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Introduction

  The phase behavior of mixtures containing carbon dioxide is important for industrial application, in particular for the analysis of supercritical extraction using carbon dioxide.
  Especially, the process design requires the knowledge of phase equilibrium diagrams over a wide range of pressures and temperatures. The advance of supercritical fluid extraction development is often dependent on new thermodynamic data on vapor-liquid, liquid-liquid-vapor, and liquid-liquid equilibria.
  The first part of this work is to expand the high pressure, experimental data base for carbon dioxide-solute mixtures by investigating mixtures of carbon dioxide with six polar compounds, formic acid, which has a moderate dipole moment of 1.5 D[1], acetic acid, which has a dipole moment of 1.7 D[2], butyric acid, which is expected to have a dipole moment of 1.5 D[1], valeric acid, which has a dipole moment of 1.6 D at 20 oC[2], caproic acid, which is expected to have a dipole moment of 1.13 D at 25 oC[3] and caprylic acid which has a dipole moment of 1.15 D at 25 oC[3].
  The second part of this work, the resulting experimental data are modeled using the of both the statistical associating fluid theory (SAFT)[4] and Peng-Robinson (P-R) equation of state[5]. 

Experimental section

  The experimental apparatus and techniques used in this work are described in detail by Byun et al.[6,7] The empty cell is purged several times with nitrogen followed by carbon dioxide to ensure that all of the air is removed. The liquid solute is loaded into the cell to within (0.002g using a syringe and carbon dioxide is transferred into the cell gravimetrically to within (0.004g using a high-pressure bomb. The solution in the cell is compressed to the desired operating pressure by displacing a movable piston using water pressurized by a high-pressure generator (HIP Inc., Model 37-5.75-60). The pressure within the cell is measured with a Heise gauge (Dresser Ind., Model CM-35790, 0-690 bar, accurate to within (0.7 bar). The temperature of the cell is measured using a platinum resistance thermometer (Thermometrics Corp., Class A) and a digital multimeter (Yokogawa, Model 7563, accurate to within (0.005%).  The system temperature is maintained to within (0.1oC and is measured to within (0.2oC with the thermometer placed in a thermowell on the surface of the cell. CO2-acid solute mole fractions have an estimated accumulated error of less than (1.0%. The solution in the cell is stirred by a magnetic stir bar, which is activated by an external magnet beneath the cell. The mixture inside the cell is viewed on a video monitor using a camera coupled to a borescope (Olympus Corp., Model F100-038-000-50) placed against the outside of the sapphire window.
Experimental results and discussion

  In order to check the accuracy and reproducibility of experimental apparatus, we measured phase behavior data for binary carbon dioxide-acetic acid mixture, which was previously the mole fraction in measured by Laugier el al.[8] at 40.0 and 60.0 oC.

  As shown in Fig. 1, the experimental data presented in good agreement with those of Laugier et al[8].

  Bubble and dew point data for six the CO2-formic acid CO2-acetic acid, CO2-butyric acid, CO2-valeric acid, CO2-caproic acid and CO2-caprylic acid systems are reproduced to within (0.3 bar at least twice for a given loading of the cell. Figures present the data of the CO2-formic acid CO2-acetic acid, CO2-butyric acid, CO2-valeric acid, CO2-caproic acid and CO2-caprylic acid systems obtained in this work. The mole fractions are accurate to within (0.002. The mole fractions for the solubility isotherms at 35 to 120 oC are arranged value of at least two independent data points, which have an accumulated error of less than 1.0 %.
Fig. 2 shows the experimental pressure-composition (P-x) isotherms at 40.0, 60.0, 80.0, 100.0 and 120.0 oC, and the range of pressures of 33 to 264 bar for the CO2-formic acid system. Three phases were not observed at any of the five temperatures. The P-x isotherms shown in Fig. 2 are consistent with those expected for a type-( system[9] where a maximum occurs in the critical mixture curve.
The experimental data obtained in this work are modeled using both the Peng-Robinson and statistical associating fluid theory (SAFT) equation of state.
Fig. 3 shows the mixture-critical curve for the carbon dioxide-valeric acid system predicted by the SAFT and the P-R equation of state.  The calculated mixture-critical curve is type-I, in agreement with experimental observations. As shown Fig. 3, the solid lines represent the vapor pressure for pure carbon dioxide[1] and valeric acid[10]. The solid circles represent the critical point for pure carbon dioxide and valeric acid[1]. The upper part of the dash line is single phase (fluid), the lower part is two phase (vapor-liquid). The open circles are the mixture-critical points determined from isotherms measured in this experiment. The dash lines represent the calculated value obtained using the SAFT and P-R equation of state. The both mixture parameters are then obtained from the case SAFT equation, with kij equal to –0.060 and (ij equal to 0.050, and the case P-R equation, with kij equal to 0.005 and (ij equal to –0.045.  The obtain process of optimum mixture parameters are identical with the method in the carbon dioxide-butyric acid system.  The SAFT equation of state will be discussed later.
  Fig. 4 shows a comparison of experimental and calculated P-x isotherms at temperature of 40.0, 60.0, 80.0, 100.0, and 120.0 oC for the carbon dioxide-acetic acid system. These isotherms are calculated using the optimized values of kij equal to -0.050 and (ij equal to 0.065 determined at 80 oC with the same manner as above.  With two adjustable parameters, the critical pressure predicted at 80oC shows (15 bar higher than that of experimental data. The predicted critical pressures are (20 bar higher at a temperature of 100 oC. The critical pressures predicted by SAFT equation of state are reasonably accurate for the 40.0 and 60.0 oC.
Conclusions

  High-pressure phase behavior data of carbon dioxide-acid systems are obtained at 35.0 oC to 120.0oC and pressure range of 23 to 250 bar for binary mixtures. The carbon dioxide-formic acid, carbon dioxide-acetic acid, carbon dioxide-butyric acid, carbon dioxide-Valerie acid, carbon dioxide-caproic acid, and carbon dioxide-caprylic acid systems exhibit type-I phase behavior, which is characterized by an uninterrupted critical-mixture curve. Also three phases were not observed at any of the all the system studied.
  The SAFT equation of state is capable of accurately predicting the phase behavior for six of polar systems using two independent-temperature mixture parameters. The P-R equation of state models the pressure-composition isotherms for six carbon dioxide-acid systems reasonably well using one or two independent-temperature mixture parameters.  Also the P-R equation obtained a good job modeling for the carbon dioxide-acid systems since the equation does not explicitly account for dimerization of the acid molecules.
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Fig. 1. Comparison of mole fraction for the CO2-acetic acid system obtained in this study & Laugier et al. at 40.0 and 60.0 oC.
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Fig. 2. Experimental isotherms for the CO2-formic acid system obtained in this study at 40.0, 60.0, 80.0, 100.0, and 120.0 oC.
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Fig. 3. Pressure-temperature diagram for the CO2-valeric acid system. The solid lines and solid circles represent the vapor-liquid lines and the critical points for pure CO2 and valeric acid 2. The open squares are critical points determined from isotherms measured in this study. The dash lines represented calculation obtained using SAFT equation of state, with kij equal to -0.060 and (ij equal to 0.050, and the Peng-Robinson equation of state, with kij equal to 0.005 and (ij equal to -0.045
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Fig. 4. A comparison of the experimental data (symbols) for the CO2-acetic acid system with calculations(solid lines) obtained with SAFT equation of state with kij equal to -0.050 and  (ij equal to 0.065.
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