buffering reaction mechanismssstarth@nate
cement dissolutiorfRosset al, 1982or silicate hydrolysifEmberleyet al. 2004) the
concentration of carbonic acid and hydrogen ions are expiectectease with continuous
injectionof CQC,. Thus during CQinjection, tie pH of formation water will decrease. This
decrease in formation water pH will reflect the ionization of sutfiaeetional goups such

as hydroxylgroups found on silica surfac€gezenovet al, 1997)therebyaffecing the
electric double layer forces. It therefore stands to reason that the injecti afito a
saline aquifer caus@H changes which will pertuthe original e¢ctrical double layer and
affect the stability of the thin water film that will form in a system involving carbon
dioxide-brine and solid minerals surface. The contact angle of the system will therefore

evolve in accordance with pH changesised by carbon dioxide injection.

Petroleum reservoir rocks consist of aggregataninerals These roclforming minerals
are quartz, feldspar, plagioclagtc The mineralogical composition of reservoir roeks
normally determined first by obtainingformation about the oxide cgusitions of the
rock (Huang, Petrology, 19623nd then using this information to deduce fractions of
normative minerals in the rockhe oxides are then calculated to the normatiiresrals
which correspond to the rodkrming mineralsin most caseghe structure of a crystal
surface terminates in bivalent anions such as the oxygen @uoehm, 1971)According

to Boehm, he dissociation and chemisdgst of water molecules on oxide sites of minerals
on reservoir or aquifer rocks gives rise to hydroxyl funa@ignoupssuch as silanols and
alunols and the surface chemistry of the rocks under different pH environskemgely
controlled by these futional groups. Most oxide surfaces show hydroxylation under

normal condions when water (either liquid or vapour) has accessBoghm, 1971)

Generally the wettability of theystem involvingCO;, brine and saline aquiferock
surface reflects fluid phase mobilities thaare closely linked to fractional flovand
displacement efficiencig@nderson, 1987)For higher sweep efficiency the mobility of

the resident brine must be higher than the ifitplof injected gas. This corresponds to
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higher fractional flows for water and |l@wfractional flow for injected gas. Normally the
more wetting the saline aquifer is to the resident brine theepthar sweep efficiency of

the injection. For the systemarbon dioxidebrineand saline aquifer rockhe mineralogy

of the rock as well as the surface chemistry status with regard toitlteopzero charge

pH determines wettability evolution during carbon dioxide injection into saline aquifers.
This is becausehe point of zero chargeH of the rock surface determines the nature of
surface charge density and surfacteptial as well as trends their variatons on either
side of the point of zero charge pFable 24 shows the point of zero charge pH values of

typical silicate minerals encountered in sedimentary rocks.

Table 2-4: Point of zero charge pH of some silicate minerals (Sverjenky, 1994)

Silicate mneral Point of zero charge pH
Silica 2.9

Muscovite 7.6

Phlogopite 7.6

Anorthite 7.14

Albite 6.95

For the system comprisingsdiciclasticsaline aquifer such as sandstone, formation water
and supercriticalCOp, the point of zero charge pH of the rock fase (predominantly
silica) is on the averag&(Reymond & Kolenda, 1999Yhe pH of namal formation brine

is approximatels.5 7 (Magotet al, 2000) Above the point of zero chargél the surface

of a metal oxide will develop negative charges due to deprotonation reactions with
corresponding negative surface potentials. Below the point of zero charge pH positive
charges will develop with correspondipositive surface potentigléleset al, 2006) For
typical saline aquiferssuch as those of sandstotiee point of zero charge pH iis the
range3i 3.5. This means that for normal formation wateth a pH value close to 7 the
surface of these aquifer rocks will be negatively cedrgAs pH decreases following
carbon dioxide injection the negative charges will begin to decrease daer&asinggH

until at a pH of 3 when the net surface charge is zero. The proc#ssreasinggH from
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that of average foration water (pH in the ramge 6.5 7) to the point of zero charge pH
causesnincrease irsolid-liquid interfacial tension (Chateliet al, 1995) According to
Rosset al, (1982, the minimum pH for a natural ideal carbon dioxide system related to
natural gas reservoirs duedolubility trapping i. Therefore jnvestigation of wettability
evolution and its implications for injected gas and resident formation brine fluid phase

mobilities and sweep efficiencieswarranted

2.23 RELATING WETTABILITY TO pH

The relationship beteen surface charge density and surface charge potential reads
(Atkinsonet al, 1967)

-, — (2-61)

In which'Y is the surface potential of minerals surff¢g andn is the ion density [mol
/m?], e is the electronic charge [Cks is Boltzmann constant [J/K§ is surface charge

density [C/], eis dielectric permittivity F/m].

In the following section this equation will be exploited for deriving the pH wettability

relationship.

In the literature, the effect of surface modificatiof silica by amine group on wettability
has been studied. In this regard, thlationship between contact angle change and

agueous solution pH change is giver{@arreet al.,2003)

dcosg _ 2.30RTs
dpH Faw

(2-62)

In which g is thecontact angle [degrees], R is the universal gas constant [J/Kmnisl]

Faradays constant [C/molfj,y is liquid-vapor interfacial tensiofiN/m].

In order to derive pH cosine of contact angle or wettabighationship thse basic

equationwill be used.

From Eg. (261) the following can be written:
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, @mg0O no—— (2-63)

The Nernst equation givéBowdenet al, 1977)

~

QY | QYR 0 o o ma’y
[ O nma—3n'0 ¥ ne -

Q Q Q no no
(2-64)
The change in ®ne of contact angle from E(R-62) gives:
dcosg _ 2.303RTs
dpH ~ Fg, (2-65)

Substitution for surface charge density frip (263) into Eq. (265) gives:

~ 8
Q0OE | <€dTEe— —— 0 noR o (2-66)

Under normal conditions of carbon geosequestration there is pH reduction from average
formation water pH to a lower value closer to the point of zero charge pH of silica surface
in the case of silisiclastic saline aquifers. The integration limits arenthal ipH of
formation water to the pH of interest and the wettability at initial formation p&idpHo

) to the wettability at a given pH of interest. Application of these limits leads to:

~ 8
QhEl — cBHe— — A0 ROQRO  (2-67)

In which C0SG,is the cosine of the initial contact angiéial pH [-] and cosg is the cosine
of the final contact anglat a given pif]

The final integration gives:

~ ~ 38
Oé - Oe 2 — O /0 — (2-68)

Expanding the term in the square bracket on the right hand side of the equation gives:
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™0 NONRO0 RO N0 mdn o

(2-69)
This equation can be written as:
WE+ QEH -0 NONO RO R0 ™0 (2-70)

Where:
- — — (2-71)

2.23.1 Implication of pH Induced Wettability Evolution Equation
While pursuing the principal objective of testing the hypothesis that trends in contact angle

change following pH decreases of formation brine during carbon dioxide injection will be
different for rocks and minerals, it is worth noting at this point beftgexperimental set

up what the mathematical model has to say. In this regamhdsiesingle parameter in Eq.
(2-70) is the point of zero charge pH of minerals/rocks surfaces. Thus, for rock media with
different mineral aggregate, the point of zerorgkegoH of interest is the effective value.
For a mineral surface, the point of zero charpe pH is that specifie tmineral surface.

Equation (270) can now be written differently for a mineral and for rock as:
For a mineral:
o q) - COS(C])O +ZlO.5pH2 - PHpzcmPH + (pHPZCmpHo l O-5pH02)J (2-70a)

For rock:
Coiq) = Coiq)o +Z|_O'5pH2 - pHPZCr pH + (pHPZCr pHo - OSpHg)J (2-70b)

In which PHp,c,, is the point of zero charge pH of a mineral surface BHg,c, is the

effective point of zero charge pH of rock surface which takes into accont the proprtions
of different components. Consequetly, the first step in testing the hypothesis has been

explicitly provided by the mathematical model.
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2.23.2 Comparison of Wettability Change Trend for Minerals and Rocks
To purse the principal hypothesis that pH induced W#itiachange will be different for

minerals and rocks this section will consider the pH derivative of wettability. Thus, the
following equations canebwritten after combining Eq. {22) and Eq. (53):

230FRTa& 20 @
pH - pH zc, de (2-72)
FgLV o kBTg P )

dcosg =

This can be writterior a mineraland rock as:

230FRTa 20 §
dcosg = pH- pH .. JdpH (2-73)
FgLV c kBTg P rr)
230FRTa 20 @
dcosg = pH - pH_,. )JdpH (2-748)
FgLV G kBTg P )

All equations show that wettability change at a given pH depends on the point of zero
charge pH of solid (rock/minerals) surface. To give a detailed interpreation for wettability
change requires knowledeg of point of zero chatgdor rocks and mineral$\ssuming
sandstones which consists predominatly of quartz and other subordinate amount of mineral
components, the general finding is that a system that has pure quartz will have a lower
point of zero charge of pH and when there is a mixture the pointatharge pH is higher
(Schwarzet al. 1984). In the strictest sense, rockaizombination of mineraldue to
magmatic differentiation for ingeous rocks (Kegtml, 2007) and partly due to diagenesis

for sedimentary rocks (Miller Jr., 1966). In this aed, one would expect the point of zero
charge to be different in each case. Petrologically, limestone consists predominatly of
calcite and some subordinate amount of minerals accounted for due to diagenesis.
Therefore, the point of zero charge pH mustectfthis system. The point of zero charge

pH of quartz is 3 on the average (Kosmulski, 2002) and that of calcite is between 8 and 9
on the average (Somasundaran and Agar, 1967). Therefore, if sandstone is regarded as a
saline aquifer then, the effectiveipt of zero charge of this system must be different for

the case where it consists entirely of quartz. This statement also applies to limetsone as a

saline aquifer. Figure2(7) shows zeta potential measurements for Tuscarora sandstone
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and Columbus Limeshe (Sasowskgt al, 2000). To deduce the point of zero charge pH
from a plot of zeta potential versus pH, the curve is extrapolated to the horizontal axis
where zeta potential ®Bero. In this regard, Figure-@ shows that extrapotaion of the
curves tothe horizontal axis gives point of zero charge pH values greater than the case

where each consisted of 100% of its predomtimaineral.

—O— Tuscarora Sandstone
0 - —&— Columbus Limestone

Zeta Potential (mV)

-2 * T * T : T : T : T
4.0 4.5 5.0 5.5 6.0 6.5 7.0

pH

Figure 2-7: Zeta potential versuspH for sandstone and limestone rock samples
(Sasowskyet al, 2000).

With this inmind trend in wettability change for a mineral and rock can be explained as

follows:

2.23.3 Interpretation for Non -Cation Exchange Reaction Scenario

By referring to Eq. (2/3) the point of zero charge pH of a pure solid (quartz or calcite) is
smaller compeed to the case where it is regarded as rock (sandstone or limestone). The
implication is that wettability changes for a given pH of agueous solution where there is
no cation exchange reaction will be bigger. On th@reoy, the equation for rock {24a),

shows that wettability change under the same condition-oation exchange reaction will
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be smaller. The obvious reason is that the effective point of zero charge pH of the system
is bigger compared tits pure state defined by Eq-73)

2.23.4 Interp retation for Cation Exchange Reaction Scenario

The effect of cation exchange reactions typical of rock/ sedimentary rocks with argillaceous
and or phyllisilicate minerals is to deplete solution protons added by dissolution of carbon
dioxide or acidificatio of formation brine in this case. This is possible becdyskogen

ion in solution are exchanged for framework cation of phyllosilicate minerals (Yetdav

al., 2000). This can cause pH changbedoesisted and this means buffering. In this regard,
since formation brine pH buffering can ony be caused in rock medharimplication for

the rock system is that the following equation can be written

2.30FRTa 2p ng_ pszcr)deo 0

dcosg =
> Fg., ?&nkBT+ (2-74b)

For dpH ° odue to buffering.

The overall implication is thaffor rock systems, wettability changes less compared to

mineral systems.

2.24THEORETICAL BASIS OF WETTBILITY EVOLUTION

Under field conditions typical of geological carbon storage the principal cause of
wettability evolution is change in solidjuid interfacial tension. This parameter is pH

dependent in accordance with the following equai@matelieret al,1995)

95, = G+ 957 (PH) (2-75)
In which gs is the solidliquid interfacial tensionggLis thecomponent of solidiquid

interfacial tension at the point of zero chargeastd g="'(pH ) is thefree energy per unit

area required to form surface charges from surface ionizegtexyl group relative to

the point of zero charge pH
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In petrdeum engineering and allied disciplingse theory of wettability quantifies this
petrophysical parameter in terms of interfacial tensions between phafes &$ al,
2010)

cosg = Jsv~ Fsu (2-74b)

9iv

In which @ is contactangle gsyis solidvapor interfacial tensionds, is solidliquid

interfacial tension and, y is liquid-vapor interfacial tension

Generally, as pH decreases due to gas injection the pH depeodgmbnent increases
(Fritz, et al, 2000Q. At a given pressure when the solubility of carbon dioxide in brine is constant
the density difference between brine and carbon dioxide is constant so the interfacial tension
between tbm is also constant. Solidpor interfacial tension is constant. That means increases in

solid-liquid interfacial tension will lead to wettability decrease in accordance with Eth)(2

2.25 POSSIBLE TRENDS IN pH INDUCED WETTABILITY
EVOLUTION

With regard to the point of zero charge pH and formation water pH three possible cases
can be distinguished during carbon dioxide injection into saline aquifers. They are the
following:

2.25.1 Case 1: Point of Zero Charge pH is Equal to or Near Formation WatepH

Case one is when the formation water pH is equal or close to the point of zero charge of
the aquifer rock mineral surface. In the sedimentary basin, increase itysabuits in pH
decreaséHanor, 1994)In basins characterizdxyy salt diapirism such as in the North Sea
and the United States Gulf Coast it is possibl@Fbto decrease from 7 ta{Banor, 1994)

Where the target aquifer is sandstone such as the geologic repository for the Sleipner
carbondioxide injection project the point of zero charge pH will be that of silica which is
on the average osmulski, 2004)In this casdq. (2-70):

Géi— Gé+ —-TWRO RTORO0 RO RO TR0 (279

This gives:
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WEH WéE+— —m™MNO RO R0 (2-76)

This equation shows that for cases where the formation water pH is equal to or near the
point of zero charge pHf rock surfacethe wettability at a given pH durin@O; injection
following pH decrease will depend on the point of zero charge pH. The bigger this value
the lower will be the wettability and vice versa and this will be encountered in cases where
there is no pH buffering reaction due to carbonate cememiuies or silcate hydrolysis
(Guntereet al.,2000) SincepH will normally decrease with carbon dioxide injection these
types of aquifers are presumably the best because the low water wettability will ensure high
relative permeability of this phase and low relative permeability of the injected gas phase
thatwill enhance favorable mobility ratio for enhanced sweep effigienc

Generally the equation also shows that the wettability of saiskistem is generally very
low with regard to water g3H decreases because the systeaiready near of close to its
minimum wetting state with regard to pMHhis corresponds to electrqubary maximum
in electrowetting systems corresponding to maximum 4digjidd interfacial tension
(Shaoset al, 2010)

2.252 Case 2: Point of Zero Charge pH is less than Formation WategrH
In this case Eqn. ¢20) is recalled as:

WEH— WEH— -0 ATOR0 RO [0 ™0 (2-70)

This situation is what is normally encountered for cases of carbon dioxide geosequestration
in normal formation waters where salinities are not tiigh. The salinitiess here are

generally between 7 and 8 with a mean value o{Refalas & Diamantis, 1999)

Under this conditionthe second term in the bracket on the right hand side of this equation

is less than the first term. This gives a net positiv@ach together with the negative sign

in front of the bracket will produce a positifigure. There are three positive termstbe

right hand side of this equation and this means that under this condition the water
wettability at a given pH is more than that of the case where the formation water initial pH

is closer to the point of zero charge pH during carbon dioxide injectindetUthese
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conditionstoo, wettability will decrease with decrease pH and this is a generalized
interpretationThis will enhancesweep efficiency of gas injection

2.253 Case 3: Point of Zero Charge is Greater than Formation Water pH

This situation coul@rise where carbon dioxide is injected into formation waters hosted by
nortconventional saline aquifers such as fractwedrecciated basal{®cGrail, et al,
2006) Petrologically this type of aquifer consists predominantly of olivine with end
members being fosterite and fayalite. The point of zero charge of theselsis@@aund

8: Fosterité8.8) (Sverjensky & Sahai, 1996)

In this case the secondnein the bracket on the right hand side of this equation becomes
more than that of the first term. This gives a net negative which together with the negative
in front of the bracket will give a positive term. In this casedifference is not so high so
water wettability at a given pH during carbon dioxide injection, whikrefore be higher

or simply put pH decrease following gas injection will lead to wettability increase

2.254 Implication for Different Saline Aquifer Rocks

Saline aquifer rocks careldivided into two categories based on the ability of minerals
found in the rocks to buffer formation water pH. Normally carbonate cement and mica
minerals found in sandstones saline aquifers will tend to buffer formation water pH through
hydrogen ion redmn with carbonate cement minerals (iron and magnesium carbonate)
and through cation exchange reactions respectively. Any of these reactions has the capacity
to deplete added hydrogen ions from carbonic acid dissociation leading to pH buffering.
Wallace andstone is a typical example of this type with 82% silica (Quarry, 2001) and

significant amount of glauconite and mica.

The other types of siliciclastic saline aquifers are the predominantly monomineralic types
which have close to 99 percent qudRazffet et al, 1991). This aquifer will not be capable

of formation water pH buffering and wettability changes during carbon dioxide injection
into these aquifers will depend on variations of the three interfacial tensions found in
Yongds equat iofdhoese with fiormatiorewatergpll buffering capability the
change in wettability will depend on changes in sgid and liquid gas interfacial

tensions.
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The third type of saline aquifer rock deserves to be distinguished because they are
monomineralic in daite. These are the carbonate formations. In these saline aquifers there
is abundant calcite to react with added hydrogen ion to the extent that pH increases can
occur after some time and this can lead to decreases iwat#dinterfacial tension leadjn

to eminent wettability change. It is, however, important to mention that in those siliciclastic
saline aquifers where theese formation water pH buffering mechanisms the minerals
responsible for these (iron and magnesium carbonates) occur as acoesstgrdinate
minerals. This means that excess of hydrogen ion concentration following high gas

saturation can lead to this pH buffering mechanism to be lost

226 PRESENT RESEARCH TOPIC

To provide contact angle data for thstem CQ-waterrock, thepresent work will utilize
rock samples from potential geologic repositories with promising global storage iespacit
To also replicate past workthe present wd will choose two mineralogitly distinct
sandstones. They are Wallace sandstone withaarichemistry and Fontainebleau

sandstone with 99% quartz.

The present work will also pursue its theoretical objective by carrying out a mathematical

model of the pH induced wettaltyfichange on minerals surfaces.

2.27 SUMMARY AND CONCLUSIONS

The principal objective of this thesis work is to research wettability evolution
accompanying anthropogenicO; into saline aquifers due to water rock interaction
phenomena. In this chapteéhe theoretical foundations underlying notalihge energy
chang of spontaneous imbibition processes that are intimately linked to wettability have
been thoroughly reviewed to aid understanding of wettability evolution. Accordingly, the
cause of wettability evolution in such systems, namely digjidd interfacial eergy
evolution due to pH changes been clearly explained in the context of the surface chemistry
of reservoir rocks. The theoretical basis for the computation of contact angle and free
energy change of spontaneous imbibition has also been thoroughlyststdbiVhat is

more, the net effect of pH changes followi@@: injection is seen in wettability changes
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which result from changes in soliduid interfacial tension. Accordingly, the relationship
of solid-liquid interfacial energy to the pH of aqueous meahd the point of zero charge
pH of the solid surface has also been established. Also, thermodynamic and fractional flow
theories required to deal with cases of mutual phase solubdig been established.
Cation exchange reactions and surface adsorpéactions arevo geochemical reactions
pertinent to water rock interactions. The theoretical basis of cation exchange reaction has

beenreviewed

Prior to the injection o€0; into a saline aquifer, the interfacial tension or energy between
reservoifaquifer rock surface and water has a fixed value determined by the state of
formation water salinity,temperature and pH.@G&; is injected, the dissolution of this gas

will alter formation water pH. From intermolecular forces theory of surface and or
interfacial tension, the interfacial tension can be regarded as being the sum of the
contributions from Lifshitzvan Der Waals and polar contributions which have
electrosataic origiffOsset al, 19884. pH alteration following carbon dioxide injection

will modify the surface charge of rocks. This interfacial charge development will cause
change in the contributions of the acid and base compopémssid-liquid interfacial
tesnion. Fr om theacantaqg @éngle whighuisatheithermgodynmaic measure
of the wettability of the system; aquifer rock surfaeatercarbon dioxide is controlled by
three major interfacial tensions/energies related to the interfaces of the system. They are,
solid-gas interacial tension, wategas interfa@ tension and solidvater interfaial
tension. Under conditions typical of geological carbon sequstrati@ne pressures are in
excess of 15 MPa with hypersaline formation hrihe interfacial tension of liquidas as

well as solid gas will be practically constant (appen@t1 and 4G. Therefore, the major
interfacial tension that will control water wettability of aquifer rock surface is the-solid
liquid interfacial tension which evolves in response to carbon diodiskolution and
acidity increases. The predominant cause of system wettabildhgehrelated to carbon
geosequestration,isherefore pH variation. This chapter of the thesis work has shown
theoretically the dependence of wettability on pH. In additathis major task, it has also
shown the parallel phenomen related to electrostatic induced wettability modification by

drawing an example from the electocapillary phenomenon in the colloid industry
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For the sake of anthropogenic carbon storage incddstic saline aquifers, two types can

be identified. They are the quatz rich (quartz arenite) and high to moderate quartz containing
saline aquifer rockgMcbride, 1963; Suttneet al, 1981) The latter type often has
significant amount of authigenminerals like mica and glauconite among others, that have
the potentential to buffer formation water pH during carbon dioxide injection. This,
therefore, has the potential effect of oppossing wettability change despite carbon dioxide
dissolution. The next chapter of this thesis work will be devoted first tsting
experimentallythe pH wettability relationship derived in in this chapter and second to
determining the response of different saline aquifer rocks to pH induced wettability
evolution. The laterask will employ two mineralogically distinct saline aquifer rock types.
The extent of pH buffering reactions for these types of rocks will also be experimentally
investigated.

With this goal in mind, the principal motivation with regard to experimantaddeés that

the major cause of contact angle or wettability changes umdgtiu geologic conditions

of carbon dioxide injection is change in seliguid interfacial tension induced by
ionization of surfcace hroxyl grogpn response to formation wat#t changes. Therefore,
any experimantal set up that can lead to realization of this major physiochesaatadn
while pH is varied will provide similar experimental conditions for study. Consequently,
the spontaneous imbibition flow into porous or capjlltubes where capillary presure
gradient is the major driving force will be exploited for achieving the exeperimental
objectives. In this set up, synthetic formation brine of varying pH will be made to imbibe

into samples of porous media filled with a@rthe non wetting phadieid.

The motivation for the choice of the spontaneous imbibition method stems from the fact
that dewetting of a mneral surface by carbon dioxid&ine-solid interaction is caused
principally by water rock reaction that becom#eaive when the pH of brine changes. In

this regard, it is not carbon dioxide direct interaction with solid surface that causes
dewetting. In the end, previous researchers measured contact angles that evolved due to pH
changes and this pH change is caulg the formation of carbonic acid in brine and its
subsequent dissolution that increases hydrogen ion activity. Therefore, any means that can

be used to replicate pH change in the presence of a mineral/rock surface while information
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about contact angls deduced will lead to realization of experimental goals similar to those
of previous researchers. In this reagrd, acidifying experimental brine to a given pH level
for the spontaneous imbibition experiments is like having carbon dioxidegaten
pressue to effect dissolution for the production of carbonic acid which dissociates to

establish a corresponding pH level in the case of previous researcher.

To test the Hypothesis that rocks with different mineral aggregétiehave difference
response to plhanges and wettability evolution in saline aquifer following carbon dioxide
injection, samples of siliciclastic rocks of differemarying authigenic mineral (clay

mineral) concentration will be used for cation exchnage reaction experiments.

In the publibed work of Carreet al, (2003), a parabolic fit was obtained for an
experimental data involving a chemically modified silica surface. In this regard, a plot of
the cosine of the contact angle (wettability) and the pH of aqueous solution (Figure 5) and
that of contact angle andHpof aqueous solution (Figure 4) agree with the model in the
present work. It is worth mentioning here that while the experimental data fit gave a
parabolic trend with an excellent regression, there was no prior model. By integrating
Nernst equation of et¢rochemistry and surface charge density theory with the equation
given by Carreet al, (2003), Eqg. (), the parabolic trend has been explicitly and

mathematically proven.

This chapter has therefore, fully established all theoretical concepts requiesthieving

its principal objectives. What is more, it has invoked the concepts of intermolecular forces
as encountered in the syst€®,-water and rock in addition to invoking the fundamental
tenets of the molecular kinetic theory of wetting to estalihghfact that contact angle
measured so far for these systems which are models of what is expected in the actual
geologic medium o€0; storage lack the overall acid base interagairihe entire system.

71



CHAPTER 3

3. DERIVATION OF CONTACT ANGLE UNDE R DRANAGE
FLOW CONDITIONS

3.1Relationship of Wettability to Multi -Phase Flow in Porous Media
Wettability is a fundamental petrophysical parameter related to-phdse flow in porous

media and it determines the flow and distribution of phases in timspaue. Therefore,
multi-phase porous media fluid flowatarelated to imbibition and drainagsontain
indirect information about wettability or contact angle. The objective of this section is
derive an equation for calculating contact angle from drgénfhow data. This will provide

the opportunity for calculating contact angles from drainage relative permeability data from
mineralogically distinct rock samples as part to the approach to testing the principal
hypothesis.

Leveretintroduced the universal capillary pressure function which links capillary pressure
to a J functionwhich depends on saturatiamd the average pore throat radius of the

sediment. This equation givédam and Kaviany, 2003; Kraus¢al., 2009)

P. =g, cosq\/% (S.) (3-1)

in whichPF,, g, Cosq,\/é,J(SW) are capillary pressure (Pascal), interfacial tension

between C@and water, contact angle for the system, reciprocal of average pore diameter
(m) and Leveret J function (dimensionless) respectively.

To calculate capillary pressyrine proper form of theeveretfunction must be usedhis

is givenas(Silin et al, 2009)

al1 0 a1 @
J(S\N):A%-lg;ﬂs%c - 19 (3-2)
S S
in which
5= o @3
1-§



In which A B,c,,c, are fitting parameterS, is water saturation [fraction] an8 is

irreducible water saturation [fraction]

This equation is written with the curve fitting parameter@\&sn & Kaviany, 2003)

o ~ o ey
3(s,)=0.003gkE - 18+ 026 - 1§ (3-4)
cS* =+ cS® =
Equation (31) can now be written as:
i (35)

gy COSg = ——
AT

The relationship between capillary pressure, breakthrough capillary pressure and effective

saturation is given g&ewen, 2004)
P.=RE—— 3-6
d béﬁl_ S 8 (3-6)

in which P,is drainage capillary pressuRepreakthrough capillary pressure andis

irreducible water saturatiord, is water saturation in drainage flow experiments larisi

the pore size distribution index.

SubstitutionEq. (36) into Eqn. (35) gives:

0
£1-g,

9y COSq = - =
\/7\] (s,
K

The thermodgamic significance of Eqn. {B) can be realized by reference to the definition

(3-7)

N—r

of interfacial tension and the cosine of the contact angle. The interfacial tension between

brine andwvater is the force per unit lengtieasured at the interface or the thermodynamic

work done required toreate unit interfacial are@gRosen & Kunjappu, 2012)hile the

cosine of the contact angle is the wettabi(iBheccoet al, 2003)of the system carbon

dioxide, water and rock. The unit of interfacial tension is force per unit length while the
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cosine of contact angle is dimensionless. In the molecular kinetic theory of wWBlakeg

& Coninck, 2002; Petrove & Petrove, 199k prodict of these two thermodynamic
guantities represents a driving wetting force in the partial wetting domain. Under constant
wettability conditions the product must be constant for the system while under varying
conditions of contact angle or interfacial $&m or both the product must change
accordingly. This equation will be used later in thizrk together with the proper form of
Leveret Jfunction as given by Eqgn. {8 for testing pH buffering capacity of different
sandstonesusing drainage relative preability data It will also be used to calculate

contact angle for constant wettability conditions.

3.2 DERIVATION OF PORE SIZE DISTRIBUTION INDEX FROM
DRAINAGE RELATIVE PERMEABILITY DATA

The utility of Eq.(3-7) lies in its ability to calculate the product of the interfacial tension
and wettability which measures wetting tendency. To be able to dinfoamation about
the macroscopic parameter of pore size distribution must be knoken.following
approab givesdetails for determininghis parameter from drianage relative permeability

data:

The relationship between water drainage relative permeability, effective water saturation
and the pores size distribution index is given(@&ostrom & Lenhard, 1998;Rleet al,
2004)

krw = Sg (3'8)
In which krwis waterdrainagerelative permeability,S, is effective saturation Eq. {3)

and/7=/3+3

Taking logarithm oboth sidesnd plotting logarithnof water redtive permeability versus
logarithm of effcetive saturation gives a straight line where the gradient can befsolved
lamda and the absolute value usHaus lamda is equal to:
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2+3/ _ dlogkrw
/ dlogSe

(3-9)

Equation (38) enabls calculatiorof the pore sized distribution index given the definition

of effective water saturaticend the gradient of the plot

Purcelalso presented the following equation for water drainage relative perme@hility
& Horne, 2002)

QY (3-10)

In the literature, experimental evidence shows that Bfootey equation3-8) calculates
wat er relative permeability | ower than e:
calculates water relative permeability that matches raxpatal dataWhat is more, Eq.
(3-10) can be treated similar to Eq.-&§B to obtain information about the pore size
distribution index. In the present woikq. (310) was used to generate information about
this parameter. Also, given water relative permeability versus effective saturation data this

parameter can be calculated for every saturation and the average value conpuged.

(3-11)

3.3CALCULATION OF CONTACT ANGLE FROM C APILLARY
RISE

If a capillary tube is dipped into a beaker containing water, capillary imbibition results in
an equilibrium height above the level of water in the beaker #rabe linked ta@wontact
angle gravitational constant, density imbining fluid, surface tension of imbining fluid

and capillary radius as:

cosq = ngr h, (3-12

Gy

In which gis contact angle/ is density of imbining fluid,g is gravitaional constant,is

capillary radius,heis equilbrium constant and,y is the liquid-vapor interfacial tensign

here taken to be equal to the surface tension of imbibing fluid.
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CHAPTER 4 EXPERIMENTAL PROGRAM

The objective of this chapter is testthe wettabilitypH relationship derived in Chapter 2
This chapter outlines the design of suitable experimentalgmyges for testingconcepts
relating to possible formation water pH buffering due to the presence of diagenetic minerals

and effect on contact angle evolution.

One cause of wettability decrease in the system carbon dibxitkesolid/rock is the water
rock interaction reaction which leads to increasesaind-liquid interfacial tension as
explained in Chapter Zhe goal of the experimental set up is to realiager rock reaction
by causing brine at a given pid imbibe spontaneously into an air fill@drous filled
system. In this way, water rock interaction caused by proton adsogptmmzed surface
sites in the porous system will cause wettability evotusimilar to that in actual geologic

systems

4.0 EXPERIMENTAL PROGAMS AND OBJECTIVES

4.0.1 Capillary Imbibition Experiments
The mathematical moddEq. 270) developed in thighesisresulted ina parabolic

relationship between wetidity and aqueoussolution pH. The objective of this
experimental design is testthis equation by varying the pH of water imbibing into a
capillary tube at room temperature. Wettability will be quantified bytaminangle
calculation using aapillary rise equatian

4.02 Rock Imbibition Experiments with Wallace Sandstone Core Samples

Wallace sandstone contains 82% sili@uarry, 2001)and significant amounts of
glauconite and mica. The objective of this experiment is to show the potential for these
authigenic mineralso buffer formation water pH and to also resist wettability changes
during CQ injection. This experimenuill therefore test the principal hypothesis of this
study.

4.0.3 Rock Imbibition Experiments with Fontainebleau Sandstone Core Samples
Compared to Wiace sandstone from Wallace, Nova Scotia, Fontainebleau sandstone has
99 percent silicgTimothy, et al, 2006)(see Table 1) with quartz cement. lttiserefore

an extreme case compared to Wallace sandstone. It is, therefore, expected that lack of
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significant amount of diagenetiminerals will causesignificant pH changes in saline
aquifers hosted by this rock during €i@jection and will lead to pronounced wagtility
change. This experiment will further test the principal hypothesis.

4.0.4 Sand Pack Experiments

This system is mineralogically similar that used elsewhere (Kimt al, 2012) but
structurally different due to its role as a porous medium rathardlsimple mineral surface

on which contact angle can be measured. Spontaneous imbibition contact angle
determinations from these experiments will represent those ofwiditexr systems where

pH induced surface reactions can produce contact angle creamgjas to those of simple
mineral surfaces. In the present study, there is material limitation with regard to
Fontainebleau sandstone core sample. The objective of this experiment is to be able to
conduct more experiments with a representative porousumedimilar to that of
Fontainebleau sandstorkEhe sand pack consisting of silica will enable realization of this
goal since Fontainebleau is 99% silita.achieve this objective sand grains will be loaded
into custom built imbibition tubes to producerpos system with the desired compaosition.
4.0.5 Investigation of Cation Exchange Reaction

These experiments are design to test the potential of authigenic minerals to influence pH
induced wettability change in C@rine-silica systems. These constitutket third
experimental design that will test the principal hypothesis of this Wdris. experiment

will be conducted by milling samples of Wallace sandstone and Fontainebleau sandstone.
Known weights of powdered samples will then be added to acidified brid pH versus

time of agueous solution will be recordedditect cation exchange reactions if any.

4.1 MATERIALS AND EQUIPMENT

4.11 GeologicMaterials
To systematically achieve the theoretical objective of this sttslg sandstone core

samples with distinct variation in mineraloggreused. Onavas Wallace sandstone. This
is glauconitic sandstone that occurs in the late Jurassic to early cretaceous unit of the
Scotian Group. The geological motivation for the choicktbis sandstone is that the
Scotian Group contains thick unig8ppendix4D) of this glauconitic sandstone that are

potential target for carbon geosequestratidppendix4E gives the chemical composition
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of this sandstone as given by the Mineral Processing Laboratory of Dalhousie University.
Color wise it is greyish green with distinathiny mineralsAll cores used were drilled

from one chunk of rock procured fraitme Wallace Quarryn Nova ScotiaThe ©res were

drilled with water as the lubricating fluid and later cut into the required length and diameter
using a different machine with oil as lubricating fluichey were thoroughly cleaned to
remove chemicals and oil stains using a combination of telaed alcoholThe average

value of porosity measured was 12% and that of permeability was 0.7 mD. These values,
particularly porosity, compare quite well with those deduced in this laboratory in oil
recovery experiments (appdix 4Q using these sandstooere samples. The cores had

diameter equal to 38 mm and lehgqual to 76 mm.

The other sandstone is Fontainebleau from the Dogger Formation in France. This sandstone
is quartz arenite with 99gpcent quartz and quartz ceménndquist & Venkatarangan,

2000) It is Eocene of age and looks dull white in appearance. The samples were purchased
from Vinci Technology in FranceThey had already been usadorevious core flooding

tests involving oil recovery. The cores wéherefore cleaned for use in this study. After
thorough cleaning the porosities of the cores were determined using the imbibition method.
4.1.2 Characterization

Petrophysical characterization of core samples was achieved using two approaches that are
stanard in the petroleum industry. The porosity of the core samples was determined using
the imbibition method. In this methpthe core samples were initially cleaned to remove
stains due to fluid used in drilling. The cores were weighed empty and theragutaker

of brine which was lefin a vacuum chambe(Stable vacuum oven model 281Apr
saturation overnighfThe saturated core was then retrieved and weighed. The difference
between the wet weight and the dry weight gave the mass of brine occupyipgreéhe
space. The volume of brine was obtained by dividing this mass by the density of brine at
experimental conditions. Porosity was calculated by dividing the volume of brine by the

bulk volume of core sample.

Permeability was determined using the Benaop telative permeability core flooding
equipment manufactured by Vinci Technology of Franeguife 4-2). A plot for pressure

drop versus flow rate fdfontainebleau sandstotest is seen in appendi¥4
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Figure 4-1b: Bench Top Core Flooding Equipment with 2 accumulators and Hssler
Core Barrel

The system is operated using a positive displacement pump and testing is digitally
monitored using a pragmmednstalled on a computer.

4.1.3 Brine pH Measurement

ThepH was measuredith a double junctioprobe(pH TESTR 30) capable of measuring

to two decimaplaces with an error of 0.01 pAdjustment othe pH of aqueous solution

was achieved by using nitracid

4.1.4 Brine Preparation and Core Sample Characterization

Experimental brine was prepared using laboratory grade sodium chloride and calcium
chloride manufacture by Sigma Aldrich. The chemicals were used without further
purifications. The brines wediegassed and store at room temperature before spontaneous
imbibition experiments. Dominant ions of formation brine sample belonging to the
Carboniferous of Sydney Basin (Cape Bret¢dMartel et al, 2001) were used. This
consisted of dissolving 21.3 g ddilcium chloride dihydrate and 110 g of sodium chloride

in 1-dm?® of distilled water These correspond to the weight of individual solids found in

this basin brineThis gives total dissolved solute of 132300 mg/I
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4.1.5 Contact Angle and Free Energy Change @mputation
The equations for calculating contact angle and free energy change of spontaneous

imbibition contain petrophysical parameters (®ity and permeability), theydamic
viscosity of the imbibing fluid and the interfacial tension between the imdpithiid and

air content of the porous medium. The calculations of contact angle and free energy change
assumed that the addition of acid did not change the interfacial tension between brine and
air to a measurable exteffihis is seen from appenddM for hydrochloric acidor values

of pH typical of those used in these experiments

4.2 EXPERIMENTAL PROCEDURES UNDER AMBIENT
CONDITIONS

4.21 Capillary and Rock Imbibition Experimental Procedures
All  spontaneous imbibition experiments involving capillary tubéjallace and

Fontainebleau Sandstonere samplesandsand packporous systemaere performed at

room temperature. In the capillary tube experimgpitscontrol of aqueous solution was
achieved using dilute nitric acidlhe use of dilute nitric acid stems from the fact that in the
pH induced wettability change it is the protonation of solid surface deprotonated sites that
results in solidiquid interfacial tension chandeading towettability change. This acid

will dissociate to produce hydrogen ions for this reaction.

The capillary tube was glued to the sideaaicale to make it easier to read height rise of
the meniscus. The expermtal setup is seen in Fig.-2 and Fig. 43. Figure 45 gives the
schematics of the sep. To avoid evaporation of water from the surface of water in the
beaker a thin film of mineral oil was poured on the water. To begin the experiment the
capillary tube with scale is dipped into the beaker with part cfytbezem below water level.

The equilibrium height was then read with the surface of water as the zero level. This

procedure was used for different pH of the aqueous solution.
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Figure 4-3: Capillary rise experimentsin progress
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Thin oil film over water

Capillary tube

‘ ~ Beaker of water

Figure 4-4: Schematic of capillary imbibition set-up

4.22 Rock Imbibition Experimental Procedure
Spontaneous imbibition into an air filled core was achieved by maimgaionstant contact

with the corebottom surface with a beaker of brine at a given pH. To avoid pH changes
due to evaporation from the surface of the beakdrin film of light oil was poured on the
surface of the water in the beaker. Height rise was read from a scale attached¢k.the ro
Spontaneous imbibition time was measured using a stopwritpires 45 through 47

show the setips while Figures 46 and 47 show experimental images. Figur8 4hows

the schematic of the set up.

l i \

Figure 4-5; Experlmental setup before Flgure 4- 6: Imbibition front after 52
imbibition minutes of rock imbibition
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Figure 4-7: Imbibition front after 52 minutes of rock
imbibition

Core sample Clamp

Beaker of water e

Table —

Figure 4-8: Schematic of experimental set up

4.23 Sand Pack Imbibition Experimental Procedure
Sand grainsvere scoopeffom Dalhousie University Civil Engineering aggregptieand

dried. Normally sand deposits are mined from sand deposits and they would normally
contain some amount of clay minerals. Sand pack porous systems were produced by
loading dried saghinto custom built imbibition tube3he astom built imbibition tubes

(28 mmF x 200 mmlong) were made ithouse Figure 49 shows these tubes with
graduation while Figure-40 shows the experimental set up. Figur@ldshows the
schematics of the set upo obtain consistent porosity and permeability the loaded tubes
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were taped in a consistent number to ensure eguapaction. Spontaneous imbibition of

experimental brine of varying pH were conducted and imbibition rise versus time data were

acquired.

’

L | E.B!‘.‘
n
i

n
|

b

"
-
=
L]
-«
«
—_d
-
-
-
a
-

Figure 4-10: Experimental setup for

Figure 4-9: Custom built imbibition
sand pack imbibition experiment

tubes
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Figure 4-11: Schematicof sand pack imbibition experiment

4.3 CAPILLARY IMBIBI TION EXPERIMENTAL RESULTS AND
DISCUSSION

The capillary tubgused in this experiment da diameter of 0.6 mm. Synthetic brine used
in spontaneous imbibition experiments were also used for these experi@entact

angles at varying pH of imbibing brine were calculated usind¥&8).

Figures 412, 413 and 414 give plots of wettability vesus pH with regression coefficients
of 0.97, 094 and Q91 respectively while Figure-15 gives a plobf contact angle versus
pH with regression of 0.91.
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Figure 4-12: A plot of wettability versus pH of brine for experiment 1(from
appendix 4.3.1)
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Figure 4-13: A plot of wettability versus pH of brine for experiment 2 (from
appendix 4.3.2)eplot
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Figure 4-14: A plot of wettability versus pH of brine for experiment 3 (from
appendix 4.33)
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Figure 4-15: A plot of contact angle versus pH of brir for experiment 3 (from
appendix 4.3.3)

Figure 416 shows a plot afontactangleversuspH where the pH of aqueous solution was
adjusted usig sodium hydroxide solution. Ehregression for this plot is the highest with

a vale equal to 0.99.
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Figure 4-16: Plot of contact angle versus pH using data from appendix 4.3.3.1

Elsewhere gppendix 43, Appendix 44.2 and Appendix 4N the graph of contact angle
versus pH is similar to those obtained in this study

4.3.1 Validation of the wettability -pH parabolic equation

The equatior§2-70) derived in this study that predicts a quadratic relationstiwden pH

and wettability has a coefficient that depends number of physical constanthese are

listed inTable 41. These physical constants were used in appendix 44l extent of
validity of this equation depends on computation of the coefficients of the quadratic fits
using these input parameters. The digystep conputation given in appendix 4.4using

inputs @rameters shows that calculated coefficients are quite close to those of the quadratic
fits.

Table 4-1 Parameters for input Calculations

Physical Constant Value
Universal gas consta(i) 8300 J/K/mol
Boltzmann constar(ks) 3.8*10°%7 J/K
TemperaturéK) 273 K
Faraday constariF) 96485 C/m
Dielectric constant of brir(g) 75.44 F/m
Interfacial tensior(gw) 0.073 N/m
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The validation of the equation gives the following equations with coefficients:

For experiment {Figure 412) substitutions of coefficients gives the quadratic equation

as:
y=0010x - 0.04x+0.32 (4-1)

From the parabolic fit to experimental d@fagure 412)the experimental equation
gives:

y=0.0088" - 0.0581+0.8701Z (4-2)

The coefficients of thesequations are appreciably closer

For Figure 413, substitution of coefficients gives the quadratic equation as
y=0.010x* - 0.04x +0.51 (4-3)
Parabolic fit to experimental data gives:

y=0.0137%’ - 0.086x+0.6057 (4-4)

The coefficients of these equations al® appreciably clos¢o fitted ones

4.3.2 Calculation of Point of Zero Charge pH of Borosilicate Glass

Theoretically at the point of zero charge pH of the solid surface the gradient of the plot of
wettability versus pH must be zero because this isnihemum wettability.To obtain this

pH for the solid surfagehe quadratic equatiortbat fit the dataare differentiated and
equated to zero. The pithen the resulting equation is solyedequal to the point of zero
charge pH. Using this approach the following are the point of zero charge pH of borosilicate
glass surface for the three experimefisp #1 = 3.3Q Exp #2 =3.14; and Exp 8 = 2.84

which gives araverage= 3.1. Carreet al, (2003) obtained 3 faglass in a similar plot.

(Bourikaset al, 2003) used different techniques to obtain the point of zero charge pH of
quartz. The following were their values for five different meth&ds; 3.3, 3.0, 2.%nd

3.2, which gives araverage= 3.1 Theoretically derived point of zero charge pH from
Figure 416 gives 1.58 which is within values expected for gMsasek, 2002Table 1)

Obviously this value is lower tharnbse deduced from previous plots. It is also lower than
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those dedced from the cdéd reference above. This requirsplanation. Actually the
experimental da for plotting Figure 416 was acquired after using all the available
capillary tubes in the first set of experiments where the gdoéousolution was reduced

using nitric acidacid. Examination of the figures show that a:bw pH conditions were
reachedat the end of each experiment. Generally, silicate dissolution is motivated by two
principal causes. In the sedimentary basin, silica dissolution due to sgorpanotivation

has been implicated for basin subsidence (Walderéialg 2001). Another cause of silica
dissolution is pH motivation. This can be extremely high pH (Bauer and Berger, 1998) or
extremely low pH.The implication is that silica dissolutlmnlow pH mediation (Knauss

and Wolery, 1998; Muhammaat al, 2011) was encountered under these pH conditions
encountered at the end of the pH reduction experiments. The implication is that surface
etching due to dissolution introduced what is knownhe tvettability literature as a
roughness induced wettability (Netz and Andelman, 1997; HermisgBa00; Ruppet

al., 2004). To see why the resulting point of zero charge pH will be lower than those
encountered earlier requires recdllithat the quadratiequation (2Z/0) predicts a higher
wettability for a given pH where the point of zero charge pH of solid surface is higher and
vice versaln this regard, Figure-46 gives contact angles cleaHigher, particularly when
compared to literature values (Appendix 4 @s)). This explains the lower value deduced

for Figure 416. Also, while it is not within the scope of this thesis work to introduce crystal
theory related to the point of zero cgampH it is sufficient to mention that the point of zero
charge pH of a mineral surface has been deduced by integrating crystal chemistry. In this
regard, Sverjensky, (1994) has contributed to point of zero charge pH determination by
adding electrostaticodvation theory to crystal chemistry. Therefore, etching of silica by
dissolution will have the effect on crystal that will also affect the point of zero charge pH
as found in this work. The reason is thasdlgion produces surface with mineral crystal

that have weak metal to oxygen bond

Information from the capillary glass tube manufacturer indicates it is borosilicate or fused
glass. This type of glass is preferred in the laboratory because of its very low thermal
expansivity and higboiling point(Barzet al, 2009) Barzet al (2009)measured the zeta

potential of borosilicate or fused glass as a function of agueous solution pH for different

ionic strength. By normalizing the zeta potential with the negative logarithm of the ionic
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strength there was a collapse of data onto a single curve. The result could be fitted with a
curve and the extrapolation of this curve to zero zeta potential that correspahds
isoelectric point also known as the point of zero charge pH for statditioms gave a
range of pH values between 1.7 and\@pendix 44.2 (iso) shows the resultn addition

to this(Scaleset al, 1992)reported values of the isoelectric point of borosilicate glass to
be between 2.6 and 2.8. The average for these litenadiues gives 2.4. The difference
between this and that obtained using spontaneous imbibition is 0.6. In compagson

the value of 3 obtained in this study is appropri&egarding surfaces and interfacial
electrical pheomena, the isdectric pointwhich is the elctrokinetiequivalent of the point

of zero charge pH of a solid surface (Kosmulski, 2009) has been determinedarstizgy
argle and or wettability versus pHlots (Cuddy et al, 2013; BarthelsLabrausse, 202;
Trevinoet al; 2011).Appendix 4.4.4iso) shows plots similar to those of this study with
scatter

4.3.3 Conclusion

One utility of the wettability versus pH equation in this study lies in its applicability to the
deduction of the point of zehargepH of a solid surface In this studythe quadratic fits
give average values of the point of zetwmrgepH of borosilicate glass from which the
capillary tubes are made to beAppendix 4G and appendix 4H show values for silca

be inclose agreement his is quite within the range of values reported for silica glass
which comea from quartz with the same value of point of zero charge pH. The value also
agrees with the averagalue obtained b{Bourikaset al, 20030

Results of the experimental workhow close agreement with theoryln addition,
calculation of the coefficients of the quadratic fits for two experiments using fundamental

physical constants show close agreement.

The wettability pH relationshif2-70) was derived irChapter Zassuming onstant fluid

fluid and solid gas interfacial tension and varying &bfuid interfacial tension. The
simulated experiments where water at varying pH imbibes into a capillary tube containing
air shows variation of contact angles with pH. The followirggtae principal conclusions

from theseexperimers.
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1. The wettabilitypH equation is parabolic. Fitting of capillary imbibition
experimental data with a quadratic trend shows thaation of wettability with
the pH of experimental brine is appreciably described by this equation.

2. Results of wettability versus pH measurement using capillary imbibition can be
used to obtain information about theigaof zero charge pH of quartz and this has
helped to achieve the task related to the point of zero charge pH of a solid surface.

3. The average value of 3.1 for the point of zero charge pH of borosilicate glass is
quite close to that obtained in a published work involving contact angle versus pH
plot for bare glass.

4. Under geological conditions of carbon dioxide sequestratiailigiclastic saline

aquifers wettability will change due to pH changes of formation water

4.4 ROCK SPONTANEOUS IMBIBITION EXPERIMENTAL
RESULTS AND DISCUSSION

In this work contact angle and free energy change of spontaneous imbibition were

computed using the following equations previously derived:

AT —— - ° (2-17)

y o —ct= (2-12)
where DG is thechange in free engy of spontaneous imbibitio/m?), gy air-water
interfacial tensionN/m), g gravity (n¥/s), mdynamic viscosity of liquid (Pa.sK absolute
permeability (M), f porosity (fraction)— is thegradient of heighsquaredss.time plot
(m?/s) andq contact angle respectively

pH of experimental brine was adjusted using nitric acid as béfbeefacial tension values

for calculations were obtained using the concept of interfacial tension gradient by
considering salinity effect. In this regard, the net effect for this caldnuonide and sodium
chloride brine was taken as the sum due to individual surface tension gradients
(Weissenbor& Pugh, 1996).
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4.4.1 Discussion
Table 42a gives a summary of calculated contact angle and free energy change of

spontaneous imbibition usingallace Sandstone core samples with synthetic brine. The
thermodynamic free energy change in spontaneous imbibition measures the work done
related to molecular displacement of air by imbibing briffee computations are carried
out using information from Figes 417 to 421a All experiments give very good linear
correlation coefficient in accordance wipontaneous imbibition dynamitiseory. The
average value of the contact angles for diffeq@ft of aqueous solutions gives 89.71
degrees while the averagaluefor free energy change give0034kJ/n?. The average
contact angle of 871 compares quite well with all values for these experiments. The
average value of 00034for the free energy changes for all experiments also compares
quite well with thos of individual free energy changes except that for the experiment with
pH equal to 9.77.

Table 4-2a: Experiment with synthetic brine using Wallace sandstone

H -8
oH Graerez?st][lo Contact anglé°] Free e[rj](—;-rrT?z]yhange =2
1.79 4 89.68 0.00037 0.99
3.00 3 89.76 0.00028 0.99
5.11 4 89.68 0.00037 0.99
6.77 5 89.61 0.00047 0.99
9.77 2 89.84 0.00019 0.99
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Figure 4-17: Plot of height squared versus time for early spontaneous imbibition
dynamics for pH equal to 1.79 (from appendix 4.4..1) (Wallace Sandstone)
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Figure 4-18: A plot of height rise squared versus time for early spontaneous

imbibition dynamics for pH equal to 3.05 (from appendix 4.4L.2) (Wallace
Sandstone)
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Figure 4-19: A plot of height rise squaredversus time for early spontaneous
imbibition dynamics for pH equal to 5.11 (from appendix 4.4L.3) (Wallace
Sandstone)
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Figure 4-20: A plot of height rise squaredversus time for early spontaneous
imbibition dynamics for pH equalto 6.77 (from appendix4.5.1.4)(Wallace
Sandstone)

95



0.0018 y = 2E08x
0.0016 - R2 = 0.9906

O ‘ T T T T 1
0 20000 40000 60000 80000 100000
Time-[s]

Figure 4-21a A plot of height rise squared versus timdor early spontaneous

imbibition dynamics for pH equal to 9.77 (from appendix 4.5.1.5jWallace

Sandstone)

Table 42b represents repeated experimental results foradéaandstone, this time with

pH values ranging from 3.5 to 6.6. The average value of contact angles for all pH in this
case is 89.53 degrees while the average value of free energy changes is 0.0005@&g¢ém
averages compare quite well with those of TabBa4or the same rock sample. In all
cases, one interesting and distinct observation as far as the principal objective of this thesis
work is concerned is that for this rock type, pH changes resulitmost insignificant

contact angle changd3ata for thisTableare deduced from Figure2lb
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Figure 4-21b: Combined plots for repeatedWallace sandstone experiment using
brine (from appendix 4.8.5 through 4.8.7)

Table 4-2b: Repeated experiment withsynthetic brine using Wallace sandstone

i 3
oH Gradr#;/nsi[lo Contact anglé°] Free ?r;?rrrl%¥hange R2
3.5 5 89.61 0.00047 0.99
4.5 6 89.53 0.00056 0.99
6.6 7 89.45 0.00066 0.99

Table 42c presents experimental results for tap water usMajlace sanstone core
samples. Data iffable4-2b were derived by plots similar to those presented before, using

experimental data from appendix 4.4.1.6. Here, it makes sense to compare contact angles

for two pH values In this regardat pH equal to 3or the original experiment (Table2h)

the calculated contact angle is 89.76. The repeated contact angle for pH equal to 3.5 (Table
4-2b), gives 89.61. The result for tap water (TabBcligives 89.53. The average for brine
experiments gives 89.69 compare experiment for tap water, 89.53. The difference
between the two is 0.16. This result is to be expected if the surface complexation model
(Wang & Shengche, 19971% invoked here. In this regard, deprotonation of surface

hydroxyl group as explained in Chapter Will produce surface charge species in

accordance with the following equation:
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1 SIOH?2 1 SiO +H- (4-5)
Protonation will also produce the following otian:
1 SIOH2 1 SiOH; (4-6)
At the sameime ionization of dissolved gadpecies will produce the following reactions:

NaCl2 Na* +ClI
(4-7)
CaCl,2 Ca" +2CI°

On the basis of these reactions one would expect contact angle for brine experiment to be
bigger than that for tap water because of the double adsorption phenomenon which drives
the surface of solid more towards zero charge density compared to tap wartetivene

is only hydrogen ion adsorptio@alculated contact angles for pH 1.79 for both cases also
show the same trenth the published worldungand Wan (2012) increasing brine

salinity leads to contact angle increases at a given temperature.

Table 4-2c: Experiment with tap water using Wallace sandstone

i e}
oH Gradnﬁ/nsﬁ[lo Contact anglé°] Free ?g/enr]gzgzhange R2
1.79 5 89.61 0.00050 0.99
3.00 6 89.53 0.00060 0.99
7.66 2 89.84 0.00020 0.99

At a pH of 1.79 the calculated contact angleTfable 42a is 89.68 while that for tap water
experiments (Table-2c) is 89.61. At this low pH surface roughness comes into play due
to proton mediated dissolution mechanism. The contact angle calculated in this case will

not reflect the physics of spontous imbibition exploited for contact angle calculation.

At a pH of 6.7 for the original experiment (Tabl24) the contact angle is 89.61 while that
for tap water at near pH 7.66 (Tabl2d) is 89.84. At the pH values, the surface of silica
is predomimantly deprotonated with negative surface species representing deprotonated

silanol species (first equation). This will prompt the following complexation reactions:
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L SIOH+Na"+Cl" 2 1 SO Na" +H"
(4-7)
1 SIOH+Ca" +2Cl; @ SiO'Ca" +H"

Each of these surface complexation reactions will resulihaneases of solitiquid
interfacial tension in accordance with the energy additivity concept because there will be
adsorption of ions on solid surface due to the presence of surface charges resulting from
protonation o deprotonation reactions. Howevdahe presence of brine will reduce
interfacial tension while for the case of tap water the interfacial tension will be higher. On
the basis of the formula for contact angle computation (Chapter 3) we expect a higher value
of contact angle calculation forgavater experiment compared to brine experiment and

this is the case.

Another factor is accounted for by the obvious effect of salt on interfacial phenomenon
(Cacace,et al, 1997) Generally, interfacial tension of water decreases with salt

concentratiorand this partly accounts for the calculated contact angles and free energies

It is clear thataverage values for contact angles and free energy changes fornallysid

of the experiments show that pH changesdbsignificantly impact water wettabilityf

the rock.This observation is quite contradictory to the mathematical theory of this thesis
work and deserves to be explained in a raalistanner. In this regardhe only way
changes in pH will not lead to changes in wettability despite the esiathliheoretical
relationship between pH and wettability whichs been accepted in publishedrks is

when there is @H buffering mechanism in the system. This can happen if there are
minerals capable of consuming the added hydrogen ion in cheraaations. Typical
minerals can be siderite (iron carbonate), calcite (calcium carbonate cement) and
micaceous minerals such as muscovite or glauconite. The carbonate minerals can react with
excess acidity and this helps to buffer aqueous solution pH thkil®icasand glauconites

can take part in cation (hydrogen ion) exchange with the solution by exchanging potassium
from their framework for solution hydrogen ions. These are the likely causes of wettability
not changing despite pH changes. Therefesgerimental degjn for determining the
possibility of these reactions is absolutely necessary in order to arrimeeaningful
conclusions and this will be plannedthe latter part of this chapter
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Table 43 gives a summary result of experiments with Rombleau sandstone using
synthetic brineThe Table is deduced from Figure22 andFigure 423. The table shows

that at pH equal to 2.8 the contact angle is 88.42ndmahthe pH is increased to 5.34 the
contact angle i84.48 implying wettability increse. A pH of 2.8 is quite closer to 3 and

for Fontainebleau sandstone experiment to produce a result quite different from that of
Wallace sandstone means that this sandstone is sensitive to pH changes with regard to acid
induced wettability alteration. This because; the experimental brines are the same for all
cases. One thing distinct and also interesting while comparing the results of Fontainebleau
sandstone to those of Wallace sandstones is that in the case of the former, a change of pH
from 2.80 to 534 (a change of pH unit of 2.54) causes a measurable contact angle change
(3.94). With regard to results for Wallace sandst@nehange in pH from 3.00 to 5.11
causes contact angle to change from 89.76 to 89.68 resulting in insignificant contact angle
change (0.00).

Table 4-3: Experiment with synthetic brine using Fontainebleau sandstone

Gradient[10’
m?/s]
2.80 2 88.42 0.0019 0.99
5.34 7 84.48 0.0065 0.99

Free energghange R
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Figure 4-22: A plot of height risesquared versus time for early spontaneous
imbibition dynamics for pH equal to 2.80 (from appendix 4.41) (Fontainebleau
Sandstone)
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Figure 4-23: A plot of height rise squared versus time for early spontaneous
imbibition dynamics for pH equal to 5.34 (fran appendix 4.42) (Fontainebleau
Sandstone

The experimental results for R@inebleau sandstonshow the theoretical and
experimental expectations of this thesis work. In other wavd#ability decreases with
decreasing pH of aqueous solution. Therefivelikely explanation for these experimental
results with regard to Fontainebleau sandstone core samples is that therg@gmécant

or no pH buffering mechanism as expected in the case of Wallace sandstone core
experiments.

For both rock typespH decreases result in contact angle increases but this increase is
remarkable for Fontainebleau sandstone compared to Wallace sandstone. In all rock types,
the principal cause for contact angle changes due to pH change will be a reaction involving
the alsorption of hydrogen ions to negative surface species produced from deprotonation
reactions of surface silanol species Eg5)4At pH above 3 the surface of silica wik
negatively charge. As acidity occurs by addition of hydrogen ions, the adsarptiase

ions will cause changes insolidi qui d i nterfacial tensi on,
equation will cause contact angle variation. Therefore, where the added hydrogen ion is

consumed by some kind of reaction this will represent pH buffering.mbans that there
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are always less hydrogen ions to cause significant change idigaldinterfacial tension
to give rise to significant contact angle changes.
4.4. 2 Comparison of Experimental Findings with Results of Published Work on

Water Rock Readion in the presence of Supercritical Carbon Dioxide
The experimental findings of the spontaneous imbibition involving aquifer rocks (Wallace

sandstone) with pH buffering capability and monomineralic rocks (Fontainebleau
sandstone) with nepH buffering cpability have been supported by the research work of
(Newell et al, 2008) In this published work the authors used watek reaction studies

in reaction cells to measure pid.time for different mixtures and interactions of aqueous
solution in the premnce of supercritical carbon dioxide at a temperature and pressie (75
200 bar) typical of carbon geosequestration. Appertlixshows their result for a
monomineralic rock with no pH buffering capability. This appern{dix shows change in

pH of aqueousolution as it interacts with supercritical €@ the absence of carbonate
buffering minerals. In the present work, pH changes of aqueous solution is sintfilat to

of Newell et al, (2008)in the presence of supercritical €@nd indicates wettability
decreases and this has been observed for the case of Fontainebleau sandstone where there
is significant change and for the case of Wallace sandstone where rock mineralogy is the

cause of slight wettability changes.

Figure 423a shows a plot of height square versus time for Wallace Sandstone and
Fontainebleau sandstone experiments. Plots show that even though the pH values are quite
closer the gradient of the plots differ markedly. In the case of Fontainebleau sandstone, the
highe gradient at this pH (2.8) quite closer to that of Wallace Sandstones (3) means that
there is a marked change in contact angle, since the equation for contact angle computation

is directly linked to the gradient of the plot.
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Figure 4-23a: A plot of heicht rise square versus time for experiments on Wallace
Sandstone and Fontainebleau sandstone at pH equal to 3 and 2.8 respectively.

Figure 423 b shows a plot of height squared versus time for Wallace sandstone experiment
using tap water without pH adjustmt. The pH of tap water was read at ambient
temperature a8.4Q This experiments was used as a baseline experiment. The gradient of
the plot is 2*10' m?%/s. Table 42a shows an experimental data with pH equal to 6.77 which

is closer to this pH. The grait of the plot is 5*18 m/s. Table b also shows another
experimental datbor pH equal to 6.6 for repeated Wallace sandstone experiment. This pH
is close to 7.4@&nd the gradient of the plots is 7*40With this gradient the calculated
contact angle for the base line experiment is 88.50 while corresponding values at
approximately the same pH in tabl24 and 42b are 89.6%1and 89.4%respectively. This
corresponds tol.2land 0.98 difference respeactely. This slight variation is to be
expected from wettability theory related to surface charge. In this regard, at pH near neutral
a saline solution with ions will cause surface complexation by adsorption of opposite ions
at opposite surface sites of stdli This reduces surface charge density and would lead to
wettability reduction and contact angle increase. Therefore, the nearly one degree
difference in contact angle is expected. Thus, a saline solution will result in lower
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wettability and higher conta@angle. Furthermore, the close vawé contact anglefor

Wallace sandstone experiments with brine and pH adjustment compared to that of the base
line experiment testifies to the fact that the ambient wettability of this sandstone is
maintained even whit pH changes and this further supports it possible pH buffering
capability
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Figure 4-23b: A plot of height squared versus time for Wallace sandstone
experiment using tap water(appendix 4.4.2a)

Figure 423c shows a similar plot for dlkerosenegxperiment (as a base line wettability)
using Wallace Sandstone core samples. The ambient pH is 7.3. The gradient of the plot is
equal to that of Figure-23b. The contact angle is, therefore, the same. The result of this
experiments further supports tpél buffering capability of Wallace Sandstone. This is
because base line experimental data give computed contact angle similar to those of pH
control experiments.
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Figure 4-23c: A plot of height squared versus time for Wallace sandstonesimg
kerosene (apendix 4.4.2b)

4.4.3 Interpretation of Experimental Results in the Light of Mathematical Model
In Chapter 2 trends of wettability or contact angle changes for rocks and minerals were

mathematically revealed. The conclusion of this chapter with regardHtanguced
wettability change is that for minerals, wettability changes will be more pronounced
following pH change compared to rocKshis is becausgH decrease is the main cause

for wettability decrease and this has been accepted in published woksaitar.In
minerals there argo diagenetic minerals to cause pH buffering. This means there will be
marked pH decreases. In the case of rocks, the presence of diagenetic minerals such as
clays and or phyllosilicates will cause pH changes to be lesses@Ve experimental
findings of this chapter for Wallace sandstone and Fontainebleau sandstone support the
models. In this regard, Table2& through £c show that Wallace sandstone shows
approximately constant contact angle orttedaility while Table 43 for Fontainebleau
sandstone shows that there is significant change in contact angle for a pH change from 2.8
to 5.34. Although both systems are rocks geologically Fontainebleau sandstone is a quartz
arenite with approximately 99% quartz content withgngicant buffering capability. In

the case of Wallace sandstone it makes sense to conclude that as brine of a given pH
imbibes spontaneously thugh the core there is the tendg for pH tobe buffereccausing

contact angles tehange slightly This tendacy could be caused by cation bange

reaction.
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4.4.4 Conclusion
The principal objective of this experimental program was to test the principal hypothesis

of this work. That is, contact angle or wettability evolution during i@fection into saline
aquifers will be controlled by rock mineralogy such that where host rock mineralogy offers
the possibility for pH buffering reactions, wettability evolution will be different from the
case of a saline aquifer rock devoid of thike following are the cohasions of these

experiments:

1. For those sandstone aquifers where there are authigenic minerals capable of
buffering formation water pH, the wettability of the system will show slight
variations.

2. For sandstone saline aquifers that have very high sibogent and insignificant
authigenic minerals for pH buffering, theesttability of the systershow significant
changes with decreases in formation water pH. Generally, there will be significant
decrease in water wettability with changes in formation watter

3. The salinity of the saline aquifer affects wettability evolution such that aquifers
with high salinities will offer the greatest opportunity for significant wettability
decreases with formation water pldcrease.

4. Conclusion 4, therefore, supports thecidion of the geological community to
sequester anthropogenic carbon in deep saline aquifers with -$glper
conditions.

5. The overall result of the experimental program support the principal hypothesis of
this study

4.4.5 Experimental Results for Sand Rck I mbibition and Discussion

Due tothe limited availability regardingontainebleau core samples, only two experiments
were conductedior rock imbibition. Since this sandstone has a high proportion of sand,
one way to arrive at a more conclusive resutbigonduct imbibition experiments on a
porous system with composition that approximates to that of this sandstone. Consequently,
a synthetic porous system where sand is predominant is the ideal one. This system was
obtained by loading sand grains into @stombuilt imbibition tube described earlier.

Spontaneous imbibition teswere then conducted similar to those of rock imbibition test.
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Table 4.4shows the summary results for the gradient of the plots Figs. 424, 426, 4

28, and 429. The good regression of the plots support the early spontaneous imbibition
theory which is the requirement for contact angle computatiba.physical implication

of using sand packs that have predetermined loading into the ebsttimmbibition tubes

is that the porosity and permeability of all sand packgeesumablythe sameConstant
porosity and permeabilities were achieved by gently tapping loaded tubes in a consistent
manner. The theoretical basis for contact angle computation shows that thstea@an

be linked to the gradient of the plot. Téeent of wettability change due to varying pH of
agueoussolutioncan thereforepe correlated with the gradient of the plot énid means

that the higher the gradient of the plot the higher the hiétta(lower contact angleand

vice versaOn the basis of thi®ne would expect that since wettability decreases with pH
the gradient of the straighihe plot must equally decrease with pH decreases ffénd

is clearly observed in Table4lup topH = 4.56. Below this pH or at a pH 3.34 the

gradient of the plot shows an increase. At a pH of 1.96 it decreases again.

Table 4-4: Summary of Experimental Results(Sand pack)

pH Gradient of plot [r¥/s] R?

6.95 0.0013 0.98
4.56 0.0002 0.95
3.34 0.0004 0.99
1.96 0.0001 0.96

In the context of the mathematical model of this stubis trend can be explained by
considering the quadratic relationship between pH and wettability. This quadratic trend
shows a minimum value at the point of zero charigeof the mineral surface. In the case

of sand packthis is between 2.5 to 4.5. This means that in these experiments the point of
zero charge of the surface of the minerals of the sand pack is 4.56. Therefore below this
pH of the agueous solution the wettability will increase and this must be shown by an
increase in the gradient of the straijhé plot atpH value equal to 3.3Z.able 44 clearly

shows this trend. However, in accordance with the theory that the wettability and therefore
the gradient of the straighihe plot must increase monotonicaltyrfoH values below 4.56
there is a clear violation at pH equal to 1.96. At this pH value of the aqueous sahéion
gradient of the plot decreasaseaning an eminent decrease in wettability. In order to
explain this trend in wettabilif\)knowledge of sicate dissolution theory is required which
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is beyond the scope of this thesis work. The fact, however, still remains that these porous
systems with predominantly high silica content similar to Fontainebleau sandstone core
sample show consistent wettalyildecrease with pH decrease which support the principal
hypothesis that porous systems which lack pH buffering mechanisms will respond to
eminent wettability decreases with formation water pH decreasewifagj@carbon dioxide

injection.
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Figure 4-24: Spontaneousmbibition rise squared versus pH for pH equal to 6.95
(from appendix 4.7.1)
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Figure 4-25:. Spontaneous imbibition rise squared versus pH for pH equal to 4.56
(from appendix 4.7.2)
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Figure 4-26: Spontaneousmbibition rise squared versus pH for pH equal to 4.56
plotted for the linear section of the data (from appendix 4.7 )2
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Figure 4-27: Spontaneous imbibition rise squared versus pH for pH equal to 3.34

(from appendix 4.7.3
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Figure 4-28: Spontaneous mbibition rise squaredversus pH for pH equal to 3.34
plotted for the linear part of the data (from appendix 4.7.3
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Figure 4-29: Spontaneous imbibition rise squared versus pH for pH equal t0.26
(from appendix 4.7.9

4.4.6Relative Errors of Straight Line Plots
In all plots of height rise squared versus time the principal parameter for contact angle

computation are the gradients of fhlets Therefore, the accuracy of calculated contact
angle depends much on this parameter. The other parameters are assumed to be accurately
measured. In this regard, errors are assumed to be due mostly to height rise and time
readings and all errors will betegrated in the gradients of the plots. To determine
uncertainty, a graphical method of error analysis was used. In this regard, all figures with
regression coefficients less than 0.95 were subjected to graphical error analysis.
Appendices J and K seriesading frompage (27277) contain the details of approach.

The plots for Wallace Sandstone experiments had regression coefficients 0.99. Figure 4.22
for Fontainebleau Sandstone has a relative error of 0.17 while Figures 4.26 and 4.29 for
sand pack exparients have relative er®0.17 and 0.08 respectively. These uncertainties

are quite minimal and give credence to computed contact angles.

4.47 Introducing Scaled Wettability Concept Plot
The equatiorf2-17) for calculating the contact angle as derivetbbe is:

8
Al —— -
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In this equationthe variables are cosine of contact angle and the gradient of the straight

line plot. All other parameters are constant. The equation can be rewritten as:

dx?
cosg=C—
=
where:
° -05
_ 2maq8

9 (;ﬁ(_+

Diving both sides of the second equatipnC gives:

cosg _Cdx* _dx’
C Cd dt

Henceforththe ratio of the cosine of the contact angle and the gradient of the plot shall be
called a scaled wettabilityvhich can be plotted for everyipgeriment. The following
Figure 4-30 shows a plot of scaled wettability for fousand packed experimentsth a

guadratic fit which is appreciable.
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Figure 4-30: Scaked wettability versus pH for four experiments

On the basis ofhe wettabilitypH relatonship derived in Chapter 3, the point of zero
charge pH of the sand pack porous system can be deduced as the pH of the aqueous solution
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where the wettability is a minimum. From Fig3@ this can be deduced as a pH equal to
2.5. According to Schwaret al, (1984) the value for clean quartz is 3.08 which is quite

close to thisralue

Bourikaset al, (2003)used different techniques to obtain the point of zero charge pH of
guartz. The following were their values for five different meth@&ds; 3.3, 3.02.9, and

3.2which gives an Average 3.14

Paks (19@) reports the point of zero charge pH of quart2&s3.5. The value of 2.5
obtained in the present work falls within those of published works as seen from the cited

references.

To see theheoreticaljustification of this plot requires knowing the surface chemical
reactions that will occur as watetth varyingpH conditions imbibe spontaneously into

the porous sand pack. Here, titmmogeneityof the sand pack requires that thegpaeter

crucial to wetability evolution that controls thepontaneousnbibition be considered:his

is the point of zero chaegpH of quartz. At pH values above the point of zero charge pH
there is deprotonation of the surface hydroxyl functional group (silanol) and theesoff
guartz will have negative sites. As aqueous solution pH decreases there will be proton
adorption at negative sites andgshwill drive the surface towards neutrality. At the point

of zero charge pH the wettability Wbe a minimum. Therefore, iteordance with the pH
dependencef wettability, plot of wettability versus pH must show a minimum from which

the point of zero charge pH can be deduced. Although the number of data points are limited
application of the theory leads to a value of this petar that agrees with those found in
published works

4.4.8 Determining the Effective Point of Zero Charge pH of Wallac&andstone

Figure 431below shows a plot @ontactangleversusaqueous solution pHsing the data

for brine imbibition into Wallace salstone core samples (Tabl24d) The plot has been

fitted with the parabolic model of this work. By using the approach for capillary imbibition

plots te point of zero charge pH of Wallace sandstnéce at the turning point 3s56.
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Figure 4-31 Plot of contact angle versus aqueous solution pH

As explained earlierone utility of the wettability pH relationship in this study is seen in
the theoretical determination of the point of zero charge pH efsmdid surface from
experimental dat Although the data used for plotting is insufficient, the application of this
theory makes it easier to test the principal hypothesis of this thesis work that different rock
systems will respond differently to pH change and wettability evoluGaochemichy,
Wallacesandstone is different from the porous sand pack which is 100% quartz. Wallace
sandstone has only 82 percent of silica in addition to othesitioa minerals. Therefore,

in line with the fact that the effective point of zerlbargepH of a ®lid surface will be
controlled by the point of zero charge pH of semponentspne would expect tsee a
difference betweenhe values of this parameter deduced for Wallace sandstone and a

porous sand pack. The application of this theory clearly shmatshere is a difference.

This plot lends credence to that fact that using only quartz as a representative mineral of a
potential sandstone saline aquifer is not enough. In the literature, the point of zero charge
pH of pure silica has been reported witimges. In this study, comparison of the value of
3.5 for Wallace sandstone and 2d5 pure quartz from sand pack porous systems shows

a difference. To see if this makes sense the work of Reymond and Kolenda (1999)
regarding the point of zero charge pHaomixture of silica and alumina as an impurity
fraction deserves to be consulted. Thisléady shown in appendix-8. From this figure,
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the point of zero charge pH of pure silica is lower than the case where it contains an
impurity. This means as thgercentage of silica decreases in the rock, the effective point
of zero charge pH of the system increases. This finding supports the experimental work of
the present study in which Wallace sandstone with 82 percent quartz plus glauconite, mica
(sericite) ad other subordinate minerals has a point of zero charge pH of 3.56theéhile

porous silcapack has a poirdf zero charge pH equal to 2.5

Furthermore, Schwaret al. (1984), studied the point of zero charge pH of silica and

alumina suspension. They aed at the following two formulas:

pH ,,(mixture) = 4.1- 3.08f,,

pH ,,(mixture) = 7.18+3.08f , o,

In which pszc(miX’[Ufe) is the point of zero charge pH of siliedumina mixture,fs-boz

is the weight fraction of silica in the mixture ar‘igz\hzo3 is theweight fraction of alumina
in the mixture

On the basis of this formula one would expect the point of zero charge pH of Wallace
sandstone to be higher than that of a sand pack porous system and that is what the

theoretical and experimental approach of thesis has shown

In addition, Shet al, (1999) studied the effect of magnetite impurity on the point of zero
charge pH of silica. Appendix-4 sums up their findings. The figure shows that as the
impurities increase the point of zero charge pH in@gals this case sand pack porous
samplesis considered pure while Wallace sandstone is considered as sand containing
impurities and would have a higher point of zero charge pH and this isrgeghpythe

work of Schwarzt al (1984). Thisupports values of tiarametededuced in the present

study

Summarily, in view of the fact that all plots of contact angle/wettability versus pH have
shapes and trends similar to those reported in literature, this study has used a novel method
based orspontaneous imbibition to determine the point of zero charge pH of silica and

rock sample. The only limitation here is the data thetoretically and objectively, the
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approach serve® compare values of what will be called heresilisa dopedand pure

silica point of zerachargepH.

4.4.9 Conclusion
The objective of the sand pack spontaneous imbibition experiment is to show that for clean

sands where there are no minerals capable of buffering aqueous or formation water pH
water wettability of the salinaquifer will decreassignificantly in accordance with the
hypothesi®f this study and in accordance with the experimental obsersatigublished
literature works regardinGO»-brine-silica systemsT he resul of these experiments using
spontaneousmbibition measurements support literature works regarding wettability
decreases durinQOz injection into saline aquifer3he following sum up the conclusions

of these experiments.

1. Experimental results of the sand packed porous systems which are thetisynth
analogues of geological systems typical of Fontainebleau-futifesilica content)
support the hypothesis that consistent wettability decreases are possible under
geological carbon sequestration in saline aquifers where pH buffering meckanism
are hcking.

2. Experimental findings further lend credence to the results of contact angle and
wettability trends observed for Fontainebleau sandstone core samples and provide
a conclusive evidence that under conditions typical of geological carbon
sequestrationin such systems, consistent wettability decreases will enhance
injection gas sweep efficiency by increasing water mobility and decreasing that of
injected CQ.

3. Experimental results of sand packed porous systems have further provided the basis
for determinng the point of zero charge pH of silica surface and this value falls
within those determined from capillary imbibition experiments. The value also falls
within those reported in the literature. This serves to augment the achievement of
the objective rel&td to this surface chemistry parameter.

4. The point of zero charge pH of a solid surface is a fundamental surface chemistry
parameter that controls the evolution of the electric double layer. Accordingly, this
parameter is central to the presence of thetreleaonor and electron acceptor

116



components of solitlquid interfacial tensionwhich is the principal cause of the

pH induced wettability evolution. To date, different methods have been used to
determine this parameter. The present study has used a novel approach based on
spontaneous imbibition flow into a porous systemdeterminghis parameter.

5. Application of the pH dependent wettability equation derived in this study for the
determination of the point of zero charge pH of the porous sand pack and Wallace
sandstone gives credence to the prindiypbthesighat different rock sstems will
experience different trends in wettability change. The reason is that the principal
cause of pH wettability evolution in saline aquifers under geologic carbon storage
is decrease in surface charge due to pH decrease and the developmenirfhtas s
charge as well as its evolution in time and space depends on the point of zero charge
pH of the solid surface. Obviously, this will be different for rock medium that is
considered as an aggregate of minerals.

6. By referringto Eq. @-70) the cosine otontact angle should be bigger (smaller
contact angle) where the point of zero charge pH of rock surface is bigger for a
given pH andrice versaln this thesis work, experiments have been conducted on
rock samplshaving nearly 100 % silica (Fontaineblesandstone) and that having
a smaller percentage of silica (Wallace sands8#%). Normally, the effective
point of zero charge pH of the former will be smaller meaning significant changes
in contact angle at a given pH of formation brine. For the |s@edstone, the
effective point of zero charge pH will be bigger meaning less changes in contact
angle at gien pH. This is what has beertasished in the experimental findings

involving rock samples with different mineralogy.

4.5 TESTING OF HYPOTHESIS USING CATION EXCHANGE
REACTION EXPERIMENTS

The experimental objective of this section is to investigate the extent of cation exchange
reaction mechanism faallace Sandstone and Fontainebleau sandstonsao@es.

117



4.6 SAMPLES CHARACTERIZATION

Cationexchange reaction in geologic systems is typical of minerals with cation exchange
capacities (Carrol, 1959). Some minerals capable of action exchange reactions are
glauconite and micdChapelle & Knoble, 1983)The hypothesis is that, if mica and
glauconite are present in samples, exchangeotition protons produced from the
dissociation of nitric acid for potassium in the octahedral frame work of these
phyllosilicates will cause pH buffering to resist weiliéo change. To arrive aa
conclusive evidence regarding experimental findings from imbibition experiments, the
presence of these minerals in samples must be experimentally confirmed and this requires
the detection of glauconite and mica. Also, apamnfication exchange reactions, which

are capable of pH buffering, dissolution of authigenic calcite cause the consumption of
hydrogen ion and this has the potential to buffer pH. In this regard, the detection of
carbonate minerals is a necessity.

4.6.1 Materials and equipment

Theanticipatedsource of mica for this expenent is sandstone core sample pulvedizo

150 mm. The sandstone core samplegre Wallace sandstone and Fontainebleau
sandstone. The former is greyish greentargresence @flauconitas a possibilityApart

from this, visible specs of minerals can be seen which resemble muscovité neitatter

is dull white in appearance and is wetirted sandstone with 998ércent quartz and quartz
cement. This sampléherefore has a very smallrpportion of micaceous minerals.

4.6.2 Carbonate Analysis

The objective was tdetectauthigenic minerals in the form of carbonate cement (calcium
carbonate (calcite), magnesium carbonate (dolomite) or iron carbonate (siderite) in Wallace
sandstone. Total carbon analysis was done using Eltra CS 2000 Carbon Sulfur
Determination PC Controlledquipment at théMinerals Engineerig Centre (MEC)of
Dalhousie UniversityResults of this analysis are seen in Table 4

In all, two samples were submitted for carbonate analysis aimed at obtaining conclusive
evidence for calcitercsiderite compositio of Wallace sandstone. The results show, that
carbonate presence is not conclusive because of the low values of the analytical results for

both samplegwWallace sample 1 and Wallace sample 2
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Table 4-5: Results of carbon analysis for carbonate presence
Weight percent %

C C
Sample (total) | (Organic)

CO2 sample | 0.049 0.044
WSS #1 0.044 0.046
WSS # 2 0.046 0.051

Table 45 gives conclusive evidence that carbonatesnartepresent in this sandstone
sample.

4.6.3X-ray Powder Diffraction Analysis

Thepurpose of this characterization is to detect mica aagtghite in rock samplassing
X-ray powder diffraction analysi§he Bruker Xray diffraction system with copper tube

was used with 40 keV with an-day wave length of 1.5%.

Appendix4Jshows regltsobtained from analysis of powdered Wallace sandstone sample.
Appendix4K (Tomitaet al.,1988)shows Xray diffraction resultéor mica where the peak
occurs at 5.3 AngstrorNormally micas show high intensity at interatomic spacing/fof
Appendix4L (Porrenga, 196&hows results for glauconite powder from literature sources.
This gives peaks coinciding with twice the diffraction angle at 10, 18, and@#&ndix

4K also shows the same tre@bmparison of thesdiffraction patterns to the analysis done
using Wallace sandstone powder shows that at twice the diffraction angle equal to 28 there

is a peak corresponding glauconite.

4.7 CATION EXCHANGE EXPERIMENT

So far, the experimental detection of minerals cbpabcation exchange reaction (mica

and glauconite) in Wallace sandstone is a motivation for the principal hypothesis that cation
exchange reactions in rock imbibition experiments are the principal cause for brine pH
buffering which hindered significantettability decrease despite measurable pH decreases.
The objective of cation exchange experiments in this case is to observe trends in pH
changes similar to those observed for the two rock types. To achieve this objective, the
following experimental desigwill be adopted:
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i.  Mix weighed samples of pulverized rock in experimental brine of a given initial pH

in a beaker

ii.  Measure the initial pH of the mixture

iii.  Cover the beaker to prevent evaporation induced pH changes

iv.  Measure the pH of the mixture with time

v. Deternine initial potassium concentration of mixtures prior to experiment

vi.  Determine final potassium concentration of mixtures after experiment to confirm
cation exchange reaction and potassium releasegdhgtiosilicates.

Elsewhere(Karimaet al, 2012)potassum has been leached from glauconite using
acidified mixture

Thefollowing sum up these steps:

2.2 g each of thepulverizedsamples were first weighed and put in 100 cc of the synthetic
brine of initial pH 1.7. The mixture was vigorously stirred to obtain a uniform mixture.
After a uniform mixture was obtained the initial pH corresponding to time zero was
measurd usingthe pHprobe (EUTECH) manufactured by EUTE@®@#hich measures pH

to two decimal places. A stopwatch was started after the first pH reading and the pH of the
agueous solution was measured every two minutes intdivial procedure was repeated

for both sandstone s®les but with 10g of the pulverized sampledn all cases,
experiments were conducted at room temperature similar to those of rock imbibition

experiments.

Detection of potassium concentration increases in aqueous solution by comparison of
initial and final potassiumconcentration of mixtures taken from tleation exchange
reaction was achieved usimye Varian VistaPno Simultaneous IGBE equipmenat the

MEC.

4.7.1Synthetic Brine

Synthetic brinevas prepared with 43.5 g of sodium chloride and 12.6agucium chloride
dehydrate as prepared befofée reagents are all 99 percputity purchased from Sigma
Aldrich and they were used without further purificatidrhe balanceEC4000 d 0.1g
manufactured bymmetry and distributed by Cole Parmexs usedThe initial pH of the

synthetic brine for an experiment was obtained by reducing the pH of the synthetic brine
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using aqueousitric acid (99%) purity purchased from Sigma Aldrich and used without

further purification. The initial experimental ghithis study was 1.79 and 5.35.

4.8 RESULTS AND DISCUSSION

Figure 434 shows plots of aqueous solution pi. time for experiments with Wallace
Sandstone and Fontainebleau sandstone powder for an initial solution pH o510

g of each sample. ThEigure. (434) shows thatat any time the curve for Wallace
sandstone lies above that for Fontainebleau sandstone. This mearet #ray time
solution pHfor Wallace sandstonexperiment is higher than that for Fontainebleau
sandstone. This is to bamected because of the anticipated pH buffering mechanism as
suggested by results of spontaneous imbibition experiments for this sanistdlaee),

from Nova Scotia and confirmed by the presence of mica and glauconite deduced from X
Ray analysis The cuve for Fontainebleau lies below that favallace sandstone for

possible laclof pH bufferingreactions due to significant cation exchange reaction

The two curves start at pH vakieigher that the initial pH. This is because after mixing
agueous solutiowith 10 g of powderthe mixture was vigorously stirred in order to obtain

a uniform mixture before pH reading. During the stirring time (3 minutes) there was some
obviouspH buffering mechanism gog on in all cases and this léal pH values higher

than the initial pH of aqueous solution.

The curve for Fontainebleau sandstone shows that there is a certain level of pH buffering
mechanism which could be caused by carbeEsamicas but since this sandstone is quartz
arenite with 9 % quartz the concentration of minerals capable of pH buffering reactions
is negligible.This is due to the significant presence of quartz cementation at the detriment

of other accessory or authigenic minefdaddadet al, 2006)
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Figure 4-34: Measured pH versustime 10 g of eachsample in aqueous solution
(NaCl: 43.5gm/I+CacCl: 12.6g/dm?) with an initial pH of 5.37 (from appendix 4.6.1)

The initial pH of the experimental brine after acidification was 5.37. When powdered
samples of different ik typeswere added and stirred tiretial pH of each mixture was

read and the curve for each one starts at the respective initial pH value.

Figure 435 shows plots of transient hydrogen ion concentration versus time for a 10 gram
sample of each rock for amitial pH of 5.37.Hydrogen iorconcentratioa werecomputed

from transient pH values using the chemical definition of pH. Accordjnigéycurve for
Fontainebleau lies above that for Wallace because of the high transient hydrogen ion
concentration compad to that of Wallace sandstomath curves do not start at the same
point because when samples of each rock is mixed with acidified brine the initial pH of the
agueous solution after stirring to achieve an initial pH will be different because of
difference in the extent of pH buffering

Figure 436 and Figure 87 show similamplots for both sandstones using g@vith an
initial aqueous solign pH of 1.76. Similar trends are observed in these plots
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The initial pH of the experimental brine after acichfiion was 1.76. When powdered
samples of different rock types were added and stirred the initial pH of each mixture was

read and the curve for each one starts at the respective initial pH value.

Figure 438 and Figure 489 show similar plots for the casd 2 g of each sample powder

for an initial solution pH of 1.76n these plots the figures for Fontainebleau sandstone
experiments do not start from their initial pH values after sample addition to acidified brine
and stirring to obtain an initial pH. Treewas no special reasdn.all casesexperimental
results confirm the presence of strong pH buffering reactions for Wallace sandstone and
almost negligible pH buffering mechanism for Fontainebleau sandstone reactions.

X-Ray diffraction analysis for Walte sandstone show the presence of glauconite and
mica. These micaceous minerals are capable of cation exchange reaction by exchanging
framework potassiun{Saleem, 1993for solution cation which is hydrogen ions in this
case. This cation exchange reaction has been used as the basis of potassium leaching from
glauconitic sandstones and mica liegurocks. In this regard Yadaat al. (2000) have
reported potassium dissolutiogaction from glauconitic sandstones using dilute solutions

of hydrochloric acid, nitric acid and sulfuric acid similar to that used in this study. They
reported that the kinetics of leaching reaction can be descrilsechigynical model during

the initial stage and diffusive model dog the latter stag€&Osman & Sutef2000) have

also reported strong cation exchange capacity (CEC) of muschwvitee ground water
community Chapelle and Knobel (1983)ave reported the potential for potassium
contributionto ground water from glauconite in Maryland aquif€éhese researches
involving cation exchange reactions between micaceous minerals and aqueous solutions
give possible clues that, the experimental observations in this thesis work involving cation
exchangeexperimental work is likely due to potassium release from muscovite or
glauconite In these experiments, the possibility of pH buffering due to carbonate presence
in all Wallace sandstone samplis negligible due to the negative result for carbonate
analsis as seen in Tabie?7.
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Figure 4-35: Transient hydrogen ion concentration versus time pH 5.37 (from
appendix 4.6.2)
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Figure 4-36: Measured pH versus time 1@ of each sample in aqueous solution
(NaCl: 43.5g/dm3+CaCl: 12.6g/dm?3) with an initial pH of 1.76 (Wallace sandstone
blue, Fontainebleaured) (from appendix 4.6.3)
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Figure 4-37: Transient hydrogenion concentration versus time for equal to pH 1.76
(from appendix 4.6.4) using 1@ of sample
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Figure 4-38. Measured pH versus time 2.2y of eachsample in aqueous solution
(NaCl: 43.5g/dm? + CaCl: 12.6g/dm3) with an initial pH of 1.76 (from appendix
4.6.5)
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Figure 4-39: Transient hydrogen ion concentration versus time pH 1.76 for 2.8 of
samples in aqueous solution (from appendix 4.6.6)

Figure 4-40 shows combined plots of transient solution pH versus time for Wallace
sandstone samples for different initial solution pH. The trend is similar to those revealed
by previous plots
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Figure 4-40. Combined plot of transient pH of aqueoussolution versus time for
Wallace sandstone at different initial pH of aqueous solution

Table 46 shows results of potassium analylis Wallace Sandstone and Fontainebleau
SandstoneWith the presence of micaceous and glauconitic phyllosilicates the release of

potassium into solution is inewible. In this regard, Table&confirms the anticipation.
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Table 4-6: Results of potassium analysis

Sample Potassium concentration mg/I
Acidified brine 3.39
Acidified brine with pulverised Wallace 28.5, 27.5

sandstone sample

Acidified brine with pulverised 9.6
Fontainebleau sandstone sample

FromTable4-6, initial acidified brine analysis gave 3.39 milligram of potassium per liter.
This was taken as the base line value. Acidified brine with Wallace sandstone pulverized
sample gave 29mgof potassiunfdnr. A repeated analysis ga2&.5mg/l. The result for
pulverized Fontainebleau sandstone sample gaveng/@n?. This confirms the earlier
anticipation that this sandstone has insignificant proportion of minerals capable of cation

exchange reaction.

The result of potassium analysis is therefore quite coivelikat potassium release from
minerals in all samples into brine and the taking of hydrogen ion in return was the likely
cause of aqueous water pH buffering mechanism. This reaction was more pronounced in
the case of Wallace sandstone and that led taredd pH buffering during spontaneous
imbibition experiments with this sandstormre samplesResults of potassium analyses in

the case of Fontainebleau is very low and this points to almost negligible pH buffering
mechanism for experiments with this satwhe leading to eminent wettability decreases
with decrease in aqueous water pH. Since potassium presence is conclusive this element
could be coming from two likely sources of minerals. They are invariably glauconite,
muscovite oBiotite detected by XRay diffraction analysisThe oxide analysis of Wallace
sandstone (Appendix 4 E) contains potassium oxide (%) which reflects the relative amount
of phyllosilicate minerals put together

4.8.1 Discussion Based on Individual pHExperiments

The relationshigpetween hydrogen ion concentration on solid surface and that in the bulk
solution with regard to the solidqueous solution interaction is given(@hanet al,

1975)

azy, @

[H,], =[HJe (4-8)
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In which lH+JSis the concentration of Hydrogen on sollh{+]0is the concentration of

Hydrogen ions in solutiorZ; is the charge on this iogy; is the potential on solid surface,

T is the temperatureR is theuniversalgas constant anil, is Boltzmann constant

At a pH of5.37the point of zero charge pH of glauconite (4) is exceeded. Its surface will
develop a negative charge. This pH is lotran the point of zero charge pH of muscovite
(6.3) therefore its surface will develop a positive charge. At a pH of 5.37, hydrogen ions
will be repelled from the surface of glauconite. The only mechanism of hydrogen ion

depletionis by exchange with fraework cation (potassium).

At a pH of 1.76 the surfaces of muscovite and glauconite are positively charge because the
pH value is below their individual point of zero charge pH. Consequently, exchange
reactions will be by cations exchange between solytlérand potassium ions from the
octahedral framework of glauconite and muscovite. Generally, cation exchange reactions
are fastel(Srasraet al, 2000)and this causes faster change of pH in the case of cation
exchange reactions using Wallace sandstGagon exchange reaction was not conducted

on sand pack samples for the obvious reason that it lacks authigenic minerals to cause this
reaction.

4.8.2 Conclusion

Cation exchange reaction experimem this thesis work wereonducted in order to
explain he pH buffering reactions observed in Wallace sandstone spontaneous imbibition
experiments&nd to further hold on to the principal hypothesis that cation exchange reaction
has the potential to impact wettability trends during geological sequestration of
arthropogenic carbarhese reactions were principally responsible for depleting hydrogen
ion input fromnitric acid dissociation, an effect that buffered brine pH and prevented
significant wettability decrease as encountered in the caséWallace sandstone
Accordingly, results for Fontainebleau sandstone pulverized sample showed less pH
buffering reaction. From Ray powder diffraction analysis of Wallace sandstane
carbonate analysis coupled with trends in experimental findings for the two rocktbhypes,

following conclusiors can be drawn:
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1. Diagenetic nmerals such asica and glauconite are capabféduffering formation
water pH by hydrogen ion consumption through cation exchange reaction
potassium ion input from their octahedral frame work structure

2. For sandstones that possess high proportions of these minerals, water wettability of
minerals surface will be preserved and formation water pH decreases will be
controlled

3. Experimental findings strongly support the hypothesis of the present work that, the
most realistic way to obtain an idea about contact angle evolution trends during
geological sequestration of anthropogenic carbon is to conduct measurement on

rock samples rather than on individual minerals which constitute.rock

4.9 SPONTANEOUSIMBIBITION STUDIES ON POTENTIAL
CAP ROCK MATERIALS

4.9.1 Experimental objective
Apart from saline aquifers that have proven global storage capacity for anthropogenic

carbon dioxide storagelepleted oil and gas reservo(Stevenset al., 2001) are also
sutable candidates due to their already availability and geologic periods of proven cap rock
security. The geological implication with regard to their depth of occurrence is that
potential cap rocks are likely to be carbonaceous shales with high propaiticadon
(Calvert & Pedersen, 1992)hese carbonaceous shales have point of zero charge pH close
to that of normal formation waters under normal geologic conditions of carbon

sequestration

As carbon dioxide is injected inttepleted oil and gas reservoirs accidental fracturing of
the storage medium can cause fracture propagation into the cafDetokirnay, 2004)
Under that condition, carbon dioxide will invade the cap rock and its mobilgymsjor
environmental concern because of its potential for potable groundwater pollution at lower
horizons. Therefore, investigation of how wettability will evolve and how it will impact

both carbon dioxide and resident brine mobility is the prime obgedfithis section

Under typical conditions of carbon dioxide geological storpbledecreases will be caused

by injected carbon dioxide dissolution and its subsequent hydration to carbonic acid which
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dissociates to produce hydrogen ions. pH of aqueousafmm brine will therefore
decrease as injection goes on. To simulate this experimentally, brine with decreasing pH
will be made to imbibe simultaneously into porous sample made of sampled rock powder.
The initial pH of formation brine typically encountdrander geological carbon storage is
near neutral (Andret al, 2007). Consequently, the pH of experimental brine will be

reduced below neutral to replicate carbon dioxide dissolution.

4.92 Rock Samples and Characterization
Because of the difficulty ajetting actual shale samples to represent shale cap rock, slate

samples were used for two reasonse Brgeological and it has to do with the fact that at
deptls typical of depleted oil and gas reservoirs shales are likely to undergo low grade
metamorphim to produce slatgsloweret al, 1976) The other reason is associated with

its availability in downtown Halfax where a lot of excavation in connection with
constructionworks are going on Slate samples for thistudy was froma low grade
metamorphicshale(Hicks et al, 1999)of the Meguma Group of Canadahe samples
were taken from a construction site in down town Halifax. Figure 4.9.1 shows this. The
motivation for opting for a low metamorphosed shale (slate) stems from the fact that,
elsewheréDebecker & Vervoort, 2013)the behaviour of cap rocks of similar lithologies
under low grade metamorphic conditions have been studied. The composition of this rock
sample obtained from construction sites in down town Halifax is assumed to be similar to
tha obtained by Erslev (1998), appendix 4.9.1 in the present Waik. is because the
author studied the mineralogy of this group.

130



Figure 4.91: Samples of Meguma Slate from a construction site in down town
Halifax (Queens Streetbetween 1358.478)

4.9.3 Sample Preparation

The samples were crushed imaldusing a piston and two sizangefractions were sieved

for the experiment based on the size of the wire gauze used to cap the bottom of the custom
built imbibition tubes used in this experimeitis procedure was taken because the
custom build imbibition tubes have open ends and this requires using a wire mesh to cap
one end in order to contain particles or grains meant for the porousTpaskrevented

particles from falling into the beaker cdaining the spontaneously imbibing brine.
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materials

Figure 4.9.2: Experimental set up for spontaneous imbibition

4.10 RESULTS AND DISCUSSION

Theoretically,imbibing brine interacts with rock surface and provides the opportunity for water
rock interaction which leads to protonation or deprotonation of surface sites and this is the principal
cause of solidiquid interfacial tension changg€hatelier,et al, 1995)leading tocontact angle
change. The experimental methodology of this study, therefore, replicates those of actual geological

conditions of sequestration and the results will be discussed as follows:

Figures 4.9.3 through 4.9.10 show plots of height rise squared versus time with very good
regression coefficients showing close agreement between experimental results and the theory of
early spontaneous imbibition dynamics presented in Chapter 2. Experimeatirdhe plots are

found in appendices starting from 4.9.3 to 4.9Mall casesthe regresion coefficientare

above 0.95.
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Experimental plots for pH equal 6.95 (size: XD micrometers)
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Figure 4.9.4: Experimental plot for pH equal to 6.95 repeated
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Figure 4.9.6: Experimental plot for pH equal to 5.05 repeated
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Experimental results for sizes (£263) micrometer range for pétjual to 6.95
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Figure 4.9.7: Experimental plot for pH equal to 6.95
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Figure 4.9.8: Experimental plot for pH equal to 6.95 repeated
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Figure 4.9.9: Experimental plot for pH equal to 5.12
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Figure 4.9.10: Experimental plot for pH equal to 5.12epeated
In these experimentsformation about contact angle change was deduced from change in
gradient similar to that of sand paekperiments. Thisneans the porous packvere
compacted in a predetermined manner to ensure consistent porosity anabgaymehis
means that if the gradient increases, wettability increasesiemdersa Table 47 sums
up the gradients and regression coefficients from graphical plots of experimental results.

In all sizes ranges, the results show that as pH decrdémsgesadient of the plot increases
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and that means wettability increase. However, for the size range -df6BO@icrometers,

the first experimental result showed a lower value of gradient at pH equal to 5.12 compared
to that at 6.95. The repeated experimbotyever, produced a gradient value that follows

the expected trend when compared to the gradient at pH equal to 6.95

Table 4-7: Deduced parameters of experimental plots

Repeated
Size range | pH Experiment Regressior gradient Regression
micrometer Gradient m”"2/s | coefficient coefficient
300-335 6.95 5%10° 0.97 2*10° 0.958
5.15 8*10° 0.98 0.0002 0.99
106-163 6.95 5*10° 0.97 4*10° 0.98
5.05 4*10° 0.98 8*10° 0.96

From the point of view of surface charge chemistry and minerologgaisisible to discuss

the experimental trend in wettability evolution for slate. The Meguma slate is carbonaceous
(O'Brien & Charles, 1985)ith silica content similar to that reported elsewh@ang &
Wang,1995) , appendix 4.9.2. The point of zero charge pH reported in this (Wakg

& Wang, 1995) is near 7.8. This agrees quite well with the point of zero charge pH of
carbonaceous shales reported by Pikatagl, (2005).In this regard, appendi.9.2in

this work shows that carbonaceous shales with silica content closer to that of Meguma slate
have point of zero charge pH closer to 7.8. The implication with regard to surface charge
development as pH decreases is thattiall be protonation of the surface silanol groups
leading to increases in surface change density. In the wettability literatareasing
surface charge density leads to increases in wettaf@lityhaket al, 2009) and decreasing
surface charge deitygleads to an opposite effect. This trend in surface charge increase and
type of surface charge is what is expected from the concept of the point of zero charge pH
of solid surface. Generally, the point of zero charge pH is the pH of the aqueous solution
at which the net charge is zg@arks & Bruyn, 1962)Increasing the pH above the point

of zero charge leads to increase in surface charge density which will be negative with
negative potential and decreasing the pldwehe point leads to increase in surface charge
density which will be positive with positive potential (Naieual, 1994Figure 1) This

means decreasing pH towards this point will decrease surface charge and lead to wettability

decrease. In the case of the present stilndyassumegoint of zero charge pMaluefor
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slate surface means that at a pH of 6.95 the surface charge wasepdstthe pH
decreased to 5.85.12, the surface charge was increasing and that means wettability
increase. Therefore, increases in gradient as pH of experimental brine decrease is what is
theoretically expected from wettability theory related to surt@ge densityNaidu et

al., 1994) Trends in wettability observed in this study is quite comparable to that of the
work of Takahashi and KovscgR201GFigure 10) who found that wettability increased at
pH values below the point of zero charge pH atsdus shales. In this regard, a mineral
with the point of zero charge pH equal to or above the pH of normal formation brine is
calcite. This mineral has a point of zero charge pH between 8 §8dn®asundaran &
Agar, 1967) This means that for experimental conditions with regard to pH using ¢alcite
wettability will increase as pH reduces under normal geological conditions. This
observation has been reported by the work of Wdrag, (2013)

Due to wettabilityevolution trend observed in these experiments it becomes necessary to
consider the mineralogy of rock or slate in relationship to the surface chemistry,
particularly the point of zero charge pH. Rock is an aggregate of mirfgrited States
Paent No. US 3666506 A, 197James Jrand it is expected that its effective surface
chemistry characteristics such as the point of zero charge pH will reflect the compositions
of individual minerals (Schwat al, 1984). Slate consists predominamtfylay or micas
depending on the degree metamorphism but sometimes with significant proportions of
guartz and subordinate amounts of calcite pyrites and hertiétigg 20052016 ) On the

basis of this aggregation of minesabne would expect that the effective point of zero
charge pH would be controlled by those of mica which is 6.6 (Sverjensky, 1994) and quartz
which is averagely 3. The estimate from Sverjensky (1994), is from crystal chemistry. An
estimate based on surfaciearge variation with pH gives a value around (B6tt et al,

2003) Thus, based on the work of Schwaetzl. (1984), the point of zero charge pH of
slate is expected to have a value between 3 and 7.5. Therefore, the initial pH of the
experimental brie used in the present study was likely below the effective point of zero
charge pH to cause positive charge development. Consequently, at any pH fréni3.05

the surface charge density increased from that at pH equal to 6.95 and wettability increase
was therefore expected (Bodhakt al, 2009). There is, therefore, a good agreement

between established theory and the experimental observations of the present study. Finally,
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this trend in wettability variation for pH of aqueous solution below the porerafcharge
pH of slate means th#tere will beenhance water wettability with pH in the event of gas

breakthrough to prevent extensive migration of Cadioride through the cap rock.

4.10.1 Relative Error Calculation
In these plots uncertainties wetetermined using graphical error analy$os plots with

regression coefficient below 0.9Betails of approach are found in appendices J and K
seriegpage 27277). Accordingly, relative errors were derived for Figures 4.94, 4.99 and
4.9.10. Values ar@.098, 0.06 and 0.12 respectively. These uncertainties are quite minimal

compared to actual values.

4.10.2 Conclusion
In the petroleum literature, predominant cap rock lithologies are fine grained rocks (shales)

and evaporates. If injected anthropogenitoa dioxide is to be contained in the geologic
repository then its stratigraphic trapping capability by cap rocks must be guaranteed. This
guarantee can be viewed in two aspects. One is its ability to provide a high breakthrough
capillary pressure to caait the column of injected gas. The other is related to the relative
mobility of carbon dioxide in the cap rock in the event of breakthrough. What is more, the
petroleum literature has been so much obsessed with traditional shales as cap rocks to the
detriment of their low grade metamorphosed equivalents which are slates. It is the view of
the present study that this should not be the case because there are low grade
metamorphosed shales or slates in the sedimentary column that can be potential cap rocks
related to geological sequestration of anthropogenic carbon dioxide. In all cases, wettability
evolution of the system shale/slate rdmkne-carbon dioxide has not been reported. This
study has conducted an experiment to determine pH induced wettabilifi@van slate

and the following sum up the conclusion of tkigdy.

1 Increases in surface charge density will result in wettability increases in accordance
with wettability literature

2 Regarding the net point of zero charge pH of slate sutias®] inwettability changes
as observed in this study is supported by experimental observation in literature

published works related to minerals with similar or closer point of zero charge pH

139



3 The geological implication is that in the event of carbon dioxide |leakdg slate cap
rock unit its relative mobility will be low because water wettability of the system will
be low due to its enhance wetness with pH decrease

4 Inthe event of carbon dioxide breakthrough into slate wettability increase will increase
capillary forces and this will make water displacement difficult

5 Comparison of wettability evolution in slate cap rocks with those of quartz arenite
sandstones show that within pH values of formation brine under geological carbon
storage, low water wetness wittwlalisplacing capillary pressures will be encountered

for sandstones while the opposite will be encountered for cap rocks
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CHAPTER 5 CONTACT ANGLE COMPUTATION FROM
DRAINAGE EXPERIMEN TAL DATA

51 INTRODUCTION
The principal motivation of this thesis work tise dependence of contact angle for the

system C@brine-rock not only on one mineral of the system as pointed out in previous
chapters but rather on the mineral aggregate of the system. Accordingly, Chapter 4 was
devoted to proving the effect of rock memalogy on contact angle where the pH of
formation water decreases following €@jection. This task was achieved using the
spontaneous imbibition flow. Wettability is a fundamental physiochemical phenomenon
related to multiphase flow in porous media (Fatt and Klikoff Jr.,1959) and encountered for
both imbibition (spontaneous and derimbibition flows) and drainage flogHinkley &

Davis, 1986) The water rock interaction, manifest@Op-transportin saline aquifers is
geochemical in origin and thermodynamically linked to interfacial phenomenointiyg v

of wettability (Gray, 1991;Hassanizadeh and Gray, 1993; Leij, )188d kinetically, by
virtue of the proton mediated dissolution of silicate minef@enwart & Steven, 2000)

On the other hand, problems of tphase flow within the system are better viewed within

the scope of hydrodynamics strongly linked to the modified Darcy equation for multiphase
flow in porous media. The hydrodynamic theories are connected to fractional flow and the
frontal advance concept Buckley and_everet(Doster & Hilfer, 2011)

In line with the hypothesis that cation exchange reaction of glauconitic and micaceous
minerals in sandstones will tend to maintain ambient wettability in glauconitic saesiston
during CQ sequestration, the principal objective of this chapter t®tamuctexperimensg

under conditionsvhere carbon dioxide solubility will occur with increasing gas saturation.

In this regard, proton consumption due to this reaction will tenchamtain constant
wettability and any method used to compute any wettability related parameter must reveal
a constant trend. Also, in the petroleum literature, landmark experiments shri@®
drainage experiments exist that have been conducted at tmhtqmledetermined
wettabilities. Therefore, contact angles computed using these data acquired on sandstones

of varying glauconite and clay mineral compositions will reflect rock types.
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52 EXPERIMENTAL CONDITIONS

5.2.1Ambient wettability variation
In dl experiments reported in the literature about capillary pressure and relative

permeability measurements (Akbarabadti al, 2013; Bennion and Bachu, 2006)
maintaining an ambient wettability has always been one of the prime objectives. In these
experimentscore samples are saturated with bisa¢urated C@at reservoir conditions to
ensure that no more GQlissolves during flooding. This prevents further watek
interaction due to the presence of dissolved species piv@ioh are the principal causes

of ambient wettability evolution. The core is then flooded with, G&turated with brine

vapor to avoid the salting out effect.

Results of spontaneous imbibition experiments in Chapter 4 have already demonstrated the
ability of Wallace sandstone to bufigiH experimental brine. In line with the potential pH
buffering mechanism of Wallace sandstones as established from spontaneous imbibition
measurements and cation exchange reagctittms chapter presents the desighan
experimental setip with wettabiliy conditions totally different from those reported in the
literature. Accordingly, the ability of Wallace sandstone to buffer brine pH will be tested
by ensuringtransient wettability change over space. This will be done by saturating the
core samples witlmon-CQO;, saturated brine. The solubility of G brine depends on
salinity, temperature and pressure. This test design will ensure that @aseS8ure builds

up in the core at constant salinity and temperature, the pressure dependence of solubility
(increasing solubility with pressure, decreasing solubility with salinity and temperature)
will reduce wettability with time. In this casé indeed Wallace sandstone is capable of
buffering formation water pH as proven by spontaneous imbibition experimediiapter

4, then increasing solubility with pressure must not cause any measurable pH change and

this must lead to ambient wettability preservation.

53 EXPERIMENTAL PROGRAM

5.31 Equipment
The equipment used in this experimdiigure 5A) is the Core Flooding System

manufacture by Vinci Technology of Frandde schematics is similar to that of Figure 5

1 (Postoret al., 1970)
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This system is fully equipped with differential pressure transducers to be able to measure
pressure drop acrofiswing phases during testing. Its pressure rating is 68.95 MPa. Apart
from the pressure drop measuring capability it can measure and digitally display axial and
radial stresses under reservoir testing conditions. Idaatelloy accumulators that enable

the system to hold the test fluids under reservoir condition of temperature. Temperature
during testing can be controlled to a maximum of°@®uring testingthe core sample

is contained iracore holder where confining and axial stresses urd@rvoir conditions.

The injection system is equipped with two pumps, with one as a standby pump during
testing. The separator system is designed to separate two producing fluids. Testing is

monitored digitally on a computer screen where pressure higabayis stored.

Figure 5-A: Test chamber with separators, core holder and accumulators
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Figure 5-1: Schematics of Testing Equipmen(Postonet al, 1970)
5.32 Injection plan

In view of test material availability limitations this test wagiear out with dual purpose.

One was to obtain relative permeability data under supercritical conditions for a separate
project repar(Nwajiaku, 2011)and the other was to test the theory that Wallace sandstone
is capable of formation water pH buffering. In this experiment, three test temperatures were
selected to ensure supercritical conditions 0b.ODey were 5%, 65°C and 758C. Since

the objectiveof this test was to verify the theory that Wallace sandstone has formation
water pH buffering capability, the majgoal in the experimental setfp was to create
appropriaten situ hydraulic and stress conditions for flow. This had to do with selecting
an appropriate pore pressure (pump pressure) and confining or overburdenTsteess.
overlurden pressure was 20.68 M&ad the pump pressure for injection was 11.03 MPa.
Test were therefore carried out under supercritical conditio@nce confining pressure

was greater than pump pressure, flow along the core axis was possible. -Tipisatset
provided the opportunity for obtaining relative permeability data uindgtu supercritical
conditions. The reason is that the selectedtéasperatures and test pressure areiwith

CQO; critical conditions. Alspby using a mean global value for an overburden pressure of
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0.023 MPa pemeter (1 psi/ft(Christian, 1973)the overburden pressure corresponds to a
depth of 915 meters which is above the critical depth of 800 meters (Bachu, 2002).

5.33

TestProcedure

The test procedure used here is similar to that reported elseiBeareon & Bachu, 2007)

involving the following steps:

iv.

V.

Vi.

Vil.

viii.

5.34

Mount core sample in thdasslercore barrel in a horizontal manner

Evacuate sample to remove trap gas

Apply net reservoir overburden pressure

Presaturate sample with 100% formation brine

Increase porpressure to desired reservoir value while maintaining net overburden
pressureand displace formation brine in core by replacing it with,G&turated
brine

Heat to reservoitemperaturewvhile maintaining pore pressure and overburden
pressure

Saturate carbodioxide with water vapor at operating temperai®®°C, 65°C
and 75°C and pressur€l1.03 MPa)

Conduct unsteady state relative permeability test by injecting water satG@ied

to displace brine in the core sample until irreducible water is achieved

Materials

The core samples have the same dimensions as those usezhtanepus imbibition

experiment76 length diameter and 38 mm diameter

Brine used in this experiment has the same composition as that used for spontaneous

imbibition experimentsThis consists of 110 gms of sodium chloride and 23gdams

of calcium chloride dissolved ione liter of deionized water.
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5.4 COMPUTATIONAL RESULTS

5.4.1 Thermodynamic Calculations
Thermodynamic parameters were computed using equatief®) (hrowgh (260) from

Chapter 2. Constants required for calculating the density efuSi@g the virial equation

of state was obtained from appendix8)5 The fugacity coefficient for Cvas deduced

from appendix (8). To determine the salting out effect of £@ine system the equivalent
sodium chloride concentration concept was employed using appenil®.(3his was
achieved by using the concentrations of solutes in brine.

5.4.2 Fradional Flow plots

Fractional flow plots were carried out using tpbase fbw theory presented in Chapter 2.
Appendices 8, 52 and 53 show calculation results for Wallace sandstone while
appendices4, 55 and 56 show results for Ellersely Sandstone, Cardium Sandstone and
Basal Cambrian Sandstone respectivdtythisregard fractional flow plots for Wallace
sandstone were obtained by integrating the retardation factors calculated from solubility
theory causing Welge tangents to be drawn from the retardation point to make contact with
the fractional flow curve. For egpiments using literature source dasmgents were drawn

from the origin of the fractional flow curve in accordance with theory.

5.4.3 Calculated Flooding Properties

Flooding properties were calculated based on hydrodynamic theories reviewed in Chapter
2. Thus, the specific shock velocity was calculated using E4842. The retardation factor

was calculated using Eq.-@8b). In the case of experimental data at constant wettability
conditions obtained from literature sourciée retardation was zerai@ to norsolubility

of COp,.

5.4.4 Wetting Force Computation

The right hand side of Eq.{30) measures the product of gas water interfacial tension and
the cosine of the contact angle. In the case of the present experimental sesofuility

does nb maintain constant wettability conditions. The average vdloaever,can be
calculated. This parameter is calculated here as a wetting force. Petrophysical data namely
porosity and permeability for calculation were taken from the cited referenceblesTa

and 8.
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55 FRACTIONAL FLOW PLOTS OBTAINED BY PROCESSING
OF LITERATURE SOURCE DATA

The theory for the derivation of fractional flow curves for drainage experiments at constant
wettability conditions has been presented in ChapfEn@ theoriegoverning the drawing
of Welge tangent for the case coupling geochemistry and for that without solubility or

constant wettability condition has also been presented

5.6 RESULTS AND DISCUSSION

The first column of Tablé-1 indicates experimental temperaturédhe second column
gives results of water vapor pressure calculated using the required thermodynamic equation
(2-54) from Chapter 2. Calculated results show consistency because the vapor pressure of

water at a constant salinity must increase with temperature.

Table 5-1: Calculated vaporpressuresat experimental Conditions

Pw check
Temp. [K] bar
328 0.155
338 0.243
348 0.378

Table 51 shows results of calculated vagimuid thermodynamic properties. The second
column shows calculated G@ensity using the virial equation of state (EeF (with
calculation results in appendix/using Maple). Results are restic because the density

of CO will decrease with temperature at constant pressure. The third column gives the
mole fraction of CQin the vapor phase. As the temperature incredsevapor phase of
water increases leading to a reduction in the vapor phase-0ff@®is in accordance with

the calculated results. The forth column shows calculated vapor phase fraction of CO
which reflects a decreasing trend with temperature. ifthecblumn shows the calculated
solubility of CQ using Egn(2-56c¢). It shows solubility decrease of G@ith temperature

at constant salinity of brine. Column 6 shows the calculated retardation factors using Eqn.
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(2-48b). This data (column 6) is requddor construction of gas fractional flow versus gas

saturation curves.

Table 5-2: Calculated vaporliquid equilibrium properties at experimental

conditions
Density of mole Concentration
Temp .C02 fraction of concentration of of COpin Retardation
in vap CO COin _
C : liquid phase D
phase in vapor | vapor phaseM corrmol/l
[kg/dm?] phase
55 0.437 0.99541 9.932 0.947 -0.105
65 0.433 0.99535 9.841 0.831 -0.092
75 0.43 0.99524 9.773 0.764 -0.085

Table5-3 shows the calculated thermodynamic parameters required for the derivation of
the results of Table-2. Table5-4 gives combined results of Tal#e2 and Tablé-3. The
fugecity of carbon dioxide (column 6f Table5-4) was extracted from appendibx@5The

salting out eféct for carbon dioxide (columnof Table5-4) was deduced from a published
work (Helgeson, 1969)by integrating the concept of equivalent sodium chloride

concentration of formation brine (appendid 8).

Table 5-3: Calculated thermodynamic properties of liquid-vapor phases at
experimental conditions

Equilibrium Mole
N - _ Total fraction
Temp |Temp |constantfor| Activity | Fugacity of ressure| of water
C K water at of water | waterPa b :
bar in the
reference
oint vapor
P phase
55 328 0.157137| 0.74425| 0.236786574 110.453| 0.004352
65 338 0.249108 0.74617| 0.372000697 110.545| 0.004396
75 348 0.382406| 0.748308, 0.55948168 110.675| 0.004491
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Table 5-4: Calculated thermodynamic properties together with final carbon dioxide

concentration
Mole Fugacity| Salting Final
Mole | fraction of out concentrat]
Equilibrium | fraction of Carbon | effect ion of
constant of of carbon dioxide Co,
carbon | water in| dioxide
dioxide at the inthe | Total
reference | vapor | vapor | pressu
Tem pressure | phase | phase | re-bar
K bar/mol
110.4
328 54.95 0.00435| 0.99565| 53 0.68| 1.689 0.94687
110.5
338 64.57 0.0044 | 0.9956| 45 0.7 1.677 0.83104
110.6
348 72.44 0.00449| 0.99551| 75 0.72| 1.665 0.76427

Table 55 gives specific shockelocities for Wallace sandstone experiments. Data for
computation were extracted from Figure8 ghrough Fig. 5 (gas fractional flow versus
gas saturation graphs).

Table 5-5: Calculated floodingproperties of Wallace sandstone at experimental
conditions

TemperatureC
55 65 75
Specific
shock
velocity less
retardation [-] 7.14 16.67| 14.29
Specific
shock
velocity with
retardation [-] 3.3 518 | 5.14
Average gas
saturation at
breakthrough 0.148 0.118| 0.125
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Fractional flow of gas

—+—Frecational flow
Versus gas
saturation for
experiment at 55
degrees Celsius
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saturation for
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degrees Celsius
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degrees Celsius

Carbon dioxide saturation-fraction

Figure 5-2: Plots of fractional flow versuscarbon dioxide saturation for Wallace
sandstone assuming no retardation effect in all experiments
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Figure 5-3: Plot of fractional flow versus gas saturation with retardation effect for

experimentat 55°C
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Figure 5-4: Plot of fractional flow versus gas saturation with retardation effect for

experiment at 62C
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Figure 5-5: Plot of fractional flow versus gas saturation with retardation effect for

experiment at 75°C
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Table 56a gives calculated flating properties (specific shock velocity, average gas
saturation at breakthrough and average contact angle of the pysiem Welge tangent

approach. Data for these calculations were extracted from-Bigh®ugh Fig. 5B.

Table 5-6a: Calculated flooding properties by processing literature data

Sample

CS |ES |BCS
Specific shock velocity-] 252 3.66 1.91
Average gas saturatiofr] 0.41| 0.274 0.53
at breakthough
Average wetting forc®N/m 0.006| 0.014| 0.036
Temperature [°C] 43 40 75

CS= Gardium sandstone, ES = Ellerstiandstone, BCS = Basal Cambrian sandstone

To understand calculated trends in Tablé Equires integrating knowledge of geology
and mineralogy of the geologic setting frevhich core samples were obtainadAlberta
for drainage test involving CQilisplacing brine. The following section will be devoted to
that.

5.7 MINERALOGY OF INDIVIDUAL SANDSTONES

Plots of fractional flow versus gas saturation using literature data from Alberta sandstones
show differenes in gas saturation at breakthrough which is a good indicator of water
displacement efficiency. To understand the differences requires knowledge of individual
rock mineralogy. Generally, the glauconitic sandstones of Alberta basin are medium to fine
graired litharenites with averagely 87% quartz, 2% percent potassium feldspar, 1 percent
plagioclase (albite), 5% glauconite (annite), 2%kaolinite, 1% calcite, 1% dolomite and 1%
siderite(Gunter,et al., 200Q Sherwin, 199k

With regard to Cardium sandstorkggenetic emplacement of calcite and siderite has been
confirmed by carbon and oxygen isotopic ddtachemer & Hutcheon, 1988n contrast

to Cardium sandstone unit of the lower Cretaceous of Alberta, there exjaartzose
sandstone unitwhich overlies the Lower Jurassic units with mature and super maturity
(Hopkins, 1981)Being quartzose or arenite in nature this unit has a very high proportion

of sand, generally above 90 to 99 peatceith quartz cementHuang, 1962)compared
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with Cardium sandstone. Modal analysis of rock samples from the Basal Cambrian Unit of
the Cretaceous strata pointdaartz arenitevith at least 95% silica and quartz cement
overgrowth(Weides et al., 2014yith muscovite, chlorite, biotite and zircon as accessory

minerals.

In the Cretaceous unit of the Scotian Shelf Wallace sandstone is found to be similarly
glauconitic from oxideanalysis MEC) and from XRay powder Diffraction analysis
(present work) with 82% silica and 1.13% potassium gxwdeich has a bearing on
glauconite composition. In addition to glauconismother phyllosilicate is muscovijte

which appears as visible slispecs uniformly distributed throughout the rock sample.

Thin section analysis of the Cretaceous sandstones of Alberta reveal digenetic cements
comprising kaolinite, illite and montmorillonitgCarrigy & Mellon, 1964) These occur

mostly associated with quartzose sandstone implying subordinate proportions whereas in
Wallace sandstones glauconite and muscovite occur as significant proportions seen from

oxide analysis.

Generally, the geology described so far shows thatstindstones in Alberta basin are
litharenites with averagely high silica content compered to Wallace sandstone. On the
basis ofdigenetic emplacement the satahes can further be distinguished with varying
degrees of authigenic claysvhich are capableof formation water pH buffering.
Consequently, the Basal Cambrian sandstone has a very high silica composition (95%)
closer to a monomineralic rock. Cardium sandstone also has silica composition that falls
with the range determined for Basal Cambrian samés In contrast to these two sandstone
units the Ellerslie unit of the lower Cretaceous of Alberta has been found to contain some
amount of digenetic calcite in addition to authigenic cléydie & Andrichuk, 2005)
Therefore, the effect of rock mineralogy on wettability must reflect more for the case of
Ellerslie sandstone. In this regafible5-6b shows that the two sandstone units with high
proportions of silica have calculated contact angles quite different from that of Ellerslie

sandstone.
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Table 5-6b: Calculated average contac angle for different rock types

Sandstone Average General quartq  Reference
contact angl@ | content (%)

Ellerslie 65.17 4570 (Williams,
1963)

Cardium 69.98 90 (Nightingale,
et al, 2009)

Basal 87.84 65-95 (Talmana,

Cambrian Ernie, Andrew,
David, &
Stefan, 2013)

This is to be expected because of the increased formation water pH buffering that will be
experiencedn this regard, the caltated contact angle using E§-7) for Basal Cambrian
sandstone shows the highest vdRi& 94 degrees) at an experimental temperature®@f, 75
followed by the value for Cardium (699&t an experimental temperature of@3The

value for Ellerslie sandstorfeom Table 5-6b is the lowest (65.1% at an experimental
temperature of ATC. Although all experiments were not carried out at the same
temperature, the results of Ellerslie and Cardium can be compared because of the very
small temperature difference. In this case, it becomes cleatithese mineralogy of
Ellerslie sandstone affords & greater formation water pH buffering capacity similar to
those of Wallace sandstone in spontaneous imbibition experiments. Apparently,
experiment for Basal Cambrian sandstone was conducted at hitgreperature but the

high percentage of silica thistpH sensitive with regard to wettability change justifies the
high contact angleaneaning a greater decrease in water wettability for this sandgtone

this point it is worth mentioning that average contact angles for Wallace sandstones were
physically not meaningful because of solubility changes with, @e@ssure in the core.
Therefore, while experiments for the three sandstones (Ellerslie, Cardium and Basal
Cambrian sandstone) were carried out at predetermined wettability conditions by saturating
cores with CQ-saturated brines and injecting brine satglacarbon dioxide to avoid

miscibility and wettability changes, experiments for Wallace sandstone core samples were
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carried out by injecting water saturated LCi@to brine not saturated with GOThe
resulting gas solubility in brine and wettability evibbun does not permit calculation of

average contact angles for these experiments.

Appendix 511 and Aopendix 512 give data and references for fluid and interfacial
properties which are also references from which drainage experimental data were
processedni accordance with the theory of the present work. Appendik $how detailed

procedure for contact angle computation.

Tables 57, 58 and 59 show Excel calculation results for drainage flow properties for
experiments at &, 66°C and 78C. GeologicallyWallace sandstone contains glauconite
and mica (muscovite). As carbon dioxide dissolves to produce hydrogen ions, cation
exchange reactions similar to that shown experimentally in Chapter 4 will be present.
Therefore, pH buffering reactions will cause tabtlity of the system to show slight
variation. This is quite the case for this study. Accordingly, the average value of the product
cosine of the contact angle, which is wettability and the interracial tension between carbon
dioxide and water will showlight variation with water saturation. The average values of
this parameter henceforth referred to as wetting force are 0.0158 mN/m, 0.0126 mN/m and
0.0027 mN/m for experiments at at°65 65°C and 758C respectively. All these average
values at each exparental temperature are closer to the values calculated at individual
saturations. Therefore, these slight variations in wettability (wetting force) are similar to
those observed for spontaneous imbibition experiments.
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Table 57: Resultsfor Experiments at 55°C (Wallace Sandstone)

Water Carbon dioxide
Water . .
. relative relative S cosg
saturation " "
permeability permeability
0.988 0.96 0.001 0.0239
0.903 0.703 0.025 0.0182
0.855 0.574 0.046 0.0182
0.801 0.444 0.076 0.0186
0.752 0.343 0.108 0.0190
0.704 0.255 0.146 0.0190
0.656 0.18 0.19 0.0179
0.553 0.064 0.305 0.0073
0.451 0.007 0.452 0.0001

Table 5-8: Results for Experiments at 68C (Wallace Sandstone)

Water Carbon dioxide

Water . .

. relative relative S cosg

saturation " "
permeability permeability

0.997 0.98 0.002 0.0268
0.991 0.94 0.007 0.0219
0.953 0.703 0.04 0.0174
0.907 0.458 0.079 0.0167
0.854 0.245 0.124 0.0157
0.837 0.189 0.139 0.0145
0.802 0.098 0.168 0.0089
0.773 0.045 0.193 0.0028
0.752 0.02 0.21 0.0005
0.723 0.002 0.235 0.0001
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Table 59: Results for Experiments at 79°C (Wallace Sandstone)

Water Water relative Carbon _dioxide

saturation permeability relatlvc-;-. 5 cosq

permeability

0.992 0.94 0 0.0075
0.947 0.637 0.016 0.0071
0.899 0.38 0.057 0.0065
0.865 0.235 0.103 0.0016
0.801 0.059 0.222 0.0008
0.791 0.041 0.247 0.0001
0.759 0.007 0.327 0.0001
0.753 0.004 0.342 0.0
0.751 0.003 0.349 0.0

Normally, the average saturation of the displacing phase at breakthrough isnaegsnne

of injection sweep efficiencfAl Bahlani & Babadagli, 200&nd wettability(Standnes &
Austad, 2003)The more wetting the system is with regard to the injected fluid the higher
theinjection sweep efficiency because of decreased relative mobility of the injected phase
and increase relative mobility of the displaced phase. In this studyisQ®e injection

phase while brine is the displaced or wetting phase. The average gas saturation in the
systens at breakthrough is 0.148, 0.118 and 0.125 for experiment8@t 56C and 75C

respectively. These results are quite in line with wettatitiépry.

Generally, water wettability reduction for the system@@ter rock is due to acidity
increases. At a constant salinity the solubility of-®@I decrease with temperature. This
has been clearly shown from thermodynamic calculations (Ea®)eTherefore, at 5%

the solubility CQ will be higher. The activity of hydrogen ions will be higher compared
to activity values at 6% and 78C due to solubility reduction as observed in Tahle
Under these conditionghe system is more wetting withgard to resident brine as
solubility decreasedue to temperature increases. This impheseduction in relative
mobility of CO; at lower temperatures and a corresponding increase in water relative
mobility. The sweep efficiency for gas injection ikereforg higher at 58C decreasing

with temperature increase. This explains the observed average gas saturation at
breakthrough. However, the result aPC5lefies this trend. The likely explanation here is

that at higher temperatures, the temperature effeéiuid properties plays a major role.
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The specific shock velocities also show similar trends. Generally, the more wetting the
system is with regard to the injected fluid the lower will the specific shock velocityabe at
given temperature. The Tablkberefore shows increases in specific shock velocity from

3.3 at 58C to 5.18 at 6%C. Once agairthe high temperature effect causes this trend to be
disobeyed at 7&. Specific shock velocity calculated without the effect of retardation is
physically not meaningful due to the partial miscibility condition (ohl, 2007)

A molecular dynamic simulation of a system of water molecules has been carried out by
Stillinger and Rahman (1972) and the effective pair potential theory was used for
calculation. The results showadbreakdown of hydrogehond order and a rapid increase

in the freedom of molecular motion that accompany temperature rise. This hydrogen bond
rupturecould be the cause for radical changes in molecular interactions that can impact
interfacial tension adding to the already existing effect on dynamic viscosity to cause

deviations from expected trends at a higher temperature.

Tables 5-10 through 512 (for Ellersely, Cardium and Basal Cambrian Sandstones
respectivelyshowcosines of the contact angtecalculated using the mathematical model

of this study designed to achieve the objective of deriving contact angle from flow data. As
explained earlier, corBooding procedures involving C&brine systems normally
replicate predetermined wettability conditions. Therefore, based on the equation, the
product of the cosine of the contact angle and the interfacial tension between gas and water
will be constant. Tl means that at all saturations this product or wetting force will be
constant due to nemutual solubility of phases and therefore constant pH environment.
Accordingly, results of computation of contact angles using pertinent data confirms this
trend. Whais more, calculated contact angles are quite convincing and fall within those
normally encountered in petroleum engineering practice. In the systemate#silica
(sandstone oil reservoir), contact angles have normally been reported ranging frabn O to 4
degrees averagely. This trend is revealed by a published work in Appea8iXThis is

due to lack of water rock interaction in these systems which impacilispiid interfacial
tension to cause wettability evolution similar to that encountered ipattin dioxide

water-rock system
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Wettability is an important factor affecting fluid behavior in the subsurface, including oil,
gas, and supercritic®0O, in deep geological reservoirs. For exam@€) is generally
assumed to behave as a feetting fluid, which favors safe storage. However, in view of
geachemical heterogeneityn geologic systems, mixed wettability conditions are
possibilities. What is more, recent experiments suggest that with time ettebilty of
supercritical CO; may change from newetting to partially wetting due to changes in
electrostatic interactions which impact sdiguid interfacial tension. These changes are
caused by chemical reactions between dissol&® and subsurfae geologic
environment. Bandarat al. (2016) used multiphase pairwise force smoothed patrticle
hydrodynamics model to study complex psoale processes involved in geological
carbon storage which integrates the effect of spatial and temporal wettability variations on
long-term distribution 6 the gasin porous media. They concluded that the wettability of
the porous media changes from brimet to partialwet or CO, wet. Contact angles
calculated in the present work fall within partial@®, wetting case aanticipatedn the

cited work ofBandaraet al (2016) In this work, the authoragreedthat an angle of 90
degrees falls within partial wetting domaiglauer et al, (2015)also give a range of
intermediate wettability from 8010C°. This means Contact angle calculated for Basal
Cambrian Sandstone falls within intermediate and or partial wetting domain while that for

Cardium Sandstone comes quite closer.
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Table 5-10: Resultsof contact angle calculatiorfor Ellerslie Sandstone

Gas Relative Relative
saturation | permeability| permeability| s cosg cosqg q

fraction of gas of water

0.034 0.0008 0.8052 0.015345| 0.4729 65.17
0.051 0.0018 0.7159 0.015217| 0.4689 65.17
0.068 0.0034 0.632 0.015114| 0.4658 65.17
0.085 0.0055 0.5535 0.015054 | 0.4639 65.17
0.102 0.0082 0.4127 0.015031| 0.4632 65.17
0.119 0.0115 0.4127 0.015038| 0.4634 | 65.17
0.136 0.0153 0.4127 0.015065| 0.4643 65.17
0.153 0.0199 0.293 0.015106| 0.4655 65.17
0.17 0.025 0.2411 0.015154| 0.4670 65.17
0.188 0.0309 0.1943 0.015207 | 0.4686 65.17
0.205 0.0374 0.1528 0.015254 | 0.4700 65.17
0.222 0.0446 0.1164 0.015296| 0.4714 | 65.17
0.239 0.0525 0.0851 0.01533 | 0.4724 | 65.17
0.256 0.0612 0.0588 0.015355| 0.4732 65.17
0.273 0.0706 0.0375 0.015372| 0.4737 65.17
0.29 0.0807 0.0211 0.015382| 0.4740 65.17
0.307 0.0916 0.0095 0.015386| 0.4742 65.17
0.324 0.1032 0.0025 0.015388| 0.4742 65.17
0.341 0.1156 0 0.015386 | 0.4742 65.17
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Table 5-11: Resultscontact angle calculationfor Cardium Sandstone

Water Gas Gas relative Water

saturation | saturation| permeability relative .| §C0sq cosq

fraction fraction | krg Eermeablllty 9

rw
1 0 1] ----

0.969 0.031 0.0002 0.9715| 0.007279509 0.3676| 68.43
0.938 0.062 0.0008 0.7539| 0.006741623 0.3404| 70.10
0.907 0.093 0.0019 0.6468| 0.006608104 0.3337| 70.51
0.876 0.124 0.0038 0.5499| 0.006632401 0.3349| 70.43
0.845 0.155 0.0068 0.4628| 0.006743913 0.3406| 70.10
0.814 0.186 0.011 0.3849| 0.006911005 0.3490| 69.57
0.783 0.217 0.0166 0.3159| 0.007112985 0.3592| 68.9
0.752 0.248 0.0239 0.2552| 0.007329379 0.3701| 68.27
0.72 0.28 0.0329 0.2025| 0.007538148 0.3807| 67.62
0.689 0.311 0.0438 0.1573| 0.007680552 0.3879| 67.18
0.658 0.342 0.0569 0.1191] 0.007691089 0.3884| 67.15
0.627 0.373 0.0723 0.0874| 0.007459738 0.3767| 67.87
0.596 0.404 0.0902 0.0616| 0.00684609¢§ 0.3457| 69.78
0.565 0.435 0.1107 0.0413] 0.00573911 0.2898| 73.15
0.534 0.466 0.134 0.0259| 0.004190601 0.2116| 77.78
0.503 0.497 0.1602 0.0148| 0.002516858 0.1271| 82.7
0.472 0.528 0.1896 0.0074| 0.001155291 0.0583| 88.69
0.401 0.599 0.2222 0.003| 1.52049E05| 0.0007| 89.96
0.41 0.59 0.2582 0.0008| 4.31021E05| 0.0021| 89.88
0.379 0.621 0.2978 0 AVE 69.98
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Table 5-12: Resultsof contact angler calculationfor Basal Cambrian
sandstone

.| Gas Water Water
Gas relative . : -
permeability fsatu_ratlon saturation relative | scosg cosqg | ¢
raction fraction permeability

0.0003 0.035 0.965 0.9105| 6.16E06| 0.0002| 87.84
0.00005 0.071 0.929 0.9105| 4.68E06| 0.0001| 87.84
0.0008 0.106 0.894 0.8248| 4.28E06| 0.0001| 87.84
0.0012 0.106 0.894 0.743| 4.28E06| 0.0001| 87.84
0.0019 0.141 0.859 0.665| 4.21E06| 0.0001| 87.84
0.0029 0.177 0.823 0.5911| 4.31E06| 0.0001| 87.84
0.0047 0.212 0.788 0.5211| 4.51E06| 0.0001| 87.84
0.0076 0.247 0.753 0.4552| 4.77E06| 0.0001| 87.84
0.0123 0.282 0.718 0.3933| 5.06E06| 0.0001| 87.84
0.0194 0.318 0.682 0.3356/ 5.3E06| 0.0001| 87.84
0.0299 0.353 0.647 0.2821| 5.38E06| 0.0002| 87.84
0.0449 0.388 0.612 0.2328| 5.15E06| 0.0002| 87.84
0.0657 0.424 0.576 0.1879| 4.41E06| 0.0002| 87.84
0.094 0.459 0.541 0.1474| 3.16E06| 0.0001| 87.84
0.1315 0.494 0.506 0.1114| 1.69E06| 0.0001| 87.84
0.1805 0.529 0.471 0.08| 5.8E07| 0.0000/ 0.00
0.1805 0.565 0.435 0.0535| 9.9808| 0.0000{ 0.00
0.2433 0.6 0.4 0.0318| 7.45609| 0.000| 0.00
0.3228 0.635 0.365 0.0154| 1.44E10| 0.0000{ 0.00
0.4221 0.671 0.329 0.0045| 1.13£13| 0.0000{ 0.00
0.5554 0.706 0.294 0| 4.4E164| 0.0000/ 0.00

Figure 52 shows the fractional flow versus water saturation for Wallace sandstone and the
Welge tangents drawn without the effect of retardation. Figuthbough 55 show gas
fractional flows versus gas saturation and corresponding Welge tangentluraaking

into consideration retardation effect derived from thermodynamic calculations.
Accordingly, the average gas saturations at breakthrough were determined using the frontal
advance theory of Buckley ah@veret(Pandeet al, 1987) Results of fraitonal flow are

found in Appendices-817 5-3

Figure5-6 through 58 show fractional flow versus gas saturation derived from excel sheet
calculations (Appendices-41 5-6). Data for these plots were obtained by processing
drainage flow data in accordanedth two-phase flow theory. Pertinent parameters
deduced from fractional plots are found in Tables 5 and Table 6 respectively.
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Plots of fractional flowvs. gas saturation using literature data from Alberta sandstones

show differences in gas saturation at breakthrough which is a good indicator of water

displacement efficiency and the geological

reason has already been discussed.

Accordingly, specific shock Vecities reflect the gradients of Welge tangents such that the

higher the specific shock velocity the less wetting the system is and the higher the

calculated contact angle.
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5.8 RELATIONSHIP OF THE PRINCIPAL HYPO THESIS OF
THIS WORK TO PUBLISHED DATA

The principal hypothesis of this thesis work is founded on the premises that trends in
contact angle changes associateth the pH induced wettability change of the system
carbon dioxidébrine-solid/rock surface will reflect thanineralogy of the system.
Accordingly, thishypothesishas been established using spontaneous imbibition flow. In
addition, contact angles havedn calculated from literature published data related to
drainage flow using a matheatcal model. This approach is quite complementary because
in the petroleum literatur@orous media multiphase flow adestinguishedas drainage or

imbibition.

On thebasis of the hypothesisaline aquifer rocks with less pHiffiering mechanism will
experiencemore rediction in water wetness. This means that in these systems it must be
easier to move water and this should lead to less irreducible water saturatidme On t
contrary, saline aquifers with less pH buffering capability should have less reduction in
water wetness leading to more irreducible water saturation. To see that the hypothesis has
been supported by literature published data requires extracting itvedweiter saturation

related to TableBb from the appropriate literature. In this regard, according to Bachu and
Bennion (2008) Table 3, the irreducible water saturation for Basal Cambrian sandstone,
the most quartz arenite (high silicanten} with thegreatest wettability decreases (contact
angle equato 87.84) is 0.294. From Table-6b, the next less wetting is the one with a
contact angle of 73%&nd this is Cardium sandstone. This sandstone has irreducible water
saturation of 0.379. The most r&sint to pH change in this case is Ellersely sandstone with
(with significant digenetic clays and authigenic calcite) an irreducible \sdtextionof

0.659. The mineralggof these rocks have already been discussed in section 5.7. In the
light of theseobservationsand computations it is appropriate to say that when previous
researchers measured contact angles on minerals other rock samples they were trying to
interpret wettability changes not actually representative of actual geologic media where
carbondioxide will eventually be stored. Consequently, the principal hypothesis is strongly

supported
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58.1 Conclusion
In the petroleum literature two types of porous media flow can be distinguished. They are

drainage flow where a nemetting phase displaces a wetting phase from the porous
medium and imbibition flow, forced or spontaneous where a wetting phase displaces a non
wetting phase from the porous medium. In each of these flow types, the wettabdity of
solid surfacewith regard to the invading fluid plays a major role in the distribution of phase
saturations. Therefore, the effect of rock mineralogy, which is cewotrdle rockfluid
interaction phenomenon responsible for the acid induced wettability evolution durghg CO
flooding must be practically demonstrable for this type of porous media fluid flow. In
Chapter 4, the effect of rock mineralogy on acid inducedaiity evolution was
experimentally demonstrated using Wallace sandstone {mur&ralrock), Fontainebleau
(quartz arenite) and sand pack. In this chapter, the effect of-minkirology on acid
induced wettability evolution as well as pH buffering lhhegen demonstrated using core
flooding data involving drainage flowCQ; displacingbrine) in Wallace sandstone core
samples. Also, the effect ahonomineralogyon acid induced wettability evolution has
been demonstrated using drainage flow data in qaeetate sandstone core samples, data
being taken from literature sources. The following conclusions can be drawn. One thing,
however, deserves to be mentioned and that concerns data from literatures sources.
Although viscosity ratios and petrophysical paeders for different tests were not the
same, the equation presented for contact angle calculation gives results that reflect the
geology and mineralogy of individual rocks. The reason is that wettability evolution for
the system wateCO,-rock is due tavater rock interaction phenomena, which depends on
rock mineralogy. This has the effect on sdiguid interfacial tension to cause wettability
changes. Therefore, the extent to which water rock interaction will occur will depend more
on rock mineralogyThe following sum up the conclusion of this chapter:

1. Wallace sandstone contains glauconite and mica which are capable of formation
water pH buffering by cation exchange reactions. These reactions have the effect
of causing slight pH and wettability changasd this is responsible for nearly
constant values of the wetting force parameter calculated at different saturations in

the drainage flow for all experimental temperatures
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. By integrating fractional flow and thermodynamic concepts with geochemistry, the
effect of partial miscibility through gas solubility in brine has been used to show
that partial miscibility has a retardation factor which has the effect of reducing the
specific shock velocity leading to increased gas saturation at breakthrough in CO
injection.

. The slight change in the wetting force parameter with different saturations in
Wallace sandstone experiments is a clear indication of the pH buffering capacity of
this rock similar to that observed in spontaneous imbibition experiments in Chapter
4

. Regarding literature source data used for contact angle calculations, experiments
were carried out on quartz arenite with (predominantly quartz) varied subordinate
amount of authigenic minerals. In this regard, Basal Cambrian sandstone has the
greatest pyportion of quartz and the contact angle calculated for this rock reflects
the fact the effect of acidity causes significant change inligoid interfacial
tension which is responsible for a larger contact angle

. Next to Basal Cambrian sandstone withighbr proportion of quartz is Cardium

and the significant proportion of authigenic clays present in this rock sample leads
to a smaller change in solidjuid interfacial tension causing a lower contact angle

to be calculated compared to that of Basal Q@émnlsandstone sample

. The sample with authigenic calcite in addition to authigenic clay minerals comes
from Ellerslie sandstone. Accordingly, the effect of acidity on daiiid
interfacial tension is less because of stronger pH buffering mechanisrhowest
contact angle has been calculated for this case

. The work of this chapter has demonstrated the effect of rock mineralogy on acid
induced wettability similar to that observed in Chapter 4 using drainage
experimental data. Therefore, this chapter hasessfully tested the hypothesis
that rock mineralogy will control wettability evolution during €@ection into
saline aquifers

. The equation presented in chapter three for pursuing the ultimate objective of
calculating contact angle from flow data hasved to be useful. This is because it

calculates contact angles that reflect those of water rock interaction systems and
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comparison to those of published data foregter systems belonging to the same
mineralogysupports the validity of the equation.

9. The work of this chapter has led to the achievement of the objective defined earlier.
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CHAPTER 6 COMPARISON OF PRESENT STUDY WITH
PUBLISHHED WORKS AND IMPLICATION FOR THE
GEOLOGICAL COMMUNITY

6.1  The Principal View of this Study on WaterRock Interaction
Pud etal, (2010) studied the effect of surface charge on the wettability of coated Titania

surface. Based on kinetic molecular theory analysis of their results, they concluded that,
surface charge control both static and dynamic wettability of Titania surfacer éagp
(2006) argued that the interaction between, @@d surface hydroxyl functional groups
causes physiochemical caption of these groups responsible for wettability resulting in
contact angle decrease. However, on the basis of infrared spectrosdopgta€Q-silica
interaction Trip and Combes (1998) concluded thatghysiocaptiormechanism is weak.
Vihnyakovet al, (2008) reported that, supercritical €€buld react with surface hydroxyl
groups through the mechanism of hydrogen bonding.

The mainchemical groups on silica surface are silanols and silicic acid groups and the
hydrophobicity of this surface depeswh the surface density of these hydrophilic groups
(Jung & Wan, 2012) At near neutral pH of formatmobrine, silica surface is negatively
charged because the pH at the point of zero charge of silica is 3. The principal reaction
reads(Jung & Wan, 2012)

OH O

. .
Y e

H i

(6-1)

The species on the left imautral surface hydroxgroup and the first species on the

right is a @protonated surface hydroxyl group

In the gstem silicaCOy-brine, the dissolution of COproduces acidity causing the
equilibrium in Eq. 61to shift to the left. This corresponds to a drive towards creafion
neutral surface species causing a reduction in surface charge. Regarding disjoining pressure
forces contribution to wettability, this corresponds to weakening of the double layer
repulsive forces thereby causing destabilization of the thin wetting Wiate Hirasaki

169



(1991) and Chiquett al (2007) explained that, pH decrease resulted in destabilization of

the thin wetting film causing contact angle increases

So far, it can be seen that previous researchers are unanimous with regard to wettability
charges being caused by surface charge that develop in response to pH changes. However,
while these researchers agree on this none seem to have mentioned any surface energy
phenomenon related to surface charge development. In this study, the effect of @d induc
surface charge development has been directly linked to changes #icgotidnterfacial
tension. Accordingly, when Youngd0s wequatio
cause of wettability decreases with pH decreases.

6.2  Similarities in pH Control

Since the principal cause of wettability evolution in the system glioabrine are pH
changes, it is necessary to compare the mode of pH control in the present experimental
works to those of published works. In this regard, the worklohg & Wan, 2012)s

worthy of comparison. This is seen in Fagl. In this study the authors used the drop shape
analysis technique where carbon dioxide drop previously equilibrated with brine was
established in high-pressure cell chamber containing brine initially equilibrated with. CO

The essence of this was to prevent possible dissolution of the gas bubble before the start of
experiment. The system was then pressurized and the shape of the drop was digitally
monitored. Equilibrium contact angl@vere measured at each pressure equilibration. The
figure shows that at a given salinity contact angle increased to a maximum value. In their

work, pressure increases caused dissolution efc@@sing pH changes.

In puldished works dealing with the pH induced wettability change due to the anticipated
water rock interaction reactiorontact angles were measured using different approaches.
By using imbibing fluids with varying pH this thesis work has used spontaneoilstiorh
dynamics theory to quantify contact angle changes similar to those of previous researchers
and this is with particular regard to observations for Fontainebleau sandstone samples

where pH change produced significant contact angle change
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Figure. 6-1: Contad angle changes with pressuréJung & Wan, 2012)

In the present study, pH control was achieved using diitrie acid. In the work of Wang

et al, (2013) pH controlled was achieved in a similar mabgearsing acidic solutiarThe

present work also showed decreases in contact angle with pH decreases in both capillary
and rock imbibition experiments.

6.3 The Use of AirBrine-Core System for Wettability/Contact Angle

Measurement
In this study, the effécof water rock interaction on wettability was experimentally

investigated using acidized water of different pH imbibing spontaneously into an air filled
core sample from potential saline aquifer rock samples. In the petroleum literature where
the concepof water wettability has a link to residual gas saturation and recoverydactor

of natural gas reservoirs, air/brine systems have been used to study the wettability. In this
regard, Kantzas (2000) carried out spontaneous imbibition tests on core samples f
natural gas reservoirs to understand how production rate and wettability impact residual

gas saturationsing a similar approach.
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6.4 Implication for Efficient Carbon Storage in Nova Scotia Continental Shelf
In Nova Scotia, preliminary analyses of dahle geophysical data reveal that the potential

for finding adequate storage capacity related to onshore saline aquifers is small. The work
of Mclver (192-AppendixD), shows that the stratigraphic column of the Scotian Shelf
has glauconitic sandstonessatitable depths for anthropogenic carbon dioxide storage.
These types of sandstones are also target geological repositories for anthropogenic carbon
storage in AlbertgGentzis, 2000pecause they underlie large areas of industrial power
generation plants. In the Netherlands, there are also potential targetsa()X@001). This
means that if anthropogenic carbon storage is to be a viable option for re@{ing
concentration in th&cotian environment, then the Scotian shelf is the only last resort for
locating potential siliciclastic saline aquifers. The geological facts about this sandstone
have already been unveiled by firesenstudy. This thesis work used Wallace sandstone,
which is part of the formation that outcrop on shore of the Scotian shelf. This sandstone
has been found by-Kay diffraction analysis of powder samples to contain mica (serecite)
and glauconite. In addition to this, results of spontaneous imbibition neeasots using
Wallace sandstone core samples in this thesis work show evidence of formation water pH
buffering due to the presence of these diagenetic minerals that are phyllosilicates in origin.
Therefore, if the injection d€O; into glauconitic sandstoseffshore Nova Scotia is to be
efficient where water can be easily moved leading to more storage of anthrogo@gnic

then a strategy must be adopt&tis strategy mudte tofacilitate efficient displacement

of formation waterThe relative mobility ophases in multiphase flow regimes in porous
media depends on relative permeability, which is controlled by a number of factors. They
are wettability, interfacial tension, and dynamic viscosity of phases (viscosity ratio) and
pore size distributio@McDougall & Sorbie, 1997)

Generally, efficient displacement of resident fluid is obtained where there is favorable
mobility ratio defined as the mobility of the displacing fluid to the mobility of the displaced
fluid. This parameter must generally be minimized to achieve efficiendisplacement.

This is achieved in the petroleum industry by wettability modification from intermediate
water wet to water wet for the case of secondary oil red@tandnes & Austad, 20D3
Where, the wettability modification option is not a realign ideal option is the

viscosification of the injected fluid to achieve favorable mobility ratio for efficient
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displacement. The outcome of this is seen in the form of reduced mobility of the injected
phase and this prevents injection fluid override ofrémdent fluid. Figure @ shows a
graph of injection sweep efficiency versus mobility ratio and shows consistent increases in

sweep efficiencies with decrease in mobility ratios.
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Figure 6-2: Graph of Areal Sweep Efficiency versus mobility ratioM ahaffey et al,
1966)

For those formations that will show pH buffering the wettability option designed to change
the system from water wet to intermediate or gas wet that will enhance favorable mobility
ratio is not recommended. Instead, enhancing mobility tatough modifying viscosity

ratio is the best strategy. For gas injection, mobility ratio is the reciprocal of that for water
injection in the petroleum industry where the parameter is calculated as the ratio of brine
mobility to gas mobility. The obj¢iwe here is to increase gas viscosity to reduce the
mobility ratio. This can be achievday using viscosified C®similar to that used by the
petroleum industry for C&enhanced oil recovery schemes (Bae and Irani, 1993; te¢ller

al., 1985; Eniclet al, 2012).The essence of this is to dissolve polymers that will increase
the dynamic viscosity of injected GOThis has the effect of providing favorable mobility
ratio in the displacemenitt is clear that coupled with the already huge cost of injection
well drilling and completionthis strategy will push future geological carbon storage to

undfordable economic limits. However, if the goal of societytds enjoy energy
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consumption while keeping global climate safe in order to avoid expected environmenta
calamitiesthen the extra cost geological carbon storage that will be incurred in the light
of this proposed strategy must be accepted for the sake of environmental remediation.
6.5 Limitations of this Thesis Work

In all published works so far relagi to carbon dioxide induced wettability alterat{&imm

et al, 2012;andJung and WarR012) all researchers unanimously agree that the principal
mechanism behind the wettability modification is the wabek interaction phenomenon.
This reaction is inmately linked to the surface chemistry characteristics of
aquifer/reservoir rock minerals. Generally, the surface functionalities or silanols (Zhuralev,
1987) formed by the dissociation and chemisorption of water molecules (Mahadevan and
Garofalini, 2008)on the oxygen ion of oxide minerals are responsible for such reactions
due to the amphoteric behavior (Viddlal, 1987). To date, all works on contact angles in
the abovecited publications have failed to quantify the effect of the water rock intenacti

experimentally, although, this effect is lumped into measured contact angles.

The present work has undertaken successful experments to quantify contact angles that also
contain water rock interaction effects for two mineralogically distinct potentiadesa
aquifer rock samples. It has also conducted experiments based on cation exchange reactions
to quantify formation water pH buffering effects. Like previous workers, the effect of the
water rock interaction has not been experimentally accounted fothends the major

limitation.

Basedon the experimental results for cap rock materials it is appropriate to admit that
expectations of the hypothesis of this thesis work is not met. This is because, for typical
geological sequestration conditions whéoemation brine pH is close to neutral, pH
decreases will produce contact angle trends that will typically reflect those of the mineral
that compose these rocks. Here, mica is a notalslemeg that can be taken to represent
cap rock. This mineral has aipbof zero charge pH of 7.6 (Sverjensky, 1994) which is
almost the same as that of cap rock or shale rock. In this r@gavibus researchers were
justified in using mica foexperiments. Thiéimitation is probably due to the limitation
regarding the curement of cap rockaterialswith varied mineralogy as recognized in

the geological literature.
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6.6 ADVICE FOR EFFICIENT GELOGICAL CARBON
SEQUESTRATION

The findings of this thesis work with particular regard to the pH wettability relationship is
critical for efficient geological storage of anthropogenic carbon dioxide. In the past,
characterization and screening of saline aquifers have centered on traditional approaches
that require information about porosity, permeability, rock type, formatiom Isalinity,
thickness and areal extent of potential aquifers. Since wettability controls the mobility of
carbon dioxide and formation brine the recommendation of this thesis is that accurate
determination of the effective point of zero charge pH of sarkples should be added to

the suite of characterization methods. Also, determination of initial formation brine pH is
essential. Integrating knowledge of effective point of zero charge pH and initial formation
brine pH will provide a firsthand informaticabout trends in wettability change. In other
words, if the point of zero charge pH is closer to the initial formation brine pH, then
possible wettability increases in accordance with surface charge controlled wettability
evolution must be anticipated. fhis case, the displacement will be less efficient because

of enhanced water wetness. On the contrary, having a significant difference between the
effective point of zero charge pH of rock surface and that of initial formation brine is
beneficial where irtial formation brine pH is above that of the effective point of zero
charge pH of rock surface. In this case, decreases in pH caused by carbonic acid
dissociation will reduce the surface charge of rock which is the criterion for water wetness
reduction leding to efficient displacement of formation brine and maximization of

available storage pore volume for a given sequestration project.

Also, since clay or phyllosilicate minerals are known for their cation exchange capacities
that have the potential to beaf formation water pH and resist wettability changes,
argillaceous formations should be avoided in screening potential saline aquifers for
geological carbon storage. Geologically, sandstone is a clastic sedimenta(iralick

& Kronberg, 1997)with abundant silica content. However, depending on the degree of
sediment diagnesis,modification (Awwiller & Mark, 1991) of these clastic rocks are
petrologically recognizable. Therefore, a typipaint of zero charge pH close to 3 that

could approximate the average value for sandstones is always not possible due to diagenetic
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and environmental imprints that cause varied mineralogy. In this regard, a notable example
is worth mentioning here in caection with Bentheimer sandstone. This sandstone in
Belgium is calcareous and has glauco(tieck et al, 2014) Another type of Bentheimer
sandstone occsralong the DutcliGerman bordewith quartz volume fraction between

0.88 and 0.96. It has a poiof zero charge pH of 8eksaet al.,2015)found in this
reference workFigure 21of referencegs the point where the surface charge density verses
pH is zero The implication is that water mobility in this sandstone wilkrbduceddue to
expected wettbility enhancement. Therefore, determination of the point of zero charge pH
of rock samples of potential saline aquifers and the initial pH of formation brine should be

considered crucial for planning efficient geological carbon storage.
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CHAPTER 7 CONCLUDING STATEMENT

7.1  Summary
In choosing to sequester anthropoged{@ in geologic media for the sake of mitigating

global warming due to greenhouse gas effect, the effect of rock fluid interaction on the
two-phase flow hydrodynamics is of paramount imaoce. This is because, the
dissolution of CO, and its dissociated species results in surface protonation and
deprotonation reactions. This has a marked effect on the surface energy of pore surfaces.
Viewed from the molecular theory of interfacial tensieovater rock interaction will
therefore impact solitiquid interfacial tension or interfacial energy because of the
evolution of acid base species that result from protonation and deprotonation reactions.
This resulting wettability change affects the refatmobility of water andCO: to either
enhance efficient carbon storage or reduce water mobility to cause an opposite effect. Also,
the effect of rock mineralogy is very important in predicting the overall effect of water rock
interaction on wettability. i&ply put, wettability decrease will only be possible where pH

of aqueous solution is not buffered.

In the petroleum engineering literature, two types of flows can be distinguished. They are
spontaneous imbibition and drainage as explained in Chapterirtdeléd water rock
interaction causes surface energy changes to impact wettability, then this effect must be
observable for the two types of flows in porous media. In this thesis work, experimental
data based on spontaneous imbibition has been used totlbosifect of acidity on
wettability evolution duringCOz injection into saline aquifers. The effect of rock
mineralogy on wettability evolution has also been established using these data. In Chapter
5, drainage experimental data have also been used to establish the effect of rock mineralogy
on wettability and to substantiate the results of Wallace sandstone as observed in Chapter
4.

Accordingly, the following sum up the observations:

1. Although saline aqters provide promising storage capacities for global
anthropogenic carbon storagihe extent to which a given carbon geostorage
project can maximise the available subsurface pore volume for storage depends on
the mineralogy of the aquifer rock and thérsgy of formation.
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2.

In those saline aquifers where the aquifer rock has authigenic minerals capable of
buffering formation water pH as inject&D; dissolvesthe pH of formation water

will remain approximately constant. In these saline aquiteesaquier rock will

remain predominantly water wet with decreased relative permeability
Monomineralic saline aquifer rocks of siliciclastic origin such as sandstones with
authigenic and or silica cement are in the class of saline aquifers tubgtd of
formation water will changeignificantlydue to lack of pH buffering mechanism.
This is becausen these aquifergormation water pH will decrease with increases

in hydrogen ion activity following injecte@0O; dissolution, hydration to carbonic

acid and subspient ionization. These decreases in pH will lead to decreases in
water wethbility and this implies increase water mobility and improved injected
gas sweep efficiency

For twophase flow in porous mediamvolving injected anthropogenicO, and
resident fomation brine the global saturation balance equation predicts unity for
the summation of phase saturations. Similathg summation of fractional flow
values for the phases at any point leads to unity meaning an increase in the
fractional flow of one phasleads to a decrease in the fractional flow of the other
phase. This fractional flow increases with phase mobility. Consequierttigases

in water fractional flow with pH decreases means decreas&€3Opnrelative
permeability, mobility and fractional flow and this is the criterion for high sweep
efficiency

Capillary imbibition experiment conducted in this thesis work that led to a novel
method for determining the point of zero charge pH of booagéd ghssand it is
comparableéo those of previous research works theexperimental approaches of
previous workers pH changes of brine in contact with supercriGéx was
achieved by injected gas pressure variation which caused dissolution of gas under
isothermal conditions. The result of the current work has established contact angle
variation under varying pH conditions similar to those reported by these wbskers.

pH control
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7.2

6. The pH dependent wettability equation derived in this thesis has served arnumbe
of purposes. In addition to helping to achieve one ofi#imedtasks it serves two
roles. One is the applicability for establishing thgothesisthat different rock
systems will respond differenttyg wettability change due to pH view of the poin
of zero charge pH control on wettability. The other role is seen from the fact that
the equation contains the point of zero charge pH with specific regard to pH change
related to geological carbatoragewhich is the principal concern of this thesis
work.

7. Under typical conditions of formation brine gHeutral or near neutralhat will
be encountered due to carbon dioxide dissolution cap rocks will experience
increases in water wetness due to their point of zero charge pH being closer to the
initial pH of formation brines.

8. The principalhypothesisof this thesis has been tested from Chapter 3 through

Chapter 5

General Contributions of this Thesis Work

The following are the major contributions to knowledge in the area of anthropogenic CO

geologic sequestration ththiis thesis work has made:

1.

This thesis work has shown mathematically the dependence of wettability on
formation water pH and this dependence has been experimentally validated.

The concept of the point of zero charge pH of a mineral surface is a fundamental
surface chemistry parameter used in the colloid industry. In the geological
sequestration o€0, the system wate€O;-mineral (rock) surface is the principal
focus with regardo physiochemical changes related to wettability evolution due to
formation water pH changes. Consequentte point of zero charge pH is a vital
parameter with regard to water rock interaction phenomenon that is central to pH
mediated solidiquid interfacial free energy/tension changes. In the colloid industry
this surface chemistry parameter has been determined using titrimetry or infrared
spectrometry technique. In this thesis work the experimental validation of the
wettability pH relationship usingapillary tubes has made it possible for the
determination of the point of zero charge pH of laboratory glass which compares quite

well with values found in published literature worksis is a new approach that uses
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spontaneous water imbibition quite fdifent from traditional approaches that use
titrimetry and atomic force microscopynong others

In all porous media multiphase flow, wettability is intimately linked to relative
permeability of phases. In the petroleum literature, relative permeabildy an
wettability a contact angle have been determined separately. The mathematical model
presented in this work linked contact angle to drainage relative permeability data.
Computation of contact angle from flow test is a notable contribution of this study.
Interface thermodynamics is a branch of science that deals with surface and or
interface energy changes following molecular interactions at interfaces. In this study
the parabolic equation that links pH to contact angle provided the basis for the
classifiation of saline aquifer storage environments with regard to wettability
evolution following the injection 0€0; into these geologic repositories. The bases
for this classification are the trend of pH evolution under geologic conditions typical
of COr geo®questration and the surface chemistry of saline aquifer rocks with specific
regard to the point of zero charge pH of rock mineral surface. Accordingly three
storage environments with regard to wettability evolution during carbon dioxide
injection into sahe aquifers have been identified.

Recently the Minerals Resource Engineering Department of Dalhousie provided data
on oxide analysis of Wallace Sandstone. In this thesis weRayDiffraction method

has been used to establish the existence of micalandogite in this sandstone and

this is a contribution to geological literature.

7.3 RECOMMENDATION SFOR FUTURE STUDIES

Following the outcome of the mathematical modelling of this work one of the experimental

objectives was to use the core flooding syst&@RS manufacture by Vindiechnologies

in order to test some aspect of the theoretical findings. This included determination of the

relative permeability ofCOy-brine system at different temperatures using synthetic

formation brine salinities. This is because the solubilit£ @6 in formation brine is an

explicit function of salinity and temperature. Normallgolubility decrease with

temperature and salinity. & obvious solubility trend provides a carefully planned

experimental basis wher€0O, can be injected at a constant pressure for relative
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permeability experiments at varying synthetic brine salinities. Relative permeabilities
obtained under these condit®would simulate different pH conditions if carried out at
constant temperature such that the only variable is salinity. By using the concept of
fractional flow in petroleum reservoir engineering the fractional flow cifee the
different experiments calpe plotted for comparison. The result of such an experimental
program can be used to further substantiate the theoretical findings of this thesis work that
lower pH conditions will enhance higher sweep efficiencies which can be shown by the
fractional flov versus water saturation curves at the same temperature but varying salinities
and gas solubility. This planned experimental program could not be carried out because of
equipment failure. Although optional experimental designs have helpedstantiathe
theoretical findings of this study is the proposal of this thesis work that the core flooding
experiments designed to measure relative permeabilities under varying salinity and pH

conditions should be taken up as a future research goal.

The spontaaous imbibition studies in this work were carried out under ambient conditions.
We propose that future work on spontaneous imbibition should be carried out in systems

where temperature can faried

To test the principal hypothesis using drainage relgbeameability data, data from
sandstones of different petrophysical and random mineralogical compositions were used
from literature sources. Generally, contact angles calculated using the mathematical model
of this study reflected the siliciclastic natwfdhe samples where significant contact angle
changes are observed under in situ geological carbon storage. Using samples with
predetermined authigenic minerals (mica, glauconite, and calcite) composition and of the
same porosity and permeability wouldvieaprovided a more meaningful experinmant
approach Therefore, it is the recommendation of this study that future research work

should take up this challenge.

In recent times the potential for geological carbon storage in flood basalts has been
consideredThe reason is that dissolved anthropogenic carbon species in formation water
will eventually lead to a thermodynamically stable form of carbon through the formation
of carbonatefOelkerset al.,2008) This will be achieved by dissolution of mineralghis

rock to release divalent catio{Golubevet al, 2005) This carbonate mineral formation
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requires sufficient presence of divalent cations. Normally, formation brine has less of these

cations d:e2+,M92+,Caz+). The most significant source dhese ions are fosterite

(magnesium rich pyroxene) and fayalite (iron rich pyrox¢Ke)ke, et al, 2000) which

are found in high proportions in flood basalt. Thathematicamodel in Chapte? of this

work arrives at a parabolic relationship between contact angle and the pH of the agueous
medium where the axis of symmetry is the point of zero charge pH of the solid surface.
The point of zero charge pH (9.1) found in Appendik @f these minefa is well above

the pH of normal formation or geologic system brine which is 7.theaveraggPetalas

and Diamantis, 1999). This means that ag @8solves upon injection into flood basalt

the pH will decrease away from the the point of zero chargenpehing an increase in
wettability. If this is the casehen increasing water wettability will not enhance sweep
efficiency. This study could not investigate this and recommends that future research work

takes up the challenge.
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Appendix 3-1: Interf acial tension of carbon dioxidebrine system versus pressure

and salinity
50.00
b |, = 71°C - 0 m NaCl
— 45.00 . ] 71°C - 0.085 m NaCl
qu. : +71°C - 0.87 m NaCl
E 4000 T 71°C - 1.79 m NaCll
| ]
5 . " ¢+ 71°C - 2.75 m NaCl
g 35.00 —
= t
S 30.00 P A
g e * . ¢ . .
2 " " u [
£ 25.00
20.00
0 50 100 150 200 250 300
Pressure (bar)
Ref: Chalbaud et al, 2009
Appendix 3-2: Carbon dioxide pressureversus formation water pH
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Ref: Kharakas et al, 2006
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Appendix 4A: Density of carbon dioxide versus depth
(a) Density (kg/m’)
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Ref: Doughty et al, 2008
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Depth (m)

Appendix 4B Density of carbon dioxide versus depth
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Ref: (Bachu & Adams, 2003)
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Appendix 4C: Interfacial tension between carbon dioxide and water at

varying pressure

Interfacial Tension (mM/m)

o
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Ref: Chalbaud et al (2009)
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Appendix 4D: Stratigraphic terminology proposed for the JurassieCretaceous
sediments of the Nova Scotia shelf

GROUP FORMATION MEMBER DOMINANT  LITH. | fHickneas
* SABLE ISLAND SAND AND  GRAVEL
* LA HAVE CLAY
QUATERNARY |* samsro SAND
* EMERALD SILT
* SCOTIAN SHELF GLACIAL DRIFT
BANQUEREAU MUDSTONE 4000’
THE GULLY WYANDOT CHALK 750"
GROUP
DAWSON CANYON [“LST. MARKER i SHALE 3000’
SANDSTONE @& SHALE 800’
LOGAN CANYON SABLE SHALE SHALE 500"
SANDSTONE & SHALE 2000"
NOVA SCOTIA >
GROUP NASKAP| SHALE 750
MISSISAUGA [ TLST. MARKER >~ SANDSTONE 3700'
MIC MAC CALCAREQUS SHALE 4000’
VERRILL CANYON SHALE > 2000
*55?::0:“"‘ BACCARO LIMESTONE 2500'
ABENAKI MISAINE CALCAREQUS SHALE 300'
SCATARIE LIMESTONE 400’
MOHAWK SANDSTONE B8 SHALE 3500
IROQUOIS DOLOMITE 650"
ARGO SALT > 3000

# Informal Map Units From KING, 1971 .

Ref: (Mclver, 1972)
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Appendix 4E: Chemical composition of Wallace sandstone
(http://www.wallacegquarries.com/)
Results of mineral analysis carried out by Dalhousie University (Mineral Engineering

Center) Halifax, Nova Scotia.February 19th, 2001

|l SiO2 Silicon Dioxide "Silica"82.00 %

T AlI203 Aluminium Oxide "Alumina"8.12 %
T Fe203Ferric Oxide "Hematile3.19 %

1 Na20 Sodium Oxidel.67 %

T K20 Potassium Oxidé.13 %

1 MgO Magnesium Oxid®.72 %

T CaO Calcium Oxide0.81 %

T TiO Titanium Oxice "Titania"0.29 %

T MnO Manganese Oxide "Magnesi@:10 %
1 L.O.l. Loss on Ignitior2.59 %

Appendix 4F: Results of monophasic permeability test
250

N
o
o
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100

Pressure drogpsi

(o))
o
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Flow ratecc/min
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Appendix 4G: Point of zero charge pH of some oxidedParks and de Bruyn, 1962)

- : ]J)'.tllim Le.p.

Solid Zup.c. solubility (caled.) Comment Ref.

1 30

WO, 0.43 0.43 K 36
$i0: <2 byt 37, 38, 18

SnQq 4.5 a,& 16

(5.5~7.3) b.e 16

0 6.7 b/ 39

B T 16

(4.7 b.c.e 16

70, ~d4 b 38

Al:O, 6.94 & 0,37 Lt 40

(8.4) be 16

(9.45) b./ 41

7.7 42

Appendix 4H: Point of zero charge of oxidegKosmulski M. , The pH-Dependent
Surface Charging and the Points of Zero Charge, 2002)

Material Description Salt T  Method pHy
510, Aerosil OX 1073-0.1 mol dm—* NaCl 25 pH <4 if any
50 Degussa iep 24
510, Polysciences 107#-0.1 mol dm—* KNO; iep <3 if any
Si0; Aerosil 380 1072 mol dm—3 NaCl, NaNO; 25 iep 2-4 (if any)
Acusto
Si0;  Quartz 1072 mol dm—3 NaCl, NaNO4 25 iep 24 (if any)
Acusto
Si0;  Duke 10732102 mol dm~* NaCl iep 2545
5103 Quartz, Alfa Aesar KOH + HNO;3 Acusto 2.3
Si02  Stiber 10~ mol dm— KBr iep 2
Si0, Aerosil 380 1073-0.1 mol dm™2 NaClO, 25 iep {=0atpH <5
pH <3 if any
5104 Geltech 10~3 mol dm—2 NaCl. Acusto {=0atpH2
KClI, LiCl, CsCl
5104 Quartz, Sigma 0.1 mol dm™ NaCl, KCI, Acusto <2 if any
LiCl, CsCl
Sn0» Cassiterite, natural None iep <3 if any

— —_—— —_—
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Appendix 4l: Albite + NaCl Brine + Supercritical CO2, 75°C and 200 bar for
nonmineral buffering saline aquifer system(Newell, et al, 2008)

Smple Hows Bas T°C AT Na* Si0fag) HCO; COpTowl €17 S04 O Fe™ K7 My™ plBench plt o St

st 00020 000 el 075 18 1§ 3% 197 00 00 00 00 799 7%
[ %009 194 75 014 294 957 60 60 2% 206 00 00 00 00 89 &l
D08 10T 019 %06 989 34 54 3564 180 204 007 128 1B 765 TN
PoolIR8 199 400 403 037 31 51 IR LD0e 1L 23 7 708
b 9985 00 To 002 2145 985 170 170 42 RIS 108 005 620 063 63 635
S %8 B0 T 35 N0 WA w4186 615 SM 363 810 103 146 480 3
6 W69 BIOTH A N8M S wd ad 36T 020 5808 17 1R 45 nd
T 40 30T S05 009 M0 ad SN 36069 302 902 375 146 086 463 M

“All concentations in pp; nd, not determiney.

"1 it pH caleltedusing The Geochemist Workbench by reactingdogasd idchemisty from 2 t 75°C and the ating nhe Oy total s e
dissolved HCO; ™ (~17 ppm).

"0y njected affr sample ~04; HCO; ™ not determmined on post injection samples - only tofal system C0y; the pre-inject value of 17 ppm HCOy ™ i
assumed; The water rock raio atthe stat of the cxperiment was 118:1, We njected 15.4 grams of COy with water: rock rato at 77:1 after sample 04
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Appendix (4J)-: X-Ray powder diffraction analysis of Wallace sandstone powder
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Appendix 4K: X-ray powder diffraction analysis of mica(Tomita et al., 1988)

. 13.9A
1344

280{CuK ) 26(CuK )
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Appendix 4L: X-ray powder diffraction analysis of non-marine glauconite
(Porrenga, 1968)
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Appendix 4M: Surface tension increment for aqueous HClLagainst concentration

3
®
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Ref: (Brandles & Schiffrin, 1966)

Appendix 4N: wettability pH parabolic relationship

05 T T T 1 T T

045
04
03
03
02

02

Amott index to water
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a1

oons

Ref: Takahashiand Anthony, 2010
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Appendix 40: Porosity and permeability of Wallace sandstone Core samples

PV o
Core
{cm™) (%a)

W-4 10.54 122

W-5 10.54 12.2

W-6 11.12 129

W-7 11.9 13.7

W-22 11.12 129

Ref: Karim, 2013 MEnNg project repgialhousieUniversity

Wherek permeability, PV is pore volume, phi is porosity, Sm is djpesurface area per
unit mass

APPENDICES FOR CAPILLARY IMBIBITION EXPERIEMNTS

Appendix 4.3.1 Experiment 1

Capillary
pH Capillary rise rise Cos(theta)
mm m

8.41 49 0.049 0.87

4.99 40 0.04 0.686
3.84 38 0.038 0.645
3.58 37 0.037 0.624
3.23 37 0.037 0.624
3.08 32 0.032 0.655
2.74 38 0.038 0.645
2.41 39 0.039 0.665
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Appendix 4.3.2 Experiment 2

cosine of contact
pH capillary rise| capillary rise mm angle
6.4 30 0.03 0.614178082
3.07 24 0.024 0.491342466
2.88 22.5 0.0225 0.460633562
2.58 23.5 0.0235 0.481106164
2.27 23 0.023 0.470869863
2.06 23 0.023 0.470869863
1.96 24 0.024 0.491342466
1.58 24.5 0.0245 0.501578767
1.461 25 0.025 0.511815068
1.17 26 0.026 0.532287671
Appendix 4.3.3 Experiment 3
pH capillary rise capillary rise | cosine of
contact
mm m angle
7.05 4 0.004| 0.081890411
5.89 3.5 0.0035| 0.07165411
3.95 2 0.002| 0.040945205
3.39 1.5 0.0015| 0.030708904
3.07 1.4 0.0014| 0.028661644
1.09 2 0.002| 0.040945205
0.87 2.5 0.0025| 0.051181507
Appendix 4.3.3.1
pH Cap risemm
1.29 19 0.019 67.11
4.55 21 0.021 64.54
6.23 25 0.025 59.23
9.18 29 0.029 53.58
12 35 0.035 44.23
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Appendix 4.3: Graph of contact angle versus pH from published worKBarranco
Jr., Dawson, & Christener, 1997)
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Appendix 4.4.1: Detailed calculations for equation validation
The wettability pH equations is given as:

WEH DEH -mM@NO MO0 RO N0 A0 (2-70)

Where:

. — (2-71)

To see if the coefficiestof the quadratic fits of experiment 1 and experiment can be
obtained using parameters of Tablé.4The following procedure was followed.

Calculation of the parameter defined by Eq7 (3
Substitution of initial pH of experimental brine for eaotperiment into E. (Z0)
Substitution of average value of the point of zero charge pH of borosilicate glass
(3.1) deduced in this study

1 Multiplication through by the value of the parameter defined by E@1)2
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1 Comparison of the resulting coefficients lvthose of quadratic fit

The following parameters were used for the calculation of the coefficient of #q) (2

R=8300 J/K

kB=3.8*10"27

T=273

F=96485 C/mol

F=96485 C/mol

From brine salinity permivity is =75.45
interfacial tensior= 0.070N/m

ni =Na and CI

zi=1for Na and CI

The value of the parameter is calculated)a31180758

For experiment 1 the initial pH is 8.41
The coefficient of the sque of pH is given by= 0.5*0.01180758
This gives 0.00708455

The third term icalculated as:9.29305
The product of this and the coefficient of the quadratic equation givé9972843

The wettability at the point of zero charge pH is: 0.624
Addition of this to the previous figureq.10973) gives0.51427

Experiments 2
Thecoefficient of the sqare of pH is given by= 0.5*0.01180758
This gives 0.00708455

From the plot the avage value of the square of pid =(0.0108+0.0081)/2 0.01015

From the plots the average value of point of zero charge:#lis
The product of @1180758 and 3.1 give8:0366035

The average of the coefficient of pH give05365

The wettability ant the point of zero charge pH is: 0.35
The initial pH of the solution is: 6.4
The third term of the equation on thélR is calculated a€).64

225



The produat of the coefficient and this value give8.03434

The addition of the wettability value at the point of zero charge pH to this value @i825664
For experiment 1(Figure-22) substitutions of coefficients gives the quadratic equation
as:

y=0.010x* - 0.04x+0.32 (4-1)

From the parabolic fit to experimental d@fagure 412)the experimental equation
gives:

y=0.0088" - 0.058X+0.8701z (4-2)

The coefficients of these equations are appreciably closer

For Figure 413, substitution of coefficientsiges the quadratic equation as
y =0.010x* - 0.04x+0.51 (4-3)
Parabolic fit to experimental data gives:

y =0.0137% - 0.086x+0.6057 (4-4)

The coefficients of these equations are appreciably closer
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Appendix 4.4.2(iso). Determination of isoelectricpoint from polynomial plots

(Trevino et al., 2010) (McCafferty and Wightman, 1997)
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Appendix 4.5Zeta potential of borosilicate glass versus pkBarz et al.,2009)
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Appendix 4-6: Point of zero charge pH a mixture of silica and alumina mixture
(Reymond & Kolenda, 1999)

pure alumina

pzc of silica+alumina mixtures

|

barycentre law I

54 |
|

|

\

pure silica
s | |
2 ; : I : ‘
0 20 40 60 80 100

Silica content (wt %)
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Appendix4-7: Point of zero charge pH of silica as function of magnetite impurity
Shenet al, (1999)
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APPENDICES FOR SPFONTANEOUS IMBIBITION

Synthetic Brine Experimentwith Wallace Sandstone

Appendix 4.4.1.1 Experimental data for imbibition for pH 1.79 (Wallace sandstone)

time- time- | height
min sec mm heightm

1 60 1.5 0.0015

3 180 3.5 0.0035

6 360 4 0.004

10 600 7 0.007

15 900 8 0.008

34| 2040 10 0.01

60| 3600 13 0.013

80| 4800 15 0.015

103| 6180 16 0.016
141| 8460 18 0.018
194| 11640 23 0.023
240| 14400 25 0.025
260| 15600 27 0.027
287| 17220 28 0.028
350| 21000 30 0.03
390| 23400 32.5 0.0325
420| 25200 34 0.034
507| 30420 37 0.037
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Appendix 4.4.1.2 Experimental data for imbibition rise for pH 3.03 9Wallace

sandstone
height time’
time mm | mm height m | sec h sq
9 4.5 0.0045 540 2E-05
15 6 0.006 900| 3.6E05
21 8.5 0.0085 1260| 7.2E05
30 8.5 0.0085 1800| 7.2E05
45 10 0.01 2700| 0.0001
60 10.5 0.0105 3600| 0.00011
92 14 0.014 5520| 0.0002
120 15 0.015 7200| 0.00023
150 17.5 0.0175 9000/ 0.00031
170 19 0.019| 10200| 0.00036
190 20 0.02| 11400 0.0004
213 21 0.021| 12780| 0.00044
270 23 0.023| 16200| 0.00053
305 24 0.024| 18300| 0.00058
347 26 0.026| 20820| 0.00068
423 28.5 0.0285| 25380| 0.00081
472 31 0.031| 28320| 0.00096
1273 50 0.05| 76380/ 0.0025
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Appendix 4.4.1.3 Experimental data for imbibition rise for pH 5.11 (Wallace
sandstone)

time- height height sq
min mm Heightm time sec | m2
1 0.5 0.0005 60 0.00000025
3 1 0.001 180 0.000001
9 2 0.002 540 0.000004
25 7.5 0.0075 1500 0.00005625
60 10 0.01 3600 0.0001
80 10.5 0.0105 4800 0.00011025
100 11.5 0.0115 6000 0.00013225
126 12 0.012 7560 0.000144
150 14 0.014 9000 0.000196
190 15 0.015 11400 0.000225
220 15.5 0.0155 13200 | 0.00024025
360 20 0.02 21600 0.0004
403 21 0.021 24180 0.000441
441 22 0.022 26460 0.000484
496 23.5 0.0235 29760 | 0.00055225
1288 41 0.041 77280 0.001681
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Appendix 44.1.4 Experimental data for imbibition rise for pH 6.77 (Wallace
sandstone)

time- height height heightsg
min mm m timess | m2

9 5| 0.005 540 0.000025
13 9| 0.009 780| 0.000081
27 10 0.01 1620 0.0001
52 11| 0.011] 3120 0.000121
100 13| 0.013] 6000 0.000169
126 16| 0.016] 7560 0.000256
210 21| 0.021| 12600/ 0.000441
273 27.5| 0.0275| 16380| 0.00075625
346 30 0.03| 20760 0.0009
432 32| 0.032| 25920 0.001024
493 35| 0.035| 29580 0.001225
521 36.5| 0.0365| 31260| 0.00133225
1040 55| 0.055| 62400/ 0.003025
1182 57| 0.057| 70920 0.003249
1300 60 0.06| 78000 0.0036
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Appendix 4.4.1.5 Experimental data for imbibition rise for pH 9.77 (Wallace
sandstone)

height | height |time | height
time-min | mm m sec sq
1 0.5 0.0005| 60 | 2.5E07
3 1 0.001 | 180 | 1E-06
9 2 0.002 | 540 | 4E-06
25 7.5 0.0075 | 1500 | 5.6E-05
60 10 0.01 | 3600 | 0.0001
80 10.5 | 0.0105| 4800 | 0.00011
100 11.5 | 0.0115| 6000 | 0.00013
126 12 0.012 | 7560 | 0.00014
150 14 0.014 | 9000 | 0.0002
190 15 0.015 | 11400/ 0.00023
220 15.5 | 0.0155 | 13200| 0.00024
360 20 0.02 | 21600| 0.0004
403 21 0.021 | 24180/ 0.00044
441 22 0.022 | 26460/ 0.00048
496 23.5 | 0.0235 | 29760/ 0.00055
1288 41 0.041 | 77280| 0.00168
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Appendix 4.4.1.6 Wallace sandstone experiments results with tap water

pH =1.97

Height

Tine-s, s¢m?

540 | 0.000025

780 | 0.000081

1620

0.0001

3120 0.000121

6000| 0.000169

7560| 0.000256

12600| 0.000441

16380| 0.000756

20760

0.0009

25920| 0.001024

29580| 0.001225

31260| 0.001332

pH =3.02 pH=7.66
Ht. sq.
Times Ht. sq. nt Times n?
540 2.00E05 540 0.000009
780 4.00E05 780 0.000016
1260 7.00E05 1260 0.000025
1620 8.00E05 1620 0.000036
5400 0.0003 4800 0.000081
7560 0.0004 7560 0.000196
12600 0.0007 12600 | 0.000324
16380 0.001 16380 0.0004
21120 0.0013 20760 | 0.000506
25200 0.0014
31260 0.0018

62400| 0.003025

70920| 0.003249

78000

0.0036
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APPENDICES FOR FONTAINEBLEAU SANDSTONE
EXPERIMENTS

Appendix 4.4.1for pH 5.34

time- height sgm?
sec Heightm

20 0.004 0.000016

48 0.005 0.000025

63 0.006 0.000036,

100 0.007 0.000049

139 0.008 0.000064

90 0.008 0.000064

290 0.012 0.000144

375 0.014 0.000196

465 0.016 0.000256

540 0.02 0.0004

840 0.025 0.000625,

1080 0.027 0.000729

1260 0.03 0.0009

1500 0.032 0.001024

1800 0.035 0.001225

2100 0.039 0.001521

2400 0.042 0.001764
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Appendix 4.4.2for pH 2.8

time- height sgm
sec heightm

130 0.0035| 0.00001225
180 0.005 0.000025
268 0.007 0.000049
300 0.009 0.000081
348 0.01 0.0001
410 0.011 0.000121
535 0.012 0.000144
798 0.015 0.000225
1000 0.016 0.000256
1650 0.02 0.0004
1846 0.0215] 0.00046225
2658 0.024 0.000576
3300 0.026 0.000676
3600 0.027 0.000729

Appendix 4.4.2a: Baseline experimental data for Wallace sandstone experiments
using tap water

time-s | heightm height squaredn?
50 0.003 0.000009
200 0.006 0.000039
260 0.007 0.000049
344 0.008 0.000064
456 0.009 0.000081
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Appendix 4.4.2b. Appendix for baseline experiments with Wallace sandstone core
sample usingkerosene

height | height
time-s | heighmm | m squared
m”2

8 1| 0.001 0.000001
16 1.5| 0.0015 0.00000225
39 2.5| 0.0025 0.00000625
70 4| 0.004 0.000016
280 5.5| 0.0055 0.00003025
207 7| 0.007 0.000049
312 8| 0.008 0.000064
465 9.5| 0.0095 0.00009025
640 12| 0.012 0.000144
860 13| 0.013 0.000169

APPENDICES FOR SAND PACK EXPERIMENTS

Appendix 4.7.1for pH 6.95

height height sq
time-s | mm m2

8 36| 0.001296

13 45| 0.002025

31 63| 0.003969

70 68.4| 0.00467856

111 81| 0.006561

220 90 0.0081

Appendix 4.7.2for pH 4.56

time- height | height sq
sec mm m2
6 40 0.0016
16 60 0.0036
35 80 0.0064
60 90 0.0081
97 100 0.01
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Appendix 4.7.3for pH 3.34

time- height | height sq
sec mm m2

7 54| 0.002916
19 90 0.0081
26 108| 0.011664
60 135| 0.018225
131 180 0.0324
170 189| 0.035721

Appendix 4.7 .4for pH 1.96

time height
sec mm height sgm2
9 36 0.001296
16 45 0.002025
25 54 0.002916
40 63 0.003969
50 72 0.005184
135 90 0.0081
187 95.4 0.00910116
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APPENDICES FOR CATION EXCHNAGE REACTIONS

Appendix 4.6.1 Experiment for initial pH 5.37 (Wallace sandstone)

10 gmin 100 cc

initial hydrogen ion concentration: 0.0000043 mol/I

Hydrogen ion

log of adsorbed

Time pH concentration hydrogen ion
minutes attime t concentration
0 6.14 7.24436E07 -5.446655439
1 6.4 3.98107E07 -5.408724663
3 6.49 3.23594E07 -5.400509242
4 6.58 2.63027E07 -5.393944134
5 6.64 2.29087E07 -5.390308154
6 6.68 2.0893E07 -5.388163048
7 6.71 1.94984E07 -5.386685194
8 6.74 1.8197E07 -5.385310503
9 6.76 1.7378E07 -5.384447629
10 6.78 1.65959E07 -5.383625188
11 6.79 1.62181E07 -5.383228512
12 6.82 1.51356E07 -5.382093844
13 6.83 1.47911E07 -5.381733329
14 6.84 1.44544€E07 -5.381381309
15 6.86 1.38038E07 -5.380701934
16 6.86 1.38038E07 -5.380701934
17 6.87 1.34896E07 -5.38037418
18 6.88 1.31826E07 -5.380054126
19 6.89 1.28825E07 -5.379741584
25 6.92 1.20226E07 -5.378847246
27 6.93 1.1749E07 -5.378562987
30 6.94 1.14815E07 -5.378285377
57 6.89 1.28825E07 -5.379741584
90 7.01 9.77237E08 -5.376515398
107 7.03 9.33254E08 -5.376061084
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Appendix 4.6.2for initial pH 5.37 for Fontainebleau sandstone

10 gmin 100 cc

initial hydrogen ion concentration: 0.0000042 mol/I

Hydrogen ion

log of
adsorbed

Time pH | concentration | hydrogen ion
minutes attime t concentration
0 6.09| 8.12831E07 0.629408786
1 5.11| 7.76247E06 0.629401837
2 5.13| 7.4131E06 0.629402186
4 5.18| 6.60693E06 0.629402992
6 5.21| 6.16595E06 0.629403433
8 5.24| 5.7544E06 0.629403845
10 5.27| 5.37032E06 0.629404229
12 5.3 | 5.01187E06 0.629404587
14 5.32| 4.7863E06 0.629404813
16 5.32| 4.7863E06 0.629404813
18 5.37| 4.2658E06 0.629405333
20 5.4 | 3.98107E06 0.629405618
22 5.42| 3.80189E06 0.629405797
24 5.44| 3.63078E06 0.629405968
26 5.46| 3.46737E06 0.629406132
28 5.49| 3.23594E06 0.629406363
30 5.51| 3.0903E06 0.629406509
32 5.52| 3.01995E06 0.629406579
34 5.54| 2.88403E06 0.629406715
36 5.55| 2.81838E06 0.629406781
38 5.57| 2.69153E06 0.629406908
40 5.58| 2.63027E06 0.629406969

45 5.62| 2.39883E06 0.6294072
50 5.64| 2.29087E06 0.629407308
60 5.67| 2.13796E06 0.629407461
70 5.72| 1.90546E06 0.629407694
80 5.74| 1.8197E06 0.629407779
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continuation

Log of
adsorbed
Hydroegn ion hydrogen
concentration at ion
Time-minutes | pH time t concentation
5.77 1.69824E06 0.629407901
127 5.83 1.47911E06 0.62940812
242 6.15 7.07946E07 0.629408891

Appendix 4.6.3for an initial pH of 1.76 (Wallace sandstone)
10 gm in 100 cclnitial pH: 6.9initial hydrogen ion concentration: 0.0173 mol/I

Hydrogen
ion
log of
Time pH concentratior] adsorbed
minutes at time t hydrogen ion
0 2.1 0.007943282 concentration
1 2.24 0.005754399 -0.774624337
2 2.27 0.005370318 -0.773632738
3 2.3 0.005011872 -0.772709362
4 2.35 0.004466836 -0.771309069
5 2.4 0.003981072 -0.770064851
6 2.44 0.003630781] -0.769169835
7 2.5 0.003162278 -0.767975656
8 2.57 0.002691535 -0.766779067
9 2.6 0.002511886 -0.766323283
10 2.64 0.002290868 -0.765763194
11 2.69 0.002041738 -0.765132734
12 2.74 0.001819701] -0.764571606
13 2.78 0.001659587 -0.764167418
14 2.83 0.001479108 -0.763712274
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Continuation

Hydrogen
ion Log of adsorbed
Time - concentration  hydrogen ion
minutes pH attime t concentration
15 2.87 0.001348963 -0.763384358
16 2.91 0.001230269 -0.763085511
17 2.95 0.001122018 -0.762813139
18 2.99 0.001023293 -0.762564882
19 3.03 0.000933254 -0.762338592
20 3.06 0.000870964 -0.762182109
22 3.12 0.000758578 -0.761899921
23 3.15 0.000707946 -0.761772851
24 3.19 0.000645654 -0.761616569
25 3.22 0.00060256| -0.761508483
26 3.24 0.00057544| -0.761440478
27 3.26 0.000549541 -0.761375543
28 3.29 0.000512861 -0.761283596
29 3.29 0.000512861 -0.761283596
30 3.33 0.000467735 -0.761170502
35 3.39 0.00040738| -0.761019288
40 3.43 0.000371535 -0.760929506
50 3.49 0.000323594  -0.760809455
60 3.54 | 0.000288403 -0.760721355
75 3.57 0.000269153 -0.760673171
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Appendix 4.6.4for an initial pH of 1.78 for Fontainebleau sandstone

10gmin 100 cc

Initial pH: 4.85

initial hydrogen ion concentration: 0.01659 mol/I

Hydrogen ion | log of
adsorbed
Time pH | concentration | hydrogen
minutes attime t ion concentration

0 1.84 | 0.014454398| -2.670479622
1 1.86 | 0.013803843 -2.55499436
2 1.87 | 0.013489629 -2.50858631
3 1.88 | 0.013182567 | -2.467572724
5 1.89 | 0.012882496| -2.430918315
6 1.9 | 0.012589254 | -2.397859033
7 1.91| 0.012302688| -2.367814881
9 1.92 | 0.012022644| -2.340335169
10 1.93| 0.011748976| -2.315062724
13 1.94| 0.011481536| -2.291709681
15 1.95| 0.011220185| -2.270040639
18 1.96 | 0.010964782| -2.249860639
22 1.97 | 0.010715193 -2.2310064

26 1.98 | 0.010471285| -2.213339809
30 1.99| 0.01023293 -2.196743001
32 2 0.01 -2.181114585
35 2.01| 0.009772372| -2.166366713
41 2.02 | 0.009549926 | -2.152422767
52 2.04 | 0.009120108 -2.1266857

79 2.08 | 0.008317638| -2.082370454
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Appendix 4.6.5for an initial pH of 1.75 for Wallace sandstone
2.2 gmin 100 cc

initial hydrogen ion concentration: 0.01778 mol/l

Time | pH | o lorbec
minutes attime t hydrogen ion
0 1.85 0.014125375 2437157232
4 1.88 0.013182567 2337484628
8 1.91 0.012302688 2261432497
16 1.94 0.011481536 > 200765363
20 1.95 0.011220185 > 183108378
28 1.96 0.010964782 > 166520245
38 1.97 0.010715193 > 150899701
74 1.98 0.010471285 2 136159001
100 | 1.98 0.010471285 2 136159001
243 | 1.98 0.010471285 2 136159001

Appendix 4.6.6for an initial pH of 1.81 for Fontainebleau sandstone
2.2 gmin 100 cc

initial hydrogen ion concentration: 0.01549 mol/I
log of
hydrogen ion| adsorbed

Time pH | concentratior] hydrogen ion
minutes attime t concentration
60 1.9 | 0.012589254 -2.537789855

123 1.9 | 0.012589254 -2.537789855
212 1.91 | 0.012302688 -2.496847982
246 1.92| 0.012022644 -2.460252187
396 1.93 | 0.011748976 -2.427241695
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APPENDICES FOR REPEATED WALLACE SANDSTONE
EXPERIMENTS

Appendix 4.8.5for pH 3.5

time-s | ht-mm | ht-m ht sq
60 2 0.002| 0.000004
520 6| 0.006| 0.000036
1500 0.00906| 0.000082
2000 0.0102| 0.000104
2705 12| 0.012| 0.000144
Appendix 4.8.6for pH 4.5
ht sg¢
time-s | htmm | ht-m m2
60 1.5/ 0.0015| 2.3E06
518 55| 0.0055| 3E-05
1200 8 0.008| 6.4E05
1930 11 0.011| 0.00012
2630 13 0.013| 0.00017
3188 14 0.014| 0.0002
Appendix 4.8.7for pH 6.6
time ht s¢
sec ht-mm | ht-m m?2
60 2 0.002| 4E-06
510 5| 0.005| 2.5E05
1500 0.01072| 0.00012
2000 0.01225| 0.00015
3000 0.01449| 0.00021
3580 16| 0.016| 0.00026
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Appendix 4.9.2 Compsotion of shaleand Slates(Erslev, 1998)

Riock types Shales Shales Slates
and slates

Sounce Clarke (1924) NAGC"

(1) (2 i3) i4) (5) 1] (7 (8 )] ] 1) 12y (13
n ] a7 B 4 na fnia 1% 105 20 kK K] (2] 13
S0, (wiw{n) 6375 G225 6466 6448 6107 G370 6GBRE G146 6537 6459 G366 6257 B2
TiO, o 05 085 ore 099 1.01 0.6o 040 1.14 0T 077 085 080
Ay 16.90 1551 1762 1681 1814 1997 1712 1743 1755 1845 1648 1850 18M
FeOy 739 66 773 6.24 3.15 132 570 175 195 673 B.26 845 To7
MO 0,00 00D 0u00 D06 013 o1 0.0s 0.08 0.04 MO M.0: 011 017
MgO 268 i 247 284 268 21 220 243 285 277 264 278 312
Ca0 340 674 150 e 416 131 142 153 0.13 164 132 134 157
Ma,0 143 2: 1w 113 1.09 122 1.25 163 0.39 1.27 1.38 128 168
K0 155 3 387 i a7 AT5 283 38 426 T8 348 i 3.3
PO, 018 pz2 o 014 022 016 016 015 0.3 WD N.D 011 020
Zr (pprn} 1% MO ND 200 200 210 205 ND 199 MND ND MO ND.
Total 1000 1000 1000 1000 1000 100D 1000  1DDO 1000 1000 100.0 1000 1000

Appendix 4.9.2: Composition of carbonaceous sla®/ang & Wang, 1995)

Component Concentration, %
Si0, 64.31
Fe, 04 4.20
CaD 0.49
ALO; 16.52
FeQ 1.04
o, 0.26
K,0 .56
Tiﬂz 0.48
NaO 0.19

Appendix 4.9.3 Experiment for size range 30335 micrometer

pH 6.95
Time | Height Height
sec mm sg. m"2
13 35 0.001225
19 40 0.0016
38 45 0.002025
69 60 0.0036
90 65 0.004225
125 85 0.007225
150 90 0.0081

247



Appendix 4.9.4 Repeated experiments for pH 6.95 for size range 3885

micrometer
Time | Height | Height
sec mm | sq. m"2
11 15 | 0.00023
25 25 | 0.00063
42 30 0.0009
60 34 |0.00116

Appendix 4.9.5Experiment for size range 300335 micrometer

pH 5.05

Time Height | Height
sec mm m”2

4 30 0.0009
9 34 0.00116
23 45 0.00203
36 53 0.00281
41 58 0.00336
50 65 0.00423
60 75 0.00563
78 80 0.0064
90 85 0.00723

Appendix 4.9.6 Repeated experiment fosize range 30835 micrometer

for pH 5.05
Time | Height | Height
sec mm m”2
3 30 0.0009
6 40 0.0016
15 60 0.0036
24 70 0.0049
34 85 0.00723
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Appendix 4.9.7 Experiment for size range 10863 micrometers
pH 6.95

Time Height | Height
sec mm sg. m"2
30 5 0.000025
43 10 0.0001
70 15 0.000225
90 18 0.000324
160 25 0.000625
200 27 0.000729
220 30 0.0009
300 35 0.001225
310 36 0.001296

Appendix 4.9.8 Repeated experiment for size range 14%3 micrometers
pH 6.95

Time Height | Height
sec mm sq. m"2
20 5| 2.5E05
33 10| 0.0001
58 15| 0.00023
80 20| 0.0004
140 27| 0.00073
157 30| 0.0009
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Appendix 4.99 Experiment for size range 106163 micrometers
pH 5.12

Time Height | Height
sec mm sq. m"2
6 51 0.000025
70 15| 0.000225
90 18| 0.000324
100 21| 0.000441
124 23| 0.000529
140 25| 0.000625
160 271 0.000729
180 30| 0.0009

Appendix 4.9.10 Repeated experiment for size range 16663 micrometers
pH 5.12

Height
Time Height | sq.
sec mm m”2
11 51 0.000025
18 8 | 0.000064
27 10| 0.0001
63 22| 0.000484
76 24| 0.000576
86 25| 0.000625
95 26| 0.000676
108 30| 0.0009
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Appendix 5-1: Relative permeability data for experiment at 55°C

Sw krw krCO2 | FW SCO2 FCO2
0.992 0.94 0 0.94 0.008 0.06
0.947( 0.637| 0.016 0.473227 0.053| 0.526773
0.899 0.38| 0.057 0.123911 0.101| 0.876089
0.865( 0.235| 0.103 0.033386 0.135| 0.966614
0.801| 0.059| 0.222 0.001117 0.199| 0.998883
0.791| 0.041| 0.247 0.000488 0.209| 0.999512
0.759( 0.007| 0.327 1.09E05 0.241| 0.9999891
0.753| 0.004| 0.342 3.39E06 0.247| 0.99999661
0.751| 0.003| 0.349 1.87E06 0.249| 0.99999813
0.748| 0.002( 0.357 8.13E07 0.252| 0.99999919
0.745| 0.001| 0.364 1.99E07 0.255| 0.9999998

Appendix 5-2: Relative permeability data for experiment at 653°C

Sw krw krCO2 | Fractional flow of water | Sg FCO2
0.997 0.98( 0.002 0.953197| 0.003| 0.046803
0.991 0.94( 0.007 0.852528] 0.009| 0.147472
0.953( 0.703 0.04 0.394066| 0.047| 0.605934
0.907| 0.458| 0.079 0.13564| 0.093 0.86436
0.854( 0.245| 0.124 0.030727] 0.146| 0.969273
0.837| 0.189| 0.139 0.016976( 0.163| 0.983024
0.802( 0.098| 0.168 0.003981] 0.198| 0.996019
0.773| 0.045| 0.193 0.000749] 0.227| 0.999251
0.752 0.02 0.21 0.000137| 0.248| 0.999863
0.723| 0.002( 0.235 1.23E06| 0.277| 0.99999877
0.72( 0.001| 0.238 3.05E07 0.28| 0.9999997
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Appendix 5-3: Relative permeability data for experiment at 75 C

Sw krw krCO2 | Fractional flow of water | Sg FCO2
0.988 0.96| 0.001 0.946417| 0.012| 0.053583
0.903| 0.703[ 0.025 0.471819 0.097| 0.528181
0.855| 0.574( 0.046 0.2727911 0.145| 0.727209
0.801| 0.444( 0.076 0.132205 0.199| 0.867795
0.752| 0.343( 0.108 0.064252 0.248| 0.935748
0.704| 0.255( 0.146 0.028688 0.296| 0.971312
0.656 0.18 0.19 0.01158| 0.344 0.98842
0.553( 0.064| 0.305 0.00096( 0.447 0.99904
0.451| 0.007| 0.452 7.86E06| 0.549| 0.99999214
0.42( 0.001| 0.503 1.44E07 0.58 | 0.99999986
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APPENDICES FOR LITERATURE SOURCE DATA AND RESULTS
OF COMPUTATIONS BASED ON CURRENT STUDY

Ellerslie sandstone

Appendix 5-4: Carbon dioxide brine datafor Ellersely sandstone(Bennion &
Bachu, Relative Permeability Characteristics for Supercritical CO2 Displacing
Water in a Variety of Potential Sequestration Zones, 2005)

Sg krg Krw Sw Se Pc krw/krg
0.034| 0.0008| 0.8052| 0.966| 0.945513 58617.58 1006.5
0.051| 0.0018| 0.7159| 0.949| 0.918269 59864.58 397.7222
0.068| 0.0034| 0.632| 0.932| 0.891026/ 61176.9| 185.8824
0.085| 0.0055| 0.5535| 0.915| 0.863782 62560.09 100.6364
0.102| 0.0082| 0.4127| 0.898| 0.836538 64020.42| 50.32927
0.119| 0.0115| 0.4127| 0.881| 0.809295 65564.92| 35.88696
0.136| 0.0153| 0.4127| 0.864| 0.782051] 67201.51 26.97386
0.153| 0.0199| 0.293| 0.847| 0.754808 68939.2| 14.72362

0.17| 0.025| 0.2411 0.83| 0.727564| 70788.24 9.644
0.188| 0.0309| 0.1943| 0.812| 0.698718 72880.45 6.288026
0.205| 0.0374| 0.1528| 0.795 0.671474 74997.57| 4.085561
0.222| 0.0446| 0.1164| 0.778| 0.644231] 77267.8| 2.609865
0.239| 0.0525| 0.0851| 0.761| 0.616987| 79709.41 1.620952
0.256| 0.0612| 0.0588| 0.744| 0.589744 82343.79 0.960784
0.273| 0.0706| 0.0375| 0.727 0.5625| 85196.19 0.531161

0.29| 0.0807| 0.0211 0.71] 0.535256| 88296.57| 0.261462
0.307| 0.0916| 0.0095| 0.693| 0.508013 91680.85/ 0.103712
0.324| 0.1032| 0.0025| 0.676| 0.480769 95392.45| 0.024225
0.341| 0.1156 0| 0.659| 0.453526| 99484.42 0
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Ellerslie sandstone continued

FFC Jsw sigmacosth¢ theta logkrw | logSe lamda
0.013995] 0.21547| 0.014764| 0.454981| -0.0941| -0.02433257§ 2.30657
0.034673 0.230968  0.014066| 0.433481] 0.14515| -0.03702996§ 2.174541
0.071369 0.242082] 0.013715| 0.422647| 0.19928| -0.05010979§ 2.04724
0.124308 0.250679] 0.013544] 0.41738| 0.25688| -0.063595824 1.924379
0.22109| 0.257661] 0.013485 0.415549 0.38437| -0.077514087 1.021109
0.284731] 0.263546] 0.013502| 0.416071] 0.38437| -0.0918932174 1.690987
0.34624| 0.268675 0.013574 0.418316| 0.38437| -0.106764768 3.33269
0.492452| 0.273294, 0.01369| 0.421879| 0.53313| -0.122163683 1.466187
0.596986| 0.277602] 0.013839 0.426473] -0.6178| -0.138128737 1.358087
0.694366| 0.282013]  0.014025] 0.43221| 0.71153] -0.1556981] 1.273954
0.777611] 0.286211] 0.014221) 0.438241 0.81588| -0.172970567 1.164922
0.84553| 0.290617] 0.014429 0.444662 0.93405| -0.190958537 1.05744
0.898096| 0.295424| 0.014643] 0.451249 1.07007| -0.20972386§ 0.951347
0.936983 0.300864| 0.014853| 0.457734] 1.23062| -0.229336771] 0.845306
0.964152 0.307229 0.01505| 0.463779| 1.42597| -0.249877473 0.738915
0.982027| 0.314899  0.015217| 0.468949 1.67572| -0.271438123 0.630223
0.992792 0.324387 0.015338] 0.47268| 2.02228| -0.294125327 0.516054
0.998307| 0.336408  0.015389| 0.474242| 2.60206| -0.318063335 0.38603
1/0.351977 0.015339 0.472709 sum 24.88598
sum 0.272685| 8.403232 ave 1.382554
ave 0.013634] 0.420162 1/lamda 0.723299
costheta 0.420162
theta 65.17 deg deg
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Cardium sandstone

Appendix 5-5: Carbon dioxide brine datafor Cardium sandstone(Bennion &
Bachu, 2006)

Sw Sg krg Krw krg/lkrw | FFC FFW
1 0 0 e e
0.969| 0.031 0.0002 0.9715| 4857.5/0.001784  0.998216
0.938| 0.062 0.0008 0.7539| 942.375| 0.009127] 0.990873
0.907| 0.093 0.0019 0.6468| 340.4211) 0.024864, 0.975136
0.876| 0.124 0.0038 0.5499| 144.7105 0.056588  0.943412
0.845| 0.155 0.0068 0.4628| 68.05882 0.113111] 0.886889
0.814| 0.186 0.011 0.3849| 34.99091) 0.198759  0.801241
0.783| 0.217 0.0166 0.3159| 19.03012 0.313243  0.686757
0.752| 0.248 0.0239 0.2552| 10.67782) 0.448397| 0.551603
0.72 0.28 0.0329 0.2025| 6.155015/ 0.585102] 0.414898
0.689| 0.311 0.0438 0.1573| 3.591324 0.70734 0.29266
0.658| 0.342 0.0569 0.1191| 2.093146) 0.805707] 0.194293
0.627| 0.373 0.0723 0.0874| 1.208852 0.877756] 0.122244
0.596| 0.404 0.0902 0.0616| 0.682927| 0.927061] 0.072939
0.565| 0.435 0.1107 0.0413| 0.37308| 0.95879 0.04121
0.534| 0.466 0.134 0.0259| 0.193284| 0.978217| 0.021783
0.503| 0.497 0.1602 0.0148| 0.092385/ 0.989469  0.010531
0.472| 0.528 0.1896 0.0074| 0.03903| 0.995524  0.004476
0.401| 0.599 0.2222 0.003| 0.013501] 0.998447| 0.001553
0.41 0.59 0.2582 0.0008| 0.003098 0.999643  0.000357
0.379] 0.621 0.2978 0 0 1 0

255



Cardium sandstone continued

Se

logSe

logkrw

lamda

Pc

Jsw

1

0

0

31800

0

0.950081

0.02224

0.01256

0.615719

33062.01

0.212177

0.007279509

0.367652

0.900161

0.04568

0.12269

0.777929

34446.39

0.238699

0.006741623

0.340486

0.850242

0.07046

0.18923

0.777926

35972.86

0.254313

0.006608104

0.333743

0.800322

0.09674

0.25972

0.777882

37665.69

0.265305

0.006632401

0.33497

0.750403

0.12471

0.33461

0.777801

39555.19

0.274007

0.006743919

0.340602

0.700483

-0.1546

0.41465

0.777746

41679.73

0.281744

0.006911009

0.349041

0.650564

0.18671

0.50045

0.777663

44088.66

0.289565

0.007112985

0.359242

0.600644

0.22138

0.59312

0.777604

46846.59

0.298594

0.00732937¢

0.370171

0.549114

0.26034

0.69357

0.776867

50151.44

0.310806

0.00753814¢

0.380715

0.499195

0.30173

0.80327

0.776773

53919

0.327959

0.007680557

0.387907

0.449275

0.34749

0.92409

0.776631

58414.08

0.354814

0.00769108¢

0.388439

0.399356

0.39864

1.05849

0.776429

63884.2

0.400074

0.00745973¢

0.376754

0.349436

0.45663

1.21042

0.776208

70707.8

0.482497

0.00684609¢

0.345763

0.299517

0.52358

1.38405

0.775846

79496.3

0.647102

0.00573911

0.289854

0.249597

0.60276

-1.5867

0.775299

91311.33

1.017933

0.004190601

0.211647

0.199678

0.69967

1.82974

0.774442

108187.3

2.008113

0.00251685§

0.127114

0.149758

0.82461

2.13077

0.772884

134626.2

5.443887

0.001155291

0.058348

0.035427

1.45067

2.52288

0.724724

402657.2

1237.15

1.52049E05

0.000768

0.049919

1.30173

3.09691

0.762314

310271.5

336.2901

4.31021E05

0.002177
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continuation

Average

ave 0.764668 of 0.005591301
cos

1/lamda| 1.307758 theta 0.282388914
theta 73.6| deg

Basal Cambrian sandstone

Appendix 5-6: Carbon dioxide-brine drainage datafor Basal Cambrian sandstone
(Bennion & Bachu, Relative Permeability Characteristics for Supercritical CO2
Displacing Water in a Variety of Potential Sequestration Zones, 2005)

krg Sco2 | Sw Krw Se logSe | logkrw) | lamda

0.0003] 0.035] 0.965| 0.9105| 0.950425/ 0.02208| 0.04072| 1.73013826

0.00005] 0.071] 0.929| 0.9105| 0.899433| 0.04603| 0.04072| 0.94545785

0.0008] 0.106] 0.894| 0.8248| 0.849858 0.07065| 0.08365| 1.10130152

0.0012] 0.106] 0.894| 0.743|0.849858 0.07065| 0.12901| 1.70353614

0.0019] 0.141] 0.859]| 0.665|0.800283 0.09676| 0.17718| 1.71113108

0.0029| 0.177] 0.823] 0.5911| 0.749292| 0.12535| 0.22834| 1.6972539

0.0047| 0.212] 0.788] 0.5211| 0.699717| 0.15508| 0.28308| 1.70270729

0.0076] 0.247| 0.753] 0.4552| 0.650142| 0.18699| -0.3418| 1.70630045

0.0123] 0.282] 0.718] 0.3933| 0.600567| 0.22144| 0.40528| 1.70968526

0.0194| 0.318] 0.682] 0.3356| 0.549575| 0.25997| 0.47418| 1.70060985

0.0299| 0.353] 0.647| 0.2821 0.5] 0.30103| -0.5496| 1.70317338

0.0449| 0.388] 0.612] 0.2328| 0.450425| 0.34638| 0.63302| 1.70580731

0.0657| 0.424| 0.576] 0.1879| 0.399433| 0.39856| 0.72607| 1.69744915

0.094| 0.459]| 0.541| 0.1474| 0.349858| 0.45611| -0.8315| 1.69929261

0.1315] 0.494| 0.506| 0.1114| 0.300283 0.52247| 0.95311| 1.70104473

257



Continuation

krg Sco2 | Sw Krw Se logSe | logkrw) | lamda
0.1805 0.529 0.471 0.08| 0.250708 0.6008-3 1.0969-1 1.7030748-6
0.1805 0.565 0.435| 0.0535| 0.199717 0.6995-9 1.2716-5 1.6916374-5
0.2433 0.6 0.4| 0.0318| 0.150142| -0.8235 1.4975-7 1.6928334-6
0.3228 0.635 0.365| 0.0154| 0.100567 0.9975-5 1.8124;3 1.6905276-2
0.4221 0.671 0.329| 0.0045| 0.049575 1.3047-4 2.3467-9 1.6648180-9
0.5554 0.706 0.294 0| 7.86E17 16.104-4 - -
sum 32.657780-3
ave 1.6328890-1
1/lamd 0.6124114-9
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continuation

Jsw

WF

costheta

krw/krg

FFG

0.211917

0.001406781

0.052083721

3035

0.003879

0.238979

0.00129029¢

0.04777105§

18210

0.000649

0.254411

0.001254824

0.046457765

1031

0.011335

0.254411

0.001254824

0.046457765

619.1667

0.018733

0.265313

0.00124834¢

0.046217991]

350

0.032668

0.274186

0.001257614

0.046561049

203.8276

0.054812

0.281861

0.00127571

0.047231037

110.8723

0.096339

0.289634

0.00129857¢

0.048077674

59.89474

0.16482

0.29861

0.001322194

0.048952001

31.97561

0.26989

0.310677

0.001341754

0.0496762071

17.29897

0.405921

0.327622

0.001348145

0.04991281§

9.434783

0.55611

0.354034

0.001329893

0.04923706§

5.184855

0.695096

0.399982

0.001266935

0.04690614¢

2.85997

0.805179

0.481551

0.001141234

0.042252265

1.568085

0.882875

0.643516

0.000937714

0.034717304

0.847148

0.933122

1.00552

0.00067018§

0.02481259¢

0.443213

0.963858

2.006835

0.000385934

0.014288571

0.296399

0.975537

5.393948

0.000170983

0.006330364

0.130703

0.989063

23.74332

4.96405E05

0.001837855

0.047708

0.99598

345.2474

5.26317E06

0.00019486

0.010661

0.999099

5.98E+58

3.46889E53

1.2843E51

sum

0.749976117

ave

0.03571314§

theta

87.94

deg

WEF:= wetting force measured as the produanidrfacial tenstion and cosine of contact.

It is the same as sigma cost theta

FFC= Fractional flow of carbon dioxide

Sigmacostheta = prodiuct of interfacial tension and contact angle

Lamda: exponent of the capillary pressure equation
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Appendix 5-7: Maple work sheet for COz molar density calculation

328  328-0.000846344 ,  328-3-76587-10°° 4
11,03 0008314472 11.03 x 11.03

0.2472481248 x — 0.02516779982x° — 6.832421396x* — 1 <x

solve(f(x) =0,x);
RootOf((0.2623242299 x — 0.02670242176x> — 7.249032457x* — 1 <x)(_Z))

-0.008314472-x —

328-0.000846344 - 328-3-76587-10° 4 _ )
X — x —1=0,x;
11.03 11.03 11.03

solve[

0.4366293840 + 0.4144480886 1, -0.4366293840 + 0.46174322311, -0.4366293840
—0.46174322311,0.4366293840 — 0.4144480886 1

338 338-0.000846344 , 338-3-76587-10° i
11.03 0.008314472-x 103 ¥ o o

>f::x>

0.2547861773 x — 0.02593511079x° — 7.040726927x* — 1 < x
solve(f(x) =0,x);
RootOf((0.2547861773 x — 0.02593511079x> — 7.040726927x* — 1 <x)(_Z))

continuation

11.03 -0.008314472-x — 11.03 X 11.03 x —1=0,x

[ 338 338-0.000846344 »  338-3-76587-10°° 4 j
solve X — ;

0.4333622519 + 0.4108145973 1, -0.4333622519 + 0.4588252758 1, -0.4333622519
—0.45882527581,0.4333622519 — 0.4108145973 1

. . . . _6
348 .0.008314472-x — 348-0.000846344 o  348-3-76587-10 Y

= x>
/= x> 1703 11.03 * 11.03

0.2623242299 x — 0.02670242176 x> — 7.249032457x* — 1 < x
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Continuation
solve(f(x) =0,x);

RootOf((0.2623242299 x — 0.02670242176x% — 7.249032457x* — 1 <x)(_2))

11.03 -0.008314472-x — 11.03 X 11.03 x —1=0,x

[ 348 348-0.000846344 - 348-3-76587-10° 4 J
solve X — ;

0.4302141875 + 0.4073048984 1, -0.4302141875 + 0.45602061161, -0.4302141875
—0.45602061161,0.4302141875 — 0.4073048984 1

Appendix 5-8 Virial Equation of state constants (virial eqnof state for co2 density)
(Ihmels & Gmehling, 2001)

Constans for | Value
Carbon
dioxide
al 0.0006477
a2 0.32395218
a3 52.05474
a4 -794.87556
ab -84.209265
a6 1.10*10n6
a7 -0.00546645
a8 4.2676144
a9 -0.000000732
alo 0.00099511
all 1.55*10n7
al2 -0.00012445
al2 2.15*10"6

261



Appendix 5-9 (Spycheret al.,2003)

Fugacity Coefficient

1.0

COz Fugacity Coefficients

Temp (°C)

16.85

> 16.85
= 26.85
s+ 36.85
= 46.85
+ 56.85
* 66.85
= 76.85
+ 86.85
» 96.85

= 106.85

L e B AL A S B A S

L I
100 200 300 400 500 600

Pressure (bar)
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Appendix 5-10: Equivalent sodium chloride concentration correction chart (Al
Bahlani & Babadagli, 2008)

350

R

:

5

TOTAL SOLIDS, 10°FPM

g

o4 - A4 &
CORRECTHONM FACTOR Cc
I'ig, 2—Cariorn Cosrection Factor ror (NalCl),.
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Appendix 5-11: Literature sources for drainage experiments

Relative
permeabilit
y test

Data type Reference

Drainag
Cardium sandstone e (Benion & Bachu, 2006)

(Bennion & Bachu, Relative
Permeability Characteristics
for Supercritical CO2
Displacing Water in a Variet
Drainag of Potential Sequestration

Ellersliesandstone e Zones, 2005)

(Bennion & Bachu, Relative
Permeability Characteristics
for Supercritical CO2
Displacing Watein a Variety
Drainag of Potential Sequestration

Basal Cambrian sandstoi e Zones, 2005)

Appendix 5-12: Literature sources of references for fluid and interfacial properties

Data
type
Brine/water tension Temperature
viscosity ratio N/m -C Ref.
Benion and Bachu
CSs 8.68 19.8 43 2006
Benion and Bachu
ES 14.52 325 40 2008
Benion and Bacu,
BCS 11.82 27 75 2008

CS: Cardium sandstone
ES: Ellersely sandstone

BCS: Basal Cambrian sandstone
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Appendix 5-13: Wettability of oil-silica-water systemgBrown & . Newstadter, 1980)

0il q° Reference
30 | ]
Benzene
L O
| 20
Toluene
O Present work

n-Nonane 0
22
E—Heptane
0 -
Toluene 35 ]
Benzene 29 {{{23) on standing, 6 — 0°
Hexane 25

Benzene L3 (24)
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Appendix 5-14
The relationship between water relative permeability and effective saturation and pore size

distribution index is give a@®ostrom & Lenhard, 1998)

a2+3/ §
*&—0

krW:Sg/ . 1

In which K, is wetting phase relatiygermeability, S, is effective saturation and is the
pore size distribution index
Taking the logarithm of Eqg. 1 and solving for the pore size distribution index gives:

_ 3logS,
3logs, - logk,,

Or

_ 2log S,
logk,, - 3logS,

Petrophysically, the pore size distribution index is a macroscopic porous medium
parameter that depends on pore structurault therefore be the same for all data points.

Eq. 2 is therefore used to calculate pore size distribution index for all relative permeabilities
and effective saturations. The results are summed up and the average is calculated. The

reciprocal of this p@ameter is then calculated.

The equation (1) for drainage capillary pressure is then used with the reciprocal of the
pore size distribution index to calculate drainage capillary pressure. Information about

breakthrough capillary pressure is taken frotactliterature work.

In the case of Wallace sandstone the product of interfacial tension and cosine of contact
angle is calculated using Eg28. In the case of Rock samples from literatures sources the
contact angle is deduced by diving the producthef ¢osine of the contact angle and
interfacial tension by interfacial tension Details calculations are found in appebdide

5-6 extracts are found in Table 10 to Table 12 for literature source data and from Fables 5
7 to 59 for Wallace sandstone.
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Extracted breakthrough capillary pressure data from the cited literatures sources were as

follow:

Ellersely sandstone: 56300 Pa
Cardium sandstone: 31800 Pa

Basal Cambrian sandstone: 31900 Pa
Porosities were as follow:

Cardium sandstone: 15.3 %

Ellersely sanstone: 12.6%

Basal Cambrian sandstone: 11.7%
Brine saturated permeabilities were as follow:
Cardium sandstone: 0.356 mD
Ellersely: 0.376 mD

Basal Cambrian sandstone: 0.81 mD

ey

J(SW)_ a1 1§+Bé1 1§ ,,,,,,,,,,,,,,,,,, 188
—A%- % ééééeéeéceeeeeceeceeee. -
C Cy
G- N -
In which

Se:%éééééééééééééééééééééééééé ¢18b)
-IW

In which the following A, B,c,c,are fitting parametersSWis water saturation an(SIW

irreducible water saturation

This equation is written with the curve fitting paraere agyNam & Kaviany, 2003)
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J(s,)= 00031 - 13+ 0.28§e17 -1
cS* =+ cS®

5,008 = ——
f
SRS

The relationship between capillary pressure, breakthroapgtiary pressure and

C

ey

,,,,,,,,,,,,,,,,

3 eeéeéeéeéééeceeeecéé (319

effective saturation is given &sewen, 2004)

(3-20)

(3-21)

&S, - Swg
I:)dc - Pbégl_ S|W 0
Appendix: 7-1: Point of Zero charge pH of minerals phasegSverjensky, 1994)
T
PHASE 'El‘a Sa"'FMHOHh Exptl Cale,
pHzpc® _ pHpexo
Bel) 7.16  0.1880 10.2 9.5
Ca 11.95 0.0876 12.3
NIiC t1.9 010677 9.85-11.3 11.8
QU 18.1 0.16886 9.5 8.9
P 8.48 0.1676 B.7-8.3 10.0
Fe(QH) 11.7 0.165 9.0-9.7 9.4
amorphous SiC, 3.807 0.3818 3.5 3.9
g-MnQx 10000 0.230t 4.6-7.3 4.8
andde 9.0 0.2177 7.3 7.7
210g 22.0 0.1803 7.9
h:, i18.8 0.1456 35.0-9.3 9.6
UG, 24.0 0.1480 9.2
CaTiOa 165.0 0.14089 8.8
MgAl=04 8.3 0.1703 9.8
FeAizx(, 40.0 0.1693 7.9
ZrsiQy 11.5 0.1559 9.8
InpSi0, 12.99 0.2389 7.4 6.1
ANDALUSITE §9 0253t 52-78 6.9
KYANITE 7.6 0.2402 5.2-7.9 7.1
SILLUIMANITE 11.0 0.2738 5.46-8.8 4.9
FORSTERITE .28 0.1972 10.5 9.1
GROSSULAR 853 0D.2113 81
ALMANDINE 4.3 0.2135 10.4
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Appendix J Series (Graphcal Approach to Error analysis)
Fontainebleau

0.0009 -
0.0008 -
e, 0.0007 -
o
— 0.0006 -
(¥
0.0005 -
7 0.0004 -
"5 0.0003 -
0.0002 -
0.0001 -

D - : I 1 1 1 ) 1
0 500 1000 1500 2000 25000 3000 3500 4000

Time-[s]

squar

He

Figure 4-22: A plot of height rise squared versus time for early spontaneous
imbibition dynamics for pH equal to 2.80 (from appendix 4.4.1) (Fontainebleau

Sandstone)
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0.008 -
0.007
0.006 -
0.005 -
0.004
" 0.005 4
0.002

0.001 -

squared

Spontaneous mmbibition rise-

Sand pack

y=00002x
R2=0095

10 20 30 40
Time-[z]

Figure 4-26: Spontaneous imbibition rise squared versus pH for pH equal to 4.56
plotted for the linear section of the data (from appendix 4.7.2)

0.006 -

squared-m2

=2 2 2 2
[ e e N e
[ N e e N
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Figure 4-29: Spontaneous imhbibition rise squared versus pH for pH equal to 1.96

(from appendix 4.7.4)

4.4.6 Error Analysis
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Figure 4.9.4: Experimental plot for pH equal to 6.95 repeated
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Figure 4.9.9: Experimental plot for pH equal to 5.12
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Figure 4.9.10: Experimental plot for pH equal to 5.12 repeated
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Appendix K Series (Derivation of Relative Error)
Ref: http://www3.nd.edu/~amoukasi/CBE358 Labl/Data_Error_analysis.pdf
All units except reactive errors are in n¥/s
Fontainebleau Sandstone
Figure 4-22
In this analysis excel was used to fit the best straight line
Gradient of bets fit line: 2*10
Minimum gradiet of imposed straight line: 0.00043/2500 = 0.00000172
Maximum gradient of impose straight line: 0.0006/2500 = 0.00000024
Difference between bets fit line and minimum gradient: 0.0000008
Difference between bets fit line and maximum straight line gradi@:@®0000004
Summation of absolute differences: 0.000000068
Error: 0.000000068/2: 0.000000034
Relative error: 0.000000024/0.0000002 = 0.17
Sand Pack Porous Sample
Figure 4-26
Gradient of bets fit line: 0.0002
Minimum gradient of imposed straight line: 05380 = 0.000167
Maximum gradient of impose straight line: 0.0063/300 = 0.00217
Difference between bets fit line and minimum gradient: 3.33*10
Difference between bets fit line and maximum straight line gradie®6*10°
Summation of absolute differerecet.99*10°
Error: 4.99*10°/2 = 2.5*10°

Relative error: 2.5*16/0.0002 = 0.17
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Figure 4-29

Gradient of bets fit line: 0.0001

Minimum gradient of imposed straight line: 0.0038/40 = 0.000095
Maximum gradient of impose straight line: 0.0044/40 = 0.00011
Difference between bets fit line and minimum gradient: 0.000005
Difference between bets fit line and maximum straight line gradie:@0001
Summation of absolute differences: 0.000015

Error: 0.0000075/2 = 0.0000075

Relative error: 0.0000075/0.0001 = 0.08

Cap Rock Porous Samples

Figure 4.9.4

Gradient of bets fit line: 0.00002

Minimum gradient of imposed straight line: 0.000025

Maximum gradient of impose straight line: =0.000213

Difference between bets fit line and minimum gradient: 1.6*10
Differencebetween bets fit line and maximum straight line gradi€h@00195
Summation of absolute differences: 0.000195

Error: 1.96*1C°

Relative error: 1.96*18/0.00002 = 0.098

Figure 4.9.9

Gradient of bets fit line: 4*16

Minimum gradient of imposed straigle: 0.0006/150 = 3.866*1D
Maximum gradient of impose straight line: 0.00065/150 = 4.38*10
Difference between bets fit line and minimum gradient: 1.33*10

Difference between bets fit line and maximum straight line gradig:®3*10’
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Summation of agolute differences: 4.66*10

Error: 4.44*10°/2 = 2.33*10’

Relative error: 2.33*1%/0.000004 = 0.06

Figure 49.10

Gradient of bets fit line: 8*16

Minimum gradient of imposed straight line: 0.0006/100 = 0.0000062
Maximum gradient of impose straightd¢in0.00075/100 = 0.0000084
Difference between bets fit line and minimum gradient: 0.0000018
Difference between bets fit line and maximum straight line gradi@:@000004
Summation of absolute differences: 0.0000022

Error: 0.0000022/2 = 0.0000011

Relativeerror: 0.0000011/0.000008 =0.12
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