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Introduction

     Carbon dioxide(CO2) has been regarded as a useful chemical having many 

advantages that it is cheap, nonflammable, nontoxic, chemically inert, recyclable, and 

readily accessible to supercritical region (TC=31
o
C, PC=7.38MPa)[1]. Especially, 

supercritical CO2 have interesting solvating characteristics and provide greatly 

increased mass transfer rates in various fields such as an organic synthesis [2], 

electrochemical synthesis[3], and polymerization [4], etc. In spite of these advantages, 

CO2 is also regarded as a poor solvent because the solubility of polar chemicals in 

CO2 which is nonpolar is very low[5]. For this reason, the usage of CO2 as a reaction 

solvent with water has lagged. Recently, the efforts to overcome these disadvantages 

of CO2 are lively carried out by many chemists and engineers. One of these is the 

research about the formation of emulsion that polar chemicals of nano(nm) or micro(μ

m) size droplets in diameter were dispersed in CO2[6-8].  It is desired that many 

polar chemicals will be soluble in CO2, therefore, it is applied in various fields such 

as reaction, separation, electroplating process[9] etc. in supercritical CO2. Among these, 

the electroplating process in supercritical CO2 used the emulsion phenomena have 

been researched in my laboratory and this process will be resulted in reducing the 

aqueous plating solution. In formation of emulsion of immiscible phases like water or 

the aqueous plating solution and CO2 emulsion, the interfacial tension (IFT) has an 

influence in formation of emulsion. Therefore these data are requisite as a basic 

information to understand the emulsion with CO2. Unfortunately, the measurement of 

the IFT in high pressure CO2 was hardly carried out except for several studies[10-11]. 

In this research, we manufactured the apparatus for IFT by using the capillary rise 

method in high pressure and measured the IFT of 1)water+CO2 at 71
oC, 2)nickel 

plating solution+CO2 at 55
o
C, 3)nickel plating solution+CO2+surfactant (0.1, 0.3 wt%) at 

40
o
C, and 55

o
C, 4)Nickel plating solution+CO2+ethanol (10, 20 vol%) at 55

o
C, and 5) 

nickel plating solution+CO2+surfactant (0.1, 0.3 wt%)+ ethanol(10 vol%) at 40
oC, and 

55
o
C in the ranges of 0.1MPa~20.0 MPa by using the capillary rise method. The 

consistency of experimental data of water+CO2 was confirmed by comparing of 

experimental data and others data[10-11] at 71oC. 

 

Theory

     IFT was measured by using capillary rise method and it was calculated by 

following equation. 
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3
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γ(mN/m) is interfacial tension, r(m) is the radius of the capillary, h(m) is the height 

of the meniscus above a flat liquid surface (for which ΔP must be zero),  (g/ml) is 

the difference between density of CO2 and density of water (or nickel plating 

solution), g(m/sec
2
) is the acceleration of gravity, θ is the contact angle (it is assumed 

as a 0o). 

Experimental

Synthesis of surfactant and measurement of solubility The synthesis of fluorocarbon-hydro- 

carbon hybrid nonionic surfactants such as sodium salt of bis(2,2,3,3,4,4,5,5-octafluoro- 

1-pentanol) sulfosuccinate (di-HCF4) and the sodium salt of bis(3,3,4,4,5,5,6,6,7,7,8,8,8- 

tridecafluoro-octyl)-2-sulfosuccinate (di-HCF7) was reported by Zhao-Tie Liu and Can 

Erkey[13] and the measurement of solubility was expressed in previous paper[1] in 

detail. 

Interfacial tension measurement  The procedure for IFT measurement is shown in Chun's 

paper in detail[ref]. 

              

Results and Discussion

Two surfactants with 'CO2 philic group' and hydrophilic group were synthesized. 

According to Tie Liu and Can Erkey's experiment, di-HCF 4 is soluble with an added water  

and better than di-HCF 7 in the water/CO2 emulsion formation among these. By this result,  

di-HCF4 surfactant was chosen and used in measurement of IFT .

Interfacial tension measurement  In this study, we measured the IFT of various systems such as 

1) water + CO2, 2) nickel plating solution + CO2, 3) nickel plating solution + surfactant 

(di-HCF 4) + CO2, 4)Nickel plating solution+CO2+ethanol (10, 20 vol%)at 55
oC, and 5) 

nickel plating solution + surfactant (di-HCF 4) + ethanol + CO2.  We considered the effect of 

temperature, surfactant, and ethanol on interface between CO2 and nickel plating solution in 

supercritical CO2.

 Table 1. Properties of chemicals

chemical aϒ (mN/m) T(K)

   Pure water 72.7 299.15

   Nickel plating solution 43.0 299.15
aϒ (mN/m) : interfacial tension in atmospheric condition

� di-HCF4; 
     sodium salt of bis(2,2,3,3,4,4,5,5-octafluoro-1-pentyl) sulfosuccinate >

                   H+/toluene      NaHSO3/1,4-dioxane
C4H2O + 2RfOH Æ RfOOCCH = CHCOORf ÆRfOOCCH2CH(SO3

-Na+)COORf

 Rf=F(CF2)6CH2CH2 (di-HCF7), H(CF2)4CH2 (di-HCF4) 
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1)water + CO2 system  IFT of water + CO2 system was 

measured at 71
o
C for data consistency. IFT data of 

water + CO2 at 71
oC were compared with Hough's data 

[12] and Chun's data [13] and represented in Figure 1 

2) Nickel plating solution + CO2 system  IFT of nickel 

plating solution + CO2 system was measured at 55
oC.   

IFT of this system was lower than that of water + CO2 

system because nickel ions that dissolved in water 

work as electrolytes. This result was shown in Figure 2.

3) Nickel plating solution + CO2 + di-HCF4 surfactant 

system  To investigate the effect on the concentration 

of di-HCF 4 surfactant, we added the 0.1wt% and 

0.3wt% in nickel plating solution and measured IFT of 

nickel plating solution + CO2 + di-HCF 4 system at 

40oC, and 55oC. As the concentration of surfactant was 

higher, the IFT on between two fluids became lower. 

This result was shown in Figure 3.

4) Nickel plating solution + CO2 + ethanol system

IFT of nickel plating solution + CO2 + ethanol (10vol%) system were measured at 55
o
C. 

Ethanol reduced IFT like Chun's study[13] that alcohol such as isopropyl alcohol, ethanol, 

methanol, and butanol reduce the IFT  of water +CO2. This result was shown in Figure 4.

5) Nickel plating solution + CO2 + di-HCF 4 surfactant + ethanol system  To look into effect 

ethanol and surfactant at the same time, IFT of nickel plating solution + CO2 + di-HCF 4 

surfactant (0.1, 0.3 wt %) + ethanol (10vol%) system were measured at 40oC, and 55oC.  By 

experiments 3) and 4), the double effects of reduction in IFT was predicted. But, when IFT of 

solution with both ethanol and di-HCF4,it was increased. These results were shown in 

Figures 4 and 5.
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      Figure 1. Comparison of IFT 
      for CO2 + Water mixture at 71

oC

Figure 2. IFT of CO2 + Nickel plating 
solution + di-HCF 4 at 55oC

Figure 3. IFT of CO2 + Nickel plating 
solution + ethanol at 55oC
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Conclusion

    We synthesized two nonionic H-F hybrid surfactants which have CO2 philic tail 

and hydrophilic tail and measured the solubility of this surfactant in CO2 and the IFT 

of CO2/water and CO2/nickel plating solution system. In IFT measurement, the effect 

of surfactant and ethanol was investigated. This research is will be up to the 

expectation of a help for understanding interface phenomena between CO2 and polar 

chemicals such as water or nickel plating solution in supercritical CO2. 

Acknowledgement

    This work has been supported by the National Research Laboratory (NRL) 

Program for Supercritical Fluid and the authors would like to thank to the Ministry 

of Science and Technology, Korea.

Reference
1. S. Angus, international thermodynamic tables of the fluid state (CO2), pergamon press, 1976.

2. M. J. Burk, S. Feng, M. F. Gross, W. Tumas, J. Am. Chem. Soc, 117, 8277, 1995

3. A. P. Abott, C. A. Eardley, J. Phys. Chem. B., 104, 775, 2000. 

4. M. R. Clark, J. M. DeSimone, Macromolecules, 28, 3002, 1995.

5. M. B. King, A. Mubarak, J. D. Kim, T. R. Bott, J. Supercritical Fluids, 5, 296, 1992. 

6. K. Harison, J. Goveas, K. P. Johnston, et al, Langmuir, 10, 3536, 1994.

7. T. A. Hoefling, R. M. Enick, E. J. Beckman, J. Phys. Chem., 1995, 95, 7127.

8. K. P. Johnston, K. L. Harrison, et al., Science, 1996, 271, 624.
9. IJ. Brown , S. Sotiropoulos,Journal of Applied Electrochemistry, 31(11), 2001. 

10. J. Y. Park, J. S. Lim, Y. W. Lee, Theories and applications of chem. eng. 2002, 8 (1), 149.

11. J. Y. Park, J. S. Lim, Y. W. Lee, J. D. Kim, C. H. Lee, Theories and applications of 
chemical engineering, 2002, 8 (1), 145.

12. A. W. Adamson, Physical Chemistry of Surfaces, fourth edition, John Wiley & Sons, 1982.

13. Z. T. Liu and C. Erkey, Langmuir 2001, 17, 274.

14. E. W. Hough, G. J. Heuer, J. W. Walker, Pet. Trans. AIME, 1959, T. N. 2052, 216, 469-472.

15. B. S. Chun, G. T. Wilkinson, Ind. Eng. Chem. Res., 1995, 34, 4371-4377.

Figure 4. IFT of CO2 + Nickel plating solution 
+ di-HCF 4 + ethanol at 40oC, and 55oC

Figure 5. IFT of CO2 + Nickel plating solution 
+ di-HCF 4) + ethanol at 40

oC, and 55oC.


