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ABSTRACT: A comprehensive study is presented on the interfacial behavior of all participating 

phases in a scenario of using carbon dioxide (CO2) to enhance the recovery of natural gas in tight 

sandstone reservoirs. Natural gas condensate is contacted with carbon dioxide at increasing 

pressure in order to determine the minimum miscibility pressure (MMP) by the vanishing 

interfacial tension method. Close to the MMP at higher temperature, some compounds of the 

mixture are extracted leaving a heavy oil fraction that remains immiscible. As the second reservoir 

liquid, formation water is extracted by CO2 from a tight sandstone sample and subsequently 

applied as a sessile drop for assessment of the wetting behavior inside the reservoir in the presence 

of injected CO2. The contact angle has been observed to increase with increasing CO2 pressure. It 

has been further observed that water contact angle on a gas shale increased with increasing CO2 

pressure more rapidly.  The results suggest that CO2 could clear gas flow path blocked by water 
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and gas condensate. As a consequence, the recovery of natural gas would increase. This could also 

create a greater potential for CO2 storage in gas-depleted reservoirs.  

 

1. INTRODUCTION 

Global climate change is an ever-increasing concern. In 2016, the average temperature of the world 

broke records again1. Concerted efforts are being made to reduce emissions of greenhouse gases 

that are believed to be the cause of climate change. Carbon capture and storage (CCS) is one of 

the strategies for reduction of greenhouse gas emissions.  

     In CCS, CO2, the major contributor to man-made greenhouse gas emissions, is captured from 

fossil-fuel-burning power plants and other industrial emitters. The captured CO2 could be then 

transported and injected to suitable geological reservoirs for long-term storage. In this way, 

emission of the CO2 into atmosphere is avoided. However, the costs of CCS impede its 

implementation. Methods of profitable use of captured CO2 have been actively sought.  

     Large scale utilization of CO2 has been practiced in oil fields for enhanced oil recovery (EOR). 

In this application CO2 is injected into pressure-depleted oil reservoirs to drive out the remaining 

oil. Such EOR sites are ideal for CO2 storage, as they leave CO2 in the subsurface and the increased 

recovery of oil generates revenues which could offset the costs of CCS2-5. In addition to oil fields, 

natural gas fields also have great potential for combined storage of CO2 and recovery of 

hydrocarbon resources6-8. The present work focuses on tight sandstone reservoirs for enhanced gas 

recovery with CO2 storage.  

     Natural gas from tight sandstone reservoirs is a type of unconventional gas. The gas recovery 

factor in such reservoirs is low. As a result, a larger fraction of gas remains trapped underground. 
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On the other hand, tight sandstone reservoirs have large volumes and gas deposits, which can be 

an important candidate for combined gas recovery and CO2 storage. Increasing the recovery factor 

will not only free the trapped natural gas, but also generate CO2 storage capacity.  

     A serious problem for gas production from tight sandstone reservoirs is blockage of gas flow, 

either by water or gas condensate 9-12. Removing the blockage would both increase gas recovery 

and create greater space for CO2 storage. As a secondary effect, the expelled gas condensate can 

be sold at higher prices than natural gas. Therefore, using CO2 to extract trapped gas condensate 

would further improve the economics of gas production. For combined enhancement of gas 

recovery and CO2 storage, using CO2 to remove the blockage is a desirable approach, as the same 

facilities can be used to achieve the two goals. In this regard, the interfacial and wetting behaviors 

of CO2 and reservoir fluids, which control the capillary force and displacement of trapped liquids, 

are crucial to the success of the application.  

     There has been substantial work dedicated to interfacial phenomena and wetting behavior 

related to CCS and EOR. However, to our knowledge no significant work has been carried out for 

the combination of enhanced gas recovery from tight sandstone and CO2 storage. In this context 

the interfacial tension and the wetting behavior of CO2, reservoir water and hydrocarbons is 

evaluated here. The results contribute to the efforts on improved development of natural gas 

resources as well as for reduction of greenhouse gas emissions. 

2. MATERIALS 

Natural gas condensate was provided by ENCANA, Canada. Analysis of the condensate sample 

was performed with gas chromatography mass spectrometry. Over 300 components were detected. 

Table 1 shows the components with significant concentrations. Other species, although large in 
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number, showed very small peaks and were not quantified. Reservoir water was extracted from a 

tight sandstone sample by supercritical carbon dioxide. 

     The tight sandstone sample was from Viking formation in Western Canada. The Viking 

formation contains numerous oil and gas pools, and hydraulic fracturing has been used to produce 

the tight oil and gas. The formation has also been evaluated for CO2 storage 2, 13-16.  Prior to each 

test in this work, the rock sample was thoroughly cleaned with isopropanol and then dried with 

pressurized air, in order to establish reproducible conditions. 

     99.8 Mol % carbon dioxide was from Linde Canada Industrial Gases. 

Table 1. Key components of the natural gas condensate.  

Compound wt% 

n-Pentane 6.0 

n-Hexane 7.5 

n-Heptane 7.3 

n-Octane 5.6 

n-Decane 3.5 

n-Dodecane 2.3 

n-Tridecane 2.0 

n-Tetradecane 1.5 

n-Pentadecane 1.1 

Aromates 8.3 
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3. METHODS 

    3.1. Extraction 

     Extraction of reservoir fluids from the rock sample is performed using supercritical CO2. This 

also enables an examination of the interactions between CO2 and reservoir fluids in the rock. 

Supercritical CO2 extraction is a well-established process in which hydrocarbons are expected to 

dissolve in CO2 and be transported out of the rock 17. A schematic of the equipment is shown in 

Figure 1. 

 

Figure 1.  Setup for supercritical extraction of formation or reservoir water from tight sandstone. 

PI and FI denote pressure indicator and flow indicator, respectively.  PIR and TIR denote pressure 

and temperature indication and recording, respectively. BPR denotes back pressure regulator.  
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          CO2 is fed to the pump after subcooling and subsequently compressed to extraction pressure. 

At 30 MPa and 40° C, the rock is contacted with compressed (supercritical) carbon dioxide in a 

4L extractor (V= 4l) and extraction proceeds at an average rate of 26 g CO2/h during about 40 

days. This low mass flow and large extraction time has been chosen due to the diffusion controlled 

process of mass transfer through the small pores. The compressed CO2 that contains the extract is 

decompressed through the back pressure regulator. At the resulting pressure level of about 6 MPa, 

the extract precipitates from the CO2 within the separator and is collected from the valve at its 

bottom. The recovered CO2 is withdrawn at the top of the separator, condensed and recycled in a 

closed loop. 

     3.2. Interfacial Tension 

     The interfacial tension is determined by the pendant drop method using a high pressure view 

chamber (maximum pressure 52 MPa, maximum temperature 200° C, internal volume = 25 ml) 

described elsewhere 18. Temperature is measured inside the view cell at 14 mm distance from the 

drop by a calibrated thermocouple to an accuracy of +/- 0.2° C. The pressure is determined by a 

pressure gauge at +/- 1 bar. Evaluation of drop shapes recorded by a charge coupled device (CCD) 

camera is carried out by a drop shape analysis program commercially available from Krüss, 

Hamburg.  The program adapts a theoretical drop profile according to the so-called Young-Laplace 

equation which describes the curvature of a liquid drop surface 19. The densities of the adjacent 

fluid phases are needed for determining the interfacial tension from drop profiles. The gas 

condensate density is determined at atmospheric conditions. The pressure and temperature 
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dependent density is determined in analogy to the density of n-decane, a key compound in the gas 

condensate and calculated using the GERG equation of state 20. 

     The liquid is charged to a mini-dispensing unit attached to the view cell (liquid volume approx. 

2.5 ml) by means of a thin capillary. The tip of this capillary reaches into the inside of the chamber 

in front of the windows. After heating to the designated temperature and waiting for temperature 

equilibration for about 30 minutes after the designated temperature is indicated, fresh CO2 is 

introduced to the view cell up to the target pressure. Again the cell is left for temperature 

equilibration (approx. for another 15 minutes) until a drop is formed at the needle tip. In view of 

the large steel mass and the small amount of CO2, this duration of time was found to be sufficient. 

At each test condition three drops are generated and recorded. To enable assessment of the first-

contact interfacial tension values and miscibility pressure21-23, the drop liquid was not pre-

equilibrated with CO2. This setting also allows observation of dynamic interfacial behavior at low 

interfacial tension values, as will be seen in results and discussion. Furthermore, this setting allows 

comparison of the results with those of n-alkanes where interfacial tension values with CO2 were 

found to be invariant with time 24.  

          Images in Figure 2 were taken at different pressures, illustrating increased miscibility and 

decreasing interfacial tension at increased pressure until the interfacial tension completely 

disappears at the minimum miscibility pressure (MMP). 
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    1.6 mm 
   1.6 mm     1.6 mm 

 

                                    

               P=2.0 MPa                P = 10.0 MPa         P = 12.9 MPa 

Figure 2. Images of gas condensate in CO2 under different pressures at 80° C. The green curves 

enclosing the drops (areas below the horizontal lines) represent the fitting by the Young – Laplace 

equation for determination of the interfacial tension value.   

     It can be seen that at 80° C complete miscibility is reached at 12.9 MPa, which is associated 

with a vanishing interfacial tension. This point will be discussed in Section 4. 

     3.3. Wetting 

     The wetting behavior is evaluated using the same equipment as used in 3.2. Reservoir water 

extracted from the tight sandstone is applied as sessile drops on the surface of the same rock sample 

in an atmosphere of compressed carbon dioxide. The contact angles of the sessile drops are 

determined by drop shape analysis. 
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      3.4. Error analysis 

      Errors in obtained interfacial tension values are considered to be largely related to density 

difference and the uncertainty in the numerical analysis of the drop shape. The error due to the 

density difference is significant. For the pure hydrocarbon and hydrocarbon-CO2 mixtures, 

GERG200820 gives a good estimate. For the multiple-component gas condensate, the pressure and 

temperature dependence is based on the behaviour of the key compounds, similar to the case for 

investigating interfacial tension of light oils with CO2. The higher the pressure, the stronger will 

the real mixture density difference differ towards lower values, i.e. the real interfacial tension 

values will tend to be lower than the one based on pure liquid densities. The error based on the 

shape analysis and related to the so-called shape factor19 was found to be smaller than 1%, e.g., 

when varying the part of the drop used for calculating the interfacial tension – which in theory 

should give a constant value. If the drop becomes too spherical-shaped (shape factor <0.5) the 

standard deviation increases considerably. Bad image quality may also contribute to an uncertainty 

in the numerical adjustment. The above error sources may result in an error of 10 % in the worst 

of the cases. With respect to the data presented in this work and based on the actual deviations 

among the data, the overall error in the interfacial tension  data is estimated to take +/- 3% for 

absolute values above 10 mN/m, +/- 5% between 5 and 10 mN/m and up to 10% for values below 

5 mN/m.  

      Errors for evaluated contact angle values are related to the quality of the image and 

uncertainties in determination of the base and the tangent lines. The maximum error is estimated 

to be within 10 degrees.  
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4. RESULTS AND DISCUSSION 

     4.1. Extraction 

     In Figure 3 the course of extraction is depicted in terms of weight percentage of extract mass 

related to rock mass. After a lag time of more than 300 hours liquid started to be extracted at an 

appreciable rate.  The extracted liquid from the tight sandstone was a white turbid one. The liquid 

had a weak oil-like smell, but Karl Fischer analysis did not reveal appreciable constituents other 

than water. This water was used for the wetting tests reported in section 4.3. 

Figure 3: Quantity of extracted liquid from a tight sandstone sample as a function of time in 

supercritical CO2-extraction under 30 MPa and 40°C.  
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     4.2. Interfacial Tension 

     Figure 4 shows the interfacial tension of the gas condensate as a function of CO2 pressure at 

two different temperatures. 

 

Figure 4: Interfacial tension (IFT) of gas condensate as a function of pressure in CO2 at 40(▲) 

and 80° C (♦). 
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     Starting out at atmospheric pressure, the behavior with respect to temperature is similar to the 

behavior observed with some other hydrocarbon materials: At increased temperature the interfacial 

tension takes lower values as an effect of the increasing entropy. When raising the pressure, the 

interfacial tension significantly decreases as a consequence of mutual miscibility which has been 

reported in literature extensively 24, 25. Beyond a certain pressure, the behavior with respect to 

temperature inverts: an increased temperature starts to result in higher values of the interfacial 

tension at given pressure as a consequence of the lower gas solubility in the liquid phase. 

     At both temperatures shown in Figure 4, the interfacial tension follows a nearly linear course 

until it vanishes as a result of complete miscibility between both adjacent phases. Close to this 

point, an interesting phenomenon occurs at 80° C which is highlighted in Figure 4: While fresh 

drops of gas condensate are highly unstable, showing extremely low values of the interfacial 

tension, larger drops with considerably higher interfacial tension appear after some time of 

contacting both phases (see following Figure 5). 

      

  Interfacial tension = 0.4 mN/m (first drops)      Interfacial tension = 3.3 mN/m (subsequent drops) 

Figure 5. Gas condensate drops in CO2.  Different drop images were obtained at identical 

conditions of 12.5 MPa and 80° C. 
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     The low interfacial tension values shown by fresh drops of gas condensate resemble “first-

contact” values whereas subsequent drops at the same pressure would give rise to “multiple-

contact” values21-23. This is attributed to mass transfer between the two phases. When the pressure 

is increased, the gas (CO2) phase starts to dissolve significant amounts of components from the 

liquid phase, namely lighter volatiles. The volatile fraction within the gas condensates is decisive 

for the low critical pressure of complete miscibility (minimum miscibility pressure). Once this 

fraction is “extracted” from the liquid, the remaining heavier fraction is less soluble within the 

compressed gas phase, leading to a fraction of higher interfacial tension as has been observed at 

12.5 MPa (Figures 4 and 5).  

     To verify the above concepts, interfacial tension measurements were carried out for two 

components of the gas condensate: n-hexane and n-tetradecane (Table 1). The former represents 

the light fraction and the latter represents the heavy fraction of the condensate. The measurement 

results for pure n-hexane and pure n-tetradecane, respectively, in CO2 are shown in Figure 6.             

 

Figure 6.  Interfacial tension of n-hexane and n-tetradecane with CO2 as a function of pressure.  
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     The pressure dependences of the interfacial tension of pure n-hexane and pure n-tetradecane in 

pure CO2 are nearly linear, similar to that of the gas condensate shown in Figure 4. They are also 

similar to that of n-decane reported by Pereira et al. 26. Moreover, it can be seen from Figure 6 that 

there is also a crossing of the interfacial tension trend lines of 40°C and 80°C. For the behavior of 

increased interfacial tension in the subsequent drops, the interfacial tension of a binary mixture of  

83 wt% n-hexane and  17 wt% n-tetradecane was determined. As shown in Figure 7, increased 

interfacial tension after the first drop, similar to that of the gas condensate, is evident. Based on 

these results, it can be considered that the interfacial tension behavior of the gas condensate results 

from the interfacial tension behavior of the single components. In the present case, the binary 

mixture of representative components could reproduce the key features of the behavior of the 

condensate. It can be further inferred that lower temperatures would enable better removal of 

condensate blockage with CO2, as full mixing could be achieved at lower pressure – only 8 MPa 

for the present condensate at 40°C  - and extraction of light components, which leaves a heavier 

liquid phase, could be avoided. This applies to colder regions where many Canadian fields are 

situated or relatively shallow wells. Low MMP would suit particularly tight gas reservoirs, where 

low pressure near production wells may cause retrograde condensation and liquid accumulation. 

With the low MMP, CO2 could effectively clear up the blockage in the low-pressure zone.   
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Figure 7. Interfacial tension behavior of n-hexane, n-tetradecane, their mixture and the gas 

condensate.  
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taken into account. This aqueous phase was extracted from the tight sandstone (see Section 3.1) 

and used for measuring interfacial tension and describing the wetting characteristics. Figure 8 

shows the interfacial tension of the aqueous phase in CO2 which is also used for the wetting tests 

discussed in Section 4.3. 
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Figure 8. Interfacial tension of reservoir water from tight sandstone with CO2 at 40° C. 
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20.7° 86.1° 100.9° 

the water in the tight sandstone increases with increasing CO2 pressure, which leads to a decrease 

of the capillary pressure and potentially facilitates removal of the water blockage. This will be 

discussed in Section 4.3.  

     4.3. Wetting 

     The images in Figure 9 show drops of reservoir water in a carbon dioxide atmosphere at 

different pressures on a sample of the tight sandstone from which this reservoir water had been 

extracted (Section 4.1). It can be seen that the contact angle increases with increasing CO2 pressure. 

At 0.1 MPa, the contact angle is quite small, suggesting a strongly water-wetting condition. At 

32MPa, however, the contact angle is nearly 90°, suggesting an intermediate-wetting condition. 

Apparently, the wetting behavior of the tight sandstone is shifted as CO2 pressure is increased. 

This result is in qualitative agreement with the results of several studies on altered wettability of 

silica surface by CO2 
31, 32. A particularly interesting observation is that pore-scale contact angle 

of brine on silica surface increased in the presence of CO2 
31.  

 

  

  

 

        P=0.1 MPa   P = 11.0 MPa     P = 32.0 MPa 

Figure 9. Reservoir water on the surface of a tight sandstone sample in CO2 under different 

pressures at 40°C. 
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     It has been further observed in this work that the water contact angle increased more with CO2 

pressure on a gas shale rock. Figure 10 shows the contact angle of water on a gas shale from a 

western Canada reservoir, where the advancing contact angle and static contact angle, which is 

evaluated after the drops stopped moving on the rock surface, are plotted against CO2 pressure. 

The contact angle reaches 90° below 10 MPa CO2 pressure and exceeds 90° at higher CO2 pressure.  

 

Figure 10. Water contact angle on a shale sample in CO2 at 40° C. The error of contact angle with 

this sample is below 5 degrees.  
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     The increased contact angle may be analyzed in terms of the Young´s equation 33, which relates 

the contact angle to all three participating interfacial energies. For the present case the equation 

can be written as  

         𝑐𝑜𝑠𝜃 =
𝜎𝑠𝑔−𝜎𝑠𝑙

𝜎𝑔𝑙
            (1) 

 

where θ is the contact angle. 𝜎𝑠𝑔 is the interfacial energy between the rock surface and the CO2 

phase. 𝜎𝑠𝑙 is the interfacial energy between the rock surface and the water phase. 𝜎𝑔𝑙 is the 

interfacial tension between the CO2 phase and the water phase. According to Equation 1, an 

increased contact angle (decreased cos θ) could be attributed to a decreased 𝜎𝑠𝑔, an increased 𝜎𝑠𝑙, 

an increased 𝜎𝑔𝑙, or all of them.  𝜎𝑠𝑔, and 𝜎𝑠𝑙 cannot be measured independently, but we can 

evaluate their difference 𝜎𝑠𝑔- 𝜎𝑠𝑙and the effect of CO2 pressure on the difference by use of the 

measured 𝜎𝑔𝑙 and the contact angle. In Figure 11 the product 𝜎𝑔𝑙cosθ is plotted against CO2 

pressure for both the tight sandstone the shale. The plots represent the dependence of  𝜎𝑠𝑔- 𝜎𝑠𝑙 on 

CO2 pressure based on Equation 1.  As can be seen from Figure 11, 𝜎𝑠𝑔- 𝜎𝑠𝑙 on both rocks decreases 

with increasing CO2 pressure. However, on the shale, 𝜎𝑠𝑔- 𝜎𝑠𝑙 decreases to a negative value below 

10 MPa as the contact angle exceeds 90° (cos θ < 0), suggesting that 𝜎𝑠𝑔 becomes smaller than 𝜎𝑠𝑙. 

The value of 𝜎𝑠𝑔- 𝜎𝑠𝑙 does not change much with further increased CO2 pressure.  By contrast, 

𝜎𝑠𝑔- 𝜎𝑠𝑙 on the tight sandstone does not become zero until the pressure reaches 32 MPa. The results 

suggest that the effect of CO2 pressure is stronger on the shale.  
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Figure 11. Dependence of water contact angle on CO2 pressure in terms of Equation 1.  
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on rock surface would reduce the affinity of the surface to water, and contribute to the decrease of 

𝜎𝑠𝑔- 𝜎𝑠𝑙.  

     Regardless of the mechanisms, the above results imply that the capillary pressure, which is the 

difference between the pressures in the non-wetting phase and the wetting phase at their interface, 

in the studied rocks could be reduced to zero, according to 

𝑝𝑐 =
2σ𝑔𝑙cosθ

𝑟𝑐
                           (2) 

where pc  is the capillary pressure, rc is the radius of the pore. A contact angle of 90° results in zero 

capillary pressure.  This would enable CO2 to clear the pores blocked by water with no additional 

pressure. The process is limited by allowable injection pressure for CO2, though.  

      The increased contact angle under high CO2 pressure may also have contributed to the 

extraction of the water from the tight sandstone sample. As can be understood from the images of 

Figure 9, the tight sandstone sample was originally water-wet. In water-wet rocks, the interface in 

the pores would be concave on the water side, thus the vapor pressure of water in the gas phase 

would be low and be even lower with small pore size. This would decrease water evaporation into 

gas phase. When the contact angle increases to 90°, the interface will become flat and the vapor 

pressure in the CO2 phase will increase to the vapor pressure of a flat interface. As a result, the 

evaporation of water is promoted, which facilitates the extraction of water into CO2 phase.  

     It is also worth noting that water flooding would not be suitable for increasing gas recovery in 

the Viking reservoir from which the rock sample was taken, as the rock could be easily damaged 

by non-reservoir water. Figure 12 (a) shows images of a Viking rock sample, which collapsed after 

contacting tap water for 10 minutes at 40°C and ambient pressure. Figure 12 (b) shows images of 
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another piece of Viking rock sample, which started to decompose instantly when exposed to 

deionized water at 40°C and ambient pressure. Non-native water could react with some rocks and 

cause damage to reservoirs 35-37. The present observation underscores the significance of using 

CO2 for enhanced gas recovery in the current reservoir in order to avoid the impairment by 

unsuitable water to the permeability of the rock and productivity of the reservoir.  

               

                                                     (a) 

         

  (b1)      (b2) 

Figure 12. Viking tight rock samples damaged by water at 40°C and ambient pressure.  (a): Rock 

ample after contacting tap water for 10 minutes. The outer diameter of the while cylinder is about 

7 cm. (b1): Rock sample (upper dark region of the image) in air before exposure to water. The 

diameter of the window is about 2 cm.  (b2): The same rock sample in contacting deionized water. 

Many dark spots below the sample are decomposing and precipitating rock pieces in the water.   
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5. CONCLUSIONS 

     The results of the present work show that complete miscibility of gas condensate and CO2 can 

be reached at relatively low pressure levels. This is favorable for using CO2 to remove gas 

condensate which blocks the gas flow near production wells. It is also favorable for shallow 

reservoirs where CO2 injection pressure cannot be too high. Moreover, CO2 reduces wettability of 

the tight sandstone by reservoir water and this is favorable for CO2 to remove the blockage of gas 

flow by water. As removal of the blockages increases gas production, greater capacity of CO2 

storage in the gas-depleted reservoir can also be created.  
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