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1 Abstract

2 As one of the solutions to tackle climate change that contributed from excess carbon dioxide (CO2) 

3 emission, CO2 geological storage has been increasingly implemented globally to store CO2 securely 

4 and permanently into subsurface structures. In the current study, structural or stratigraphy trapping that 

5 shows the potential of initial CO2 containment and the integrity of subsurface structure, is 

6 experimentally investigated which is important for CO2 leakage evaluation. CO2 containment potential 

7 is quantified by CO2 column height describing how much CO2 accumulated in subsurface structure 

8 underneath seal rock that controlled by a balance between capillary and gravitational forces acting on 

9 formation brine and invading CO2 in porous rock. While previous studies considered only contribution 

10 from seal rock for the column height determination (i.e. ‘non-relative’), the current study examines a 

11 concurrent contribution from reservoir rock as a seal-reservoir ‘relative’ column height since CO2 

12 storage as analogy to petroleum reservoir is structural trap consisting of reservoir and impermeable 

13 seal covered. Distinctive discrepancy was found between the resulted relative and non-relative column 

14 heights. The non-relative column heights were positive (~ 3,000 m), implying a high potential to CO2 

15 storage. On the contrary, with reservoir rock contribution considered the relative column heights were 

16 inversely negative (~ -1,800 m), suggesting CO2 leakage through weak structural trap. This was 

17 attributed to relatively bigger reservoir pore size (5.72 nm) than that of seal rock (4.04 nm). Hence, 

18 contribution from reservoir rock characteristics is non-negligible factor when analyzes CO2 storage 

19 potential. Owing to CO2 dissolution in formation brine, CO2-induced effects including geochemical 

20 reaction between acidic carbonated brine and rocks were also investigated. Rock dissolutions on both 

21 seal (claystone) and reservoir (limestone) rocks were observed with change in pore sizes, leading to 

22 lower storage potential. Further attempt to improve the column height was preliminary conducted by 

23 hydrophobizing seal rock via surfactant adsorption. Although the seal wettability alteration was 

24 observed, the changes were slight and could only ease a possible leakage in trap integrity (less negative 

25 height column) rather than reverse the column height to be positive to ensure a secure CO2 storage.

26

27 Keywords: CO2 geological storage; CO2 capture and storage (CCS); CO2 column height; 

28 geochemistry; source-sink matching; net-zero emission. 
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1 1. Introduction

2 Fossil fuel combustions for power generation and transportation undeniably emit considerable 

3 greenhouse gases into atmosphere, which have been adversely contributing to climate change and 

4 global warming. Most of these greenhouse gases is carbon dioxide (CO2), estimated to be 76% of all 

5 emissions [1]. As suggested by the Intergovernmental Panel on Climate Change (IPCC) and concluded 

6 in the 2021 United Nations Climate Change Conference (COP26) in Glasgow, net-zero emission 

7 targeted by 2050 can only be achieved with CO2 Capture and Storage (CCS) technology while some 

8 fossil fuels are to be ‘phased down’: still allowed for some developing countries [1-9]. CCS consists 

9 of two main processes: CO2 capture; and CO2 storage. The former aims to capture CO2 either from 

10 manufacturing industries before being released (i.e. cement and steel plants) or directly capture from 

11 air [10, 11]. The latter is the following downstream to store CO2 securely and permanently into 

12 subsurface structures via saline formations, salt caverns, or depleted petroleum reservoirs, namely CO2 

13 geological storage (CGS) [12]. Successful CGS involves a consequent development of CO2 trapping 

14 mechanisms: structural trapping; residual trapping; solubility trapping; and mineral trapping [13-17].

15 Structural trapping as a key prerequisite and the most contributed trapping for the other mechanisms 

16 responses to retain highly buoyant CO2 phase (either gas or supercritical) in geological formation [18], 

17 which is usually water-saturated [18, 19]. Since much less dense supercritical CO2 compared to 

18 formation water (~92% less) tends to migrate upward due to gravitational force [20], subsurface 

19 structural trap with barrier is thus required to prevent CO2 leakage [13, 21]. This refers to tight and 

20 impermeable seal rocks (usually shale, mudstone, and claystone) needed to position above reservoir 

21 storage [22].

22 Storage capacity of seal rock, that quantifies how much CO2 can be accumulated underneath in brine-

23 saturated porous rock, is typically defined as CO2 column height ( ) [23], which is derived from the 

24 balance between capillary and gravitational forces as follows [24]: 

= (1)

25 where  is the CO2-brine interfacial tension,  the CO2-brine-rock (seal rock) contact angle,  the 

26 density difference between CO2 and brine phases,  the gravitational acceleration, and  the 

27 average pore radius of seal rock. Noting that Eq. (1) only considers capillary effect from seal rock (

28 ), and henceforth referred to as ‘non-relative’ equation.

29
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1 Equation (1) suggests that the CO2 column height ( ) is controlled by various factors, including direct 

2 CO2-brine-rock interactions and effect from rock-fluid geochemical reactions. The  and , 

3 representing CO2-brine-rock interactions, have been extensively investigated [25, 26]. For example, 

4 Bennion et al. examined influences on the CO2-brine interfacial tension ( ), including brine salinity, 

5 temperature, and pressure conditions, and concluded that the  was primarily related to CO2 solubility 

6 [27]. Seyyedi et al. investigated the carbonated water effect on wettability alteration using quartz, mica, 

7 and calcite substrates. The authors found that quartz wettability depended on its surface charge density 

8 that reduced by acidity from carbonated brine and resulted in contact angle increase toward less water-

9 wet. On mica surface, higher acidic brine was observed to weaken cation bridging, which also resulted 

10 in less water-wet. For calcite, more Ca2+ were released by CO2-induced mineral dissolution and then 

11 replaced adsorbed oil species, leading to more water-wetness [28]. Moreover, Ali et al. have 

12 successfully improved wettability of mica substrate as a seal model to more water-wet by using 

13 alumina nanofluids [23]. Furthermore, many research highlighted seal rock wettability alteration as a 

14 crucial factor for CGS since reversing seal wettability from CO2-wet to water-wet could potentially 

15 reverse the CO2 column height ( ) from negative to positive values [21, 29-31], see Eq. (1). This 

16 emphasizes that upward capillary suction dominates when seal is CO2-wet, and implies CO2 leakage 

17 through seal rock, hence structural trapping faded (i.e. negative CO2 column height) [19]. 

18 Moreover, CO2-rock geochemical reactions have been reported to contribute to dissolution and 

19 precipitation of rock minerals that affected CGS process [32-36]. When injected CO2 dissolves into 

20 formation brine and then acidified (i.e. carbonated water), the CO2-dissolved water could then expose 

21 to and react with rock minerals, and hence the rock pore size ( ) changed accordingly [25]. Following 

22 Eqs. (2) – (4), CO2 dissolution results in carbonic acid ( ), which further decomposes to be 2 3

23 bicarbonate ( ) and carbonate ( ) ions [2].3
2
3

2 3
+ + 3 (3)

2 3
+ + 2

3 (4)

24 Carbonic acid in brine could then induce dissolution of carbonate minerals, Eq. (5), however when 

25 exposing to kaolinite the reaction might otherwise precipitate into some minerals, e.g. quartz as shown 

26 in Eq. (6) [37, 38].

+ + 2 + + 3 (5)

2 + 2 2 3 (2)
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+ 6 + 3 + + + 5 2 (6)

1 It is noted that such CO2-mineral interactions cause some changes in rock porosity ( ) [32] and likely 

2 changes in pore size ( ). Nevertheless, previous studies have rarely paid attention to the pore size 

3 change effect ( ) on the CO2 column height ( ) as expressed in Eq. (1).

4 Although the column height ( ) defined by Eq. (1) has been widely considered to characterize seal 

5 rock potential for subsurface storages (e.g. CGS and underground hydrogen storage) [19, 30], it is 

6 argued that such subsurface storages need to consider incorporated capillary contribution from 

7 reservoir rock (i.e. host rock) as analogy to petroleum reservoir in conventional structural trap [39, 40]. 

8 Ringrose also suggested that such approach with reservoir rock considered can justify natural 

9 accumulations of CO2 beneath the subsurface [41]. Berg has analytically studied the relative capillary 

10 contribution from both seal and reservoir rocks to balance hydrocarbon buoyancy in petroleum systems 

11 [42], and this principle could also be applicable to CGS. Therefore, the CO2 column height ( ) that 

12 considers contribution from seal-reservoir relative capillarity (henceforth referred to as ‘relative’ 

13 equation) can be expressed as:     

=
1 1

(7)

14 where  is the average pore radius of reservoir rock. Schematics shown in Fig. 1 illustrates CGS 

15 traps with force balance between buoyancy and capillary for non-relative (Fig. 1a) and relative (Fig. 

16 1b) column height derivations. 

17

18

19 Figure 1. Schematics CGS traps with force balance derived between buoyancy and: (a) non-relative 

20 capillary (without ); and (b) relative capillary (with ).

21

22 CO2-induced geochemical reaction could also affect reservoir rock minerals as of seal rock discussed 

23 above, hence reservoir rock characteristics, e.g. the average pore size ( ), would be altered 

24 accordingly. Influence of the  change on the column height ( ), in addition to the  change, is 
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1 of interest in the current study. The current work aims to examine the effect of CO2-induced 

2 geochemical reaction on seal and reservoir rock characteristics for CGS by comparing the column 

3 height (h) calculated from both regards: (i) non-relative capillary (without ); (ii) and relative 

4 capillary (with ), Eqs. (1) and (7), respectively. Discrepancy resulted from those two approaches 

5 is anticipated, and to address whether reservoir rock characteristics cannot be neglected for CGS seal 

6 integrity. Other relevant CO2-brine-rock properties and their influences are also investigated, including 

7 surfactant-induced wettability alteration on seal rock to improve seal storage potential. 

8

9 2. CO2 Storage Formation and Experimental Methods

10 Storage formation. Mae Moh mine in Lampang (Thailand) was selected for the current study as one 

11 of the potential CGS sites suggested by Asian Development Bank (ADB) [43]. The ADB study 

12 considered potential CCS locations in Southeast Asia including Thailand using source-sink matching 

13 [43], which the Mae Moh coal-fired power plant releasing ~17 million tons CO2 annually locates in its 

14 own coal mine area (Fig. 2a) [44]. More scores were even added to top-rank this source-sink pair due 

15 to their short distance apart (~15 km), hence considerably low CO2 transportation cost from the source 

16 (power plant) to the coal mine sink area. Specific location (cross section line N30.5) with promising 

17 formation (i.e. structural trap and sedimentary basins) was selected in the current study by reviewing 

18 updated information [45, 46], where the rock samples were cored for examinations (Fig. 2b). This 

19 structural trap consists of fine-particle claystone (NK) acting as seal that covers prospect storage 

20 formation of limestone (TR4) located underneath. Further lithology details in Mae Moh basin can be 

21 found in the work by Ratanasthien et al. [45]. 

22 Since the storage formation or host rock (TR4) locates just about 400 m beneath the mine surface level, 

23 the overburden pressure (~5 MPa) [47] and storage temperature (~25 °C) estimated are considerably 

24 low and could not accommodate CO2 in supercritical phase (i.e. > 7.39 MPa pressure and > 31.04 °C 

25 temperature) [48]. The CO2 phases considered in the current study are then either gas or dissolved gas 

26 (in formation water).  

27
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1

2 Figure 2. Geological map of Mae Moh basin shows Mae Moh mine perimeter and its coal-fired power 

3 plant located nearly (a). Detailed geological structure of specific cross section (N30.5) selected for 

4 CGS in the current study (b).

5

6 Rock samples. Core samples (2.5 in diameter) of NK and TR4 rocks were extracted at 100 – 110 m 

7 and 270 – 280 m depths, respectively. The core samples were then cut or prepared into three forms: 

8 disc sample; rock powder; and thin slice, see Fig. 3. The disc samples with 0.6 in thick were used for 

9 liquid porosity measurement (Fig. 3a and 3d for NK and TR4, respectively). The rock powders were 

10 obtained from rock crashing using jaw crushers (Retsch mill, Germany) and sieved by #60 mesh 

11 (Endecotts, UK), shown in Fig. 3b and 3e for NK and TR4, respectively, which were prepared for pore 

12 size analysis. The thin slice (5 mm thickness) was prepared only from NK seal sample for the contact 

13 angle measurement (Fig. 3c).

14

15

16 Figure 3. NK (seal rock) samples: disc (a); rock powder (b); and thin slice (c). TR4 (reservoir rock) 

17 samples: disc (d); and rock powder (e).
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1 The rock powders were also used for X-ray diffraction (XRD) analysis using a Bruker D8 Advance 

2 (Bruker, USA) equipped with a copper anode. The resulted mineral compositions of claystone seal 

3 (NK) and limestone reservoir (TR4) rocks are listed in Table 1. Detailed XRD analyses can be found 

4 in Supporting Information (Fig. S1 and S2). Major minerals found in claystone (NK) sample are quartz 

5 and calcite, while limestone (TR4) sample primarily is composed of calcite.

6

7 Table 1. Mineral compositions of claystone seal (NK) and limestone reservoir (TR4) rocks.

Rock Quartz Calcite Kaolinite Dolomite
NK 47.7% 45.4% 6.9% 0%
TR4 0.8% 93.6% 0% 5.6%

8

9 Formation brine. Formation brine was collected in the storage formation at ~270 m depth. The 

10 compositions of the formation brine consist of various brine type (Table S1), while synthetic brine that 

11 equivalent to the formation brine was used in experiments throughout the current research. The 

12 synthetic formation brine was prepared by mixing representative salts (NaCl and CaCl2, RCI Labscan, 

13 Thailand) with deionized water at specific quantities as shown in Table 2. The brine density is 

14 estimated to be 977.2 kg/m3 using correlation in Perry’s book [49]. The prepared brine pH was 

15 measured to be 6.3, prior to contact with CO2.

16

17 Table 2. Compositions of the synthetic formation brine used in the current study. 

Cation (ppm) Anion (ppm)

Na+ Ca2+ Cl- from NaCl Cl- from CaCl2 Total Cl-

TDS
(ppm)

Concentration
(mM)

105.7 205.9 163.1 365.5 528.6 840.2 9.75

18

19 CO2-induced geochemical reaction study. Effects on rock characteristics due to CO2-induced 

20 geochemical reaction were investigated by comparing changes in rock sample characteristics prior to 

21 and after being exposed to CO2-dissolved brine (i.e. the carbonated brine). These two scenarios are 

22 henceforth referred to as ‘pristine’ and ‘exposed’ states, respectively. For pristine scenario, rock 

23 samples were prepared by submerging or suspending in the synthetic formation brine without CO2 

24 exposure. On the other hand, the exposed samples were prepared by continually exposing to CO2-

25 dissolved brine. Experimental setup for the sample preparation is shown in Fig. 4a. The 800 mL 

26 synthetic brine was used to soak the rock samples under a gentle agitation, see Figs. 4b and 4c for the 

27 rock powder and core samples, respectively. Only for preparing the exposed samples, the CO2 gas 
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1 (99.95%, Lanna Industrial Gas, Thailand) was concurrently bubbling at 100 mL/min into the synthetic 

2 brine since 12 h prior to a sample soaking start to ensure CO2 pre-saturation until the soaking 

3 terminated, see Fig. S3 in SI. Both conditions were soaked at ambient condition (25 °C) for 168 h to 

4 reach the quasi-steady state, as reported by Li et al. [50] before the rock sample was taken out for 

5 further analyses and measurements. 

6

7

8 Figure 4. Experimental setup for investigating CO2-induced geochemical reaction on rock samples. 

9 CO2 gas is bubbled into the synthetic brine, which accommodates the rock samples under a gentle 

10 agitation (a). The rock powder was suspended (b) while the core sample was submerged (c) in the 

11 brine throughout the 168 h soaking period.

12

13 It is noted that the pre-saturated CO2-dissolved brine (after the 12 h period) was maintained at constant 

14 CO2 solubility in brine by continually CO2-bubbling throughout the soaking period. At the 

15 experimenting ambient condition, the CO2 solubility was determined by expanding the dissolved gas 

16 to be 1.17 mL/g, see Fig. S4. When saturated, the CO2-dissolved brine is an acidic solution with a 

17 measured pH of 3.9.

18 Changes in rock characteristics that were compared and analyzed in this study are pore size and bulk 

19 porosity, while other CO2-induced effects on the three-phase contact angle and CO2-brine interfacial 

20 tension were also investigated. All analyses and measurements were performed in triplicate and 

21 average values were reported, with detailed methodologies discussed below.

22

23 Pore size analysis. Rock pore size (i.e. quantified as average pore radius: ) was determined from 

24 particle specific surface area ( ) and total pore volume ( ), assuming a spherical geometry based 

25 on Brunauer, Emmett and Teller theory (BET) [51]. The  was determined via nitrogen gas 
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1 physisorption using a Autosorb 1 MP (Quantachrome, Austria) [52]. The rock powder sample (0.1 g) 

2 was heated at 120 °C in a vacuum oven overnight and then degassed at 120 °C for further 24 h, before 

3 nitrogen adsorption was conducted [53]. Resulted adsorption are plotted as a linear relation (known as 

4 BET plot) based on the BET equation, Eq. (8), and the  can be determined.

1

0
1

=
1

0
+

1

(8)

5 where  and  are the adsorbed gas volume and monolayer adsorbed gas volume, respectively.  

6 and  are the equilibrium and saturated vapor pressures of adsorbate.  is the BET constant. The  0

7 can be correlated with  using the nitrogen molecular cross-sectional area ( ), taken to be 0.162 nm2 

8 [54], and Avogadro’s number ( ), as follows [53]: 

= (9)

9 where  is the nitrogen molar mass, and  the sample mass.

10 In addition, the primary rock particle size ( ) can also be estimated from the  and rock particle 

11 density ( ), assuming non-aggregated spherical particles [52]:

=
6000

(10)

12 To determine the total pore volume ( ), the total adsorbate volume should be measured at a relative 

13 pressure above the point where a hysteresis loop closes. The  and respective  can be obtained as 

14 follows [55]: 

= (11)

 = (12)

15 where  is the weight of nitrogen adsorbed at relative pressure ( ) ~1, and  the nitrogen 
0

16 density adsorbed on particle surface at relative pressure ( ) ~1. 
0

17

18

19
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1

2 Bulk porosity. Bulk porosity ( ) of the rock disc samples were determined by liquid saturation method 

3 using the synthetic formation brine. After sample soaking and saturated for either pristine or exposed 

4 states, rock disc samples were then vacuumed for further 30 min at ambient temperature to remove 

5 dissolved CO2 residual from the brine. The brine-saturated disc samples were weighted. With known 

6 dry weights of the same samples, the bulk porosity could then be calculated.     

7

8 CO2-brine-rock contact angle and CO2-brine interfacial tension. CO2-induced effects on  and  

9 were investigated by comparing the  and  values measured against two different brines: with and 

10 without CO2-presaturated. Prior to the measurements, CO2-presaturated brine was prepared freshly by 

11 saturating the brine with CO2 bubbling for 12 h to ensure CO2 saturation at experimental condition 

12 (i.e. ambient, 25 °C). CO2 phase used to measure  and  was gas phase at experimental condition. 

13 The seal rock (NK) thin slice after saturated with the brine (12 h) was used as solid substrate. 

14 The  and  were simultaneously measured by sessile drop method using an optical tensiometer 

15 (Attension® Theta, Biolin Scientific, Finland) operated at room temperature (25 °C). The thin slice 

16 was stationed in the tensiometer chamber, with space underneath to allow buoyant droplet visualized. 

17 A stainless inverted needle (gauge 22) with a 1 mL gas-tight syringe (Hamilton Co., USA) was filled 

18 with CO2 gas. A CO2 droplet of ~1  was dispended at the tip of the needle submerged in the brine, 

19 and then manipulated to attach underneath the thin slice surface. The shape of the CO2 droplet was 

20 analyzed until the steady state (no noticeable change) was observed (~1 min), the analyzed 

21 measurement was then recorded. At the steady state, CO2 droplet shape was analyzed for both  and 

22  using Young-Laplace equation [56]

23 The three-phase CO2-brine-rock contact angle ( ) of the CO2 droplet on rock thin slice in brine was 

24 measured through the aqueous (brine) phase from image analysis using the OneAttension software. 

25 The average contact angle (contact angles measured from the left and right) is reported. The difference 

26 between the two contact angles was found to be less than 2°. 

27

28 CO2 column height. With measured rock characteristics above, the CO2 column height ( ) was 

29 determined using non-relative and relative equations, Eqs. (1) and (7) respectively, which allow 

30 characteristics of reservoir rock contribution to CGS seal potential investigated in addition to that of 
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1 seal rock. The pristine and exposed rock characteristics were also examined on their influences on the 

2  as attributed from the CO2-induced geochemical reaction.    

3 3. Results and Discussion

4 3.1 Rock-carbonated brine geochemical reaction

5 Changes in rock characteristics (for seal and reservoir), as studied by alterations in the rock pore size 

6 ( ) and bulk porosity ( ) after being exposed to the carbonated brine, are discussed as follows:

7

8 Change in rock pore size. Owing to geochemical reaction with the carbonated brine, both rock 

9 samples were found decrease in size as reflected by an increase in  and a reduction in  which 

10 corresponds to an increased , shown in Table 3. This was likely a contribution from rock dissolution 

11 after being exposed to acidic environment (i.e. the carbonated brine). The rock minerals were dissolved 

12 and hence resulted in a larger pore size with increased surface area, for example see Eq. (5). Such 

13 reaction found to affect limestone (TR4) more significantly than claystone (NK) since carbonate 

14 minerals are more chemically reactive to acidity rather than some resistive minerals such as claystone, 

15 see Table 1. For claystone (NK), the  increased by 5.4% with  decreased by 5.1%, while in 

16 limestone (TR4) the  increased by 23.1% with  decreased by 23.1%. Such results were consistent 

17 with reported studies on carbonate and shale rocks that found to experience an increase in  with 

18 decreasing  after their minerals (calcite and quartz) reacted with carbonated water [38, 57-61]. 

19

20 Table 3. Summary of pore size analysis for the pristine and exposed rock samples.

Seal (claystone: NK) rock Reservoir (limestone: TR4) rock
Parameter

Pristine Exposed Pristine Exposed
 (m2/g) 27.22 28.70 22.40 29.15
 (nm) 121.3 115.1 111.7 85.9
 (cc/g) 0.078 0.088 0.045 0.052
 (nm) 5.72 6.11 4.04 3.53

21

22 As expected, the  increased from 5.72 nm to 6.11 nm (6.8% increase) after exposed to the 

23 carbonated brine as a result of dissolution in a cementing carbonate mineral of seal rock, see Eq. (5). 

24 However, the  was decreased (from 4.04 nm to 3.53 nm), which did not correspond to the measured 

25  and . Further investigations on effluent from reservoir rock (TR4) soaking with the carbonated 

26 brine show that the Ca2+ concentration in the effluent increased throughout the experiment period (168 
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1 h) with a constant pH of 3.9 (Fig. S3), confirming continuous dissolution of carbonate minerals from 

2 limestone, see Fig. S5. Although Ca2+ concentration in the effluent indicated a continuous dissolution 

3 of carbonates when contacted with acidic carbonated brine. Similar result has observed by De Moel et 

4 al. [62] where an initial Ca2+ concentration with 6.8 pH and 205 ppm (5.78 mM) brine at 25 °C could 

5 precipitate CaCO3 within pore and on rock surface. When the system consequently shifted to acidic 

6 condition, the solution would have dissolved carbonate mineral on the surface before penetrated into 

7 the pore. As such, apparent decreased  was thought to be attributed to complex changes in pore 

8 configuration, although effective pore sizes are likely larger as evidenced by the increased . 

9

10 Change in bulk porosity. At pristine state, both seal and reservoir rock have fairly low bulk porosity 

11 ( ), reflecting their well-cemented and consolidated sediment. The  of seal (NK) rock (5.42%) was 

12 higher than that of the reservoir (TR4) rock (0.37%). Once exposed to the carbonated brine the  of 

13 reservoir (TR4) rock was slightly reduced to 0.35%, a 5.4% reduction, as a result of rock dissolution 

14 discussed above, while the  of seal rock decreased more dramatic to be 4.97% (8.3% reduction). This 

15 was likely a major contribution from carbonate dissolution in seal rock. The dissolution of reservoir 

16 rock was less than that of seal rock. This could be attributed to: (i) seal (claystone) has larger  

17 which could have higher susceptibility to acid dissolution; (ii) dissolution of calcite, a cementing 

18 mineral, in seal rock (claystone) resulted in a disaggregation of parent rock into grains of quartz and 

19 kaolinite and hence resulting in a higher porosity.  It should be noted that 5 – 8% porosity reduction 

20 might contribute negligibly to reservoir storage perspective [63].

21

22 3.2 CO2-brine-rock interactions 

23 CO2-brine-rock contact angle. Measured  on seal (NK) thin slice were 11.2° and 16.6° in the ‘bare’ 

24 formation brine (Fig. 5a) and in the CO2-presaturated brine (Fig. 5b), respectively. Such relatively low 

25 contact angles (  << 90°) reflect the claystone surface nature of water-wet, relative to CO2 gas, due to 

26 claystone minerals (i.e. quartz). Water-wetness of seal rock has been emphasized as a crucial CO2 

27 containment for CGS to ensure no leakage through covering seal structure [64]. Slight increase in  

28 when contacted to CO2-presaturated brine was a contribution from surface charge screening on silica 

29 mineral by increased acidity (pH 6.8  3.9) [28], see Fig. S3.

30

31
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1 CO2-brine interfacial tension. With the bare formation brine, the  between CO2 gas and the brine 

2 was measured to be 87.1 mN/m (Fig. 5a), similar to previous reports [65]. With the CO2-presaturated 

3 brine (Fig. 5b), the measured  decreased to be 78.9 mN/m owing to CO2 dissolved in the brine [66], 

4 see Fig. S4

5

6

7 Figure 5.  The three-phase CO2-brine-rock contact angle ( ) and CO2-brine interfacial tension ( ) 

8 measured against two different brines: without CO2-presaturated (a) and with CO2-presaturated (b). 

9

10 3.3 CO2 column height calculation  

11 Comparison between non-relative and relative column height. CO2 column heights ( ) were 

12 determined via both non-relative and relative capillary approaches, Eqs. (1) and (7), and the results 

13 shown in Figs. 6a and 6b, respectively. Measured rock characteristics (i.e.  and ) and CO2-

14 brine-rock interaction properties (i.e.  and ) from the previous section were used for the  

15 calculations. Both pristine and exposed states were concurrently compared to elucidate the CO2-

16 induced effects on the CO2 column heights. Density difference ( ) between the stored CO2 gas and 

17 the formation brine was estimated to be 997.2 kg/m3, assuming 146.3 kg/m3  for CO2 gas density at 

18 reservoir condition [67].

19
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1

2 Figure 6. Calculated CO2 column heights considering non-relative (a) and relative (b) capillary 

3 approaches using Eqs. (1) and (7), respectively. Solid bars show CO2 column heights calculated from 

4 the pristine parameters. Striped bars show column heights calculated from the exposed parameters.

5

6 When considering non-relative capillary-controlled column height (Fig. 6a), resulted  for both 

7 pristine and exposed states were positive at high order of magnitude: 3,580 and 2,969 m, respectively. 

8 Such large values imply a very high storage potential for large CO2 accumulation underneath the seal 

9 rock, although when compared to other reports the obtained  values in the current study were 

10 relatively greater which was likely attributed to much tighter rock (i.e. smaller ) [58]. Reduced  

11 value in the exposed state (611 m reduction) was a contribution from CO2-induced effects, mainly an 

12 increase in  (Table 3). However, reduced capillary suction with larger  still maintains a 

13 positive  value needed to secure a structural trapping for CGS.

14 On the contrary, calculated  from relative capillary equation (Fig. 6b) opposed to that of non-relative. 

15 With  considered, the relative  reverse to negative values (-1,487 and -2,166 m for pristine and 

16 exposed states, respectively) which reflect no capillary trapping or ‘leakage’ through structural (seal-

17 reservoir) trapping. This was because in this storage site the  was smaller than  (Table 3), 

18 which induced capillarity sucking the wetting phase (i.e. formation brine) into the reservoir rock (i.e. 

19 smaller pore). The non-wetting phase (i.e. CO2) was hence controlled to wet the seal rock inevitably. 

20 This is an analogy to oil and natural gas accumulation in structural trap as discussed by Berg [42], who 

21 emphasized an importance of relative size between seal and reservoir rocks, although there are no 

22 previous reports considered such relative rock-size effect on the CO2 column height and thus the CGS 

23 containment potential. As such, resulted  values in the current study (Fig. 6) have demonstrated that 
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1 the relative capillarity for CO2 containment, i.e. Eq. (7), is crucial and contribution from reservoir rock 

2 (e.g. ) cannot be neglected. Other parameters in Eq. (7) could also control the  value, however 

3 changes in those parameters were insufficient to reverse the obtained negative  back to be positive. 

4

5 Improving storage potential. Although relative column heights obtained above were negative and 

6 strongly controlled by relative capillary between seal and reservoir rocks (i.e. pore sizes), changes to 

7 other parameters in Eq. (7) could also improve the  to be ‘less’ negative or even ‘reverse’ to positivity 

8 to ensure a secure CO2 storage. 

9 It has been widely reported that seal rock wettability (i.e. quantified by the contact angle), as one of 

10 the crucial factors controlling CO2 storage potential [19, 23, 30, 68-70], has been successfully altered 

11 to be more water-wet by using surfactant (e.g. sodium dodecylbenzene sulfonate [69]) and resulted in 

12 better column height. However, in the current study seal rock wettability needs an alteration toward 

13 ‘less’ water-wet since  <  with capillary sucking the wetting phase into reservoir rock as 

14 discussed above. Hence, if seal rock became less water-wet or even CO2-wet, the  should be improved 

15 or even reversed, respectively, see Eq. (7).

16 Surfactant adsorption on seal rock was therefore performed to hydrophobize the rock wettability. It is 

17 noted that surfactant could also reduce the interfacial tension and hence inevitably influences the 

18 contact angle due to Young’s equation [71, 72]. To prevent this ambiguous, a non-ionic surfactant 

19 Triton X-100 (Sigma-Aldrich, Singapore) was particularly selected for the current study since its 

20 contribution to the interfacial tension reduction was negligible, as observed in our previous research 

21 [73], and hence allowing only effect on wettability alteration investigated. 

22 0.2 mM Triton X-100 solution (~critical micelle concentration) was prepared with the synthetic 

23 formation brine. A pristine disc of seal rock was submerged in the surfactant solution for 24 h under 

24 gentle agitation at room temperature, attaining equilibrium adsorption [73, 74]. The disc was then 

25 rinsed with the brine to remove any excess surfactant. With measured  (Fig. 7), reductions in  were 

26 observed, which would attribute to a decrease in  value. The resulted  measured on the ‘surfactant-

27 treated’ disc in bare brine (without CO2-presaturated) was increased to be 25.7°, and this concurrently 

28 contributed to a reduction in  value (-1,484 m  -1,145 m, i.e. less negative) (Fig. 7a), easing a 

29 possible leakage in trap integrity. When measured in the CO2-presaturated brine (equivalent to exposed 

30 state), the  was slightly decreased to be 12.7°, likely a contribution from an increased  of the seal 

31 rock which resulted in lesser surface excess of adsorbed surfactant than that of the bare brine system 
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1 (i.e. pristine state), hence less effective surfactant adsorption and lower . However, the  value was 

2 still improved slightly in the CO2-presaturated brine, reducing from -2,165 m to -2,045 m (Fig. 7b).

3

4 Figure 7. Calculated CO2 relative column heights compared when seal wettability changed by 

5 surfactant adsorption: pristine state in bare brine without CO2-presaturation (a); exposed state with 

6 CO2 pre-saturated brine (b). Solid bars show column heights calculated from the pristine parameters. 

7 Striped bars show column heights calculated from the exposed parameters. Red bars represent 

8 untreated (no surfactant adsorption). Blue bars represent surfactant-treated (with surfactant 

9 adsorption). Insets show the CO2-brine-rock contact angle ( ) and CO2-brine interfacial tension ( ) 

10 measured in the two different brines: without CO2-presaturated (a) and with CO2-presaturated (b). 

11

12 4. Conclusions   

13 To permanently store CO2 underground, structural trapping controlled by a balance between capillary 

14 and gravitational forces has to be secured before other CGS trapping mechanisms could be 

15 subsequently developed. In the current study, we have investigated CO2 capillary suction for structural 

16 trapping in a potential stratigraphy formation in Mae Moh mine, which is located near a prospect CO2 

17 source (i.e. 2.3 MW coal-fired power plant). The CO2 storage potential was quantified by the column 

18 height: a balance between capillary and gravitational forces in porous rock. We have principally 

19 investigated relativity of reservoir rock contribution to the CO2 column height (i.e. relative capillary 

20 column height), while others [19, 30, 75] considered only seal rock (i.e. non-relative capillary column 

21 height) for a CGS containment. CO2-induced effects including geochemical reactions between more-

22 acidic ‘carbonated’ formation brine and rocks were also examined, with resulted discrepancy on the 
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1 CO2 column height addressed. Based on the findings of the current study, the following conclusions 

2 can be drawn:

3 CO2-induced geochemical reaction affecting both reservoir and seal rocks were crucial to 

4 changes in rock and rock-fluids characteristics, including average pore size, the three-phase 

5 contact angle, and the CO2-brine interfacial tension. Even though these parameters govern the 

6 CO2 storage potential quantified by the column height, increases in pore size due to mineral 

7 dissolution were found to be most dominating factor contributed to the column height 

8 magnitude. 

9 For the CO2-brine-rock interactions, a slight decrease in the CO2-brine interfacial tension and 

10 a slight increase in the CO2-brine-rock contact angle were observed when CO2 was dissolved 

11 in brine. The former was a contribution to dissolved CO2 in brine that reduces interfacial free 

12 energy to CO2 gas bubble. The latter was attributed to surface charge screening at lower pH in 

13 CO2-dissolved brine.

14 Both characteristics (i.e. average pore size) of reservoir and seal rocks are needed to be 

15 considered for CO2 column height since capillary action between seal and reservoir rocks is 

16 contributed from relative pore size of the two rocks. When considered only capillary from seal 

17 rock, the resulted column heights were positive showing a safe CO2 containment. On the 

18 contrary, with relative reservoir-seal capillary considered the calculated column heights were 

19 inversely negative, implying a CO2 leakage with susceptible structural trap. Hence, a 

20 contribution from reservoir characteristics (e.g. pore size) is a non-negligible factor when 

21 analyzing CO2 storage potential by means of column height estimation.

22 Improving CO2 storage potential has been demonstrated by modifying seal rock wettability to 

23 be less water-wet. A non-ionic surfactant (Triton X-100) was used to adsorb on rock substrate 

24 which resulted in a slight change in the contact angle and a reduction in the CO2-brine 

25 interfacial tension. Although the resulted contact angles on ‘surfactant-treated’ seal substrate 

26 did not reverse to be CO2-wet (i.e.  < 90°), the ‘surfactant-treated’ CO2 column heights were 

27 less negative implying an ease of a possible leakage through structural trap. As such, one of 

28 the challenges for this storage site is to completely reverse seal wettability from water-wet to 

29 CO2-wet.

30

31
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