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High-pressure phase equilibrium of the ternary system carbon dioxide + water + acetic acid at temperatures from 313 to 353 K A. Bamberger1 , G. Sieder2 , G. Maurer∗ Lehrstuhl für Technische Thermodynamik, Technische Universität Kaiserslautern, D-67653 Kaiserslautern, Germany Received in revised form 4 December 2003; accepted 30 December 2003



Abstract The high-pressure phase equilibrium of the ternary system carbon dioxide + water + acetic acid was studied experimentally at temperatures between 313 and 353 K and pressures between about 6 and 16 MPa with an arrangement based on the continuous flow technique. The experimental results are reported and compared to calculations applying the Peng–Robinson equation of state with various mixing rules. The representation of the experimental data could be considerably improved by taking into account the dimerization of acetic acid. The binary interaction parameters were adjusted to experimental data for the vapor–liquid equilibrium of the binary sub systems. The combination of the Peng–Robinson equation of state with the mixing rule of Panagiotopoulos and Reid which takes dimerization into account results in reliable predictions for the high-pressure phase equilibrium of the ternary system. © 2004 Elsevier B.V. All rights reserved. Keywords: Ternary high-pressure equilibrium; Carbon dioxide; Water; Acetic acid; Peng–Robinson equation of state; Dimerization



1. Introduction To assess the use of supercritical fluids, e. g. in separation processes like supercritical extraction [1], a profound knowledge of the encountered phase equilibrium is required. During the last decades a lot of experimental and theoretical investigations were dedicated to the phase behavior and equilibrium properties of binary systems, like carbon dioxide + organic solvent [2]. However, in most cases the aim of a supercritical process is to extract a component from a multicomponent solution. Methods for predicting such multicomponent high-pressure phase equilibria can only be tested when sufficient and reliable experimental data is available. In that context experimental data for aqueous systems are of particular interest. In the present work the phase equilibrium of the ternary system carbon dioxide + water + acetic acid was investigated experimentally at temperatures between 313 and 353 K and at pressures up to 16 MPa. After a discussion of the phase behavior some information is given on the ex∗ Corresponding author. Tel.: +49-631-205-2410; fax: +49-631-205-3835. E-mail address: [email protected] (G. Maurer). 1 Present address: Bayer Technologies Services GmbH, D-51368 Leverkusen, Germany. 2 Present address: BASF AG, D-67056 Ludwigshafen, Germany.
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perimental arrangement and the experimental uncertainties. The new experimental results are compared to predictions from the Peng–Robinson equation of state in the modification of Melhem et al. [3] applying different mixing rules. All binary parameters were determined from experimental data on binary subsystems alone. The essential influence of the dimerization of acetic acid which was already observed when the phase equilibrium of the binary system carbon dioxide + acetic acid was calculated [4], was confirmed also here. Taking that dimerization into account results in an essential improvement between predictions and experimental results for the high-pressure vapor–liquid equilibrium of the ternary system carbon dioxide + water + acetic acid. The predictions nicely agree with the experimental data. That result encourages further applications of that rather simple model (Peng–Robinson equation of state in connection with mixing rules of Panagiotopoulos and Reid (PaR) where all binary parameters were taken from investigations on the binary subsystems, and taking into account the dimerization of acetic acid) to multicomponent aqueous systems.



2. Phase behavior From Gibbs’s phase rule it can be shown, that up to five phases can coexist in a ternary system. A pressure–
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Nomenclature a b Ci,j HV K kij , Kij lij



L m



Mat MR n



NC NRTL p p0 PaR R T TCP v V x y



Peng–Robinson EoS parameter Peng–Robinson EoS parameter binary parameter for interactions in the mixing rule of Huron and Vidal mixing rule of Huron and Vidal chemical equilibrium constant binary parameters for interactions between components i and j binary parameter for interactions between components i and j in the mixing rule of Mathias et al. liquid phase pure component parameter in the modification of Melhem et al. of the Peng–Robinson equation of state mixing rule by Mathias et al. mixing rule pure component parameter in the modification of Melhem et al of the Peng–Robinson equation of state number of components non random two liquids model for the excess Gibbs energy pressure standard pressure (0.10325 MPa) mixing rule of Panagiotopoulos and Reid universal gas constant absolute temperature tricritical point molar volume vapor phase mole fraction (in aqueous phase) mole fraction (in carbon dioxide-rich phase)



Greek symbols α temperature-dependent parameter for the calculation of a(T) αij binary volume correction parameter in the mixing rule of Huron and Vidal Λ numerical constant of Huron–Vidal mixing rule  absolute uncertainty µ chemical potential Subscripts c critical state D acetic acid dimers i component i j component j k component k M acetic acid monomers



temperature (p, T)-diagram is commonly used for the presentation of the phase behavior of a binary system. The phase behavior of a ternary system can also be presented in a (p, T)-diagram by drawing critical lines and characterizing two- and three-phase regions. An overview of the fluid phase behavior of ternary systems consisting of a “near- or supercritical” gas like carbon dioxide, water, and a water-soluble low molecular organic solvent was given by Adrian et al. [5] and Wendland [6]. Fig. 1 shows the fluid phase behavior of the system carbon dioxide + water + acetic acid at elevated pressures in a schematic (p, T)-diagram. That diagram shows lines characteristic for pure carbon dioxide (vapor–pressure curve), the binary mixture carbon dioxide + water and the ternary mixture carbon dioxide + water + acetic acid. By the classification of van Konynenburg and Scott [7] the binary system carbon dioxide + water shows a phase behavior of type III. In the interested temperature and pressure range of type III is marked by a three-phase line L1 L2 V limited by an upper critical endpoint on that branch of the binary vapor–liquid critical line, that starts from the critical point of carbon dioxide. The binary systems carbon dioxide + acetic acid and water + acetic acid show a behavior of type I, no details of the phase behavior of these systems is shown in Fig. 1. The extension from the binary systems to the ternary system results in the appearance of two critical endpoint lines. A three-phase region stretches between the lower critical endpoint line (L1 = L2 )V on one side and the three-phase line (L1 L2 V) of the binary system carbon dioxide + water (at temperatures below the end point of the three-phase line of the binary system carbon dioxide + water) and the second critical endpoint line L1 (L2 = V ) (at higher temperatures), respectively, on the other side. This three-phase region exists as the liquid mixture of water and acetic acid reveals a phase split when it is pressurized by carbon dioxide. The two critical end point lines merge into a tricritical point (TCP, L1 = L2 = V ), where all three phases become critical, i.e. have identical properties. Fig. 2 gives isothermal pressure-concentration (p, x) prisms for a better understanding of the phase behavior of the ternary system. For a constant temperature, several triangular concentration diagrams—each at a constant pressure—are arranged to form a prism where the pressure increases from bottom to top. The phase behavior of the binary systems is shown on the sides of the prism. The prism on the left side of Fig. 2 shows the qualitative-phase behavior for the isotherm T1 of Fig. 1. Temperature T1 lies between the critical end point of the three-phase line of the binary system carbon dioxide + water and the tricritical point e.g. T1 ≈ 313 K. At low pressures a vapor–liquid equilibrium region spreads between the binary systems carbon dioxide + water and carbon dioxide + acetic acid. When the pressure increases, the solubility of carbon dioxide in acetic acid increases strongly, while the (low) solubility of carbon dioxide in water is not changed very much. At the critical endpoint line (L1 = L2 )V the liquid phase splits into two liquid phases



A. Bamberger et al. / J. of Supercritical Fluids 32 (2004) 15–25



17



Fig. 1. Qualitative pressure-temperature diagram of the system carbon dioxide + water + acetic acid.



(L1 and L2 ) resulting in a three-phase region. At somewhat higher pressures the three-phase region is bordered by three two-phase regions (L1 V, L1 L2 and L2 V). With increasing pressure the concentration range where a three-phase split is observed, at first increases, but later on decreases again and disappears when the critical endpoint line is reached. At even higher pressures, only two liquid phases L1 L2 coexist. At a certain pressure between the critical endpoint lines (i.e. at the critical pressure of the binary system carbon dioxide + acetic acid) the vapor–liquid equilibrium region L2 V detaches from the carbon dioxide + acetic acid side of the prism diagram. Above this pressure, there are ternary critical points L2 = V , where the difference between the liquid phase L2 and the gas phase V vanishes. These critical points eventually end at the upper critical endpoint line.



The right side diagram of Fig. 2 shows a similar prism for a temperature above the tricritical point. The vapor–liquid equilibrium region which covers most of the concentration range at low pressures detaches at the critical pressure of the vapor–liquid equilibrium of the binary system carbon dioxide + acetic acid from the side of the triangular diagram resulting in a transition from vapor–liquid equilibrium to liquid–liquid equilibrium.



3. Experimental Details of the experimental procedure have been described recently [4,8–10]. Therefore, only a short description of the experimental arrangement is given here. Fig. 3 shows



Fig. 2. The high-pressure phase behavior of the system carbon dioxide + water + acetic acid at temperature T1 (≈313 K, cf. Fig. 1) and T2 (≈353 K, cf. Fig. 1).
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Fig. 3. Scheme of the experimental arrangement: (a) carbon dioxide; (b) mixture of solvents; (c) control pressure gauge; (d) cool bath; (e) filter; (f) diaphragm pump; (g) throttle valve; (h) preheater; (i) equilibrium cell; (j) thermometer; (k) thermostat; (l) high precision gauge; (m) heated micrometer valve; (n) three-way valve; (o) head running; (p) cooling trap; (q) wet-test meter; and (r) first running.



a simplified scheme of the experimental arrangement. Pure, liquid carbon dioxide is taken from a cylinder, cooled down, and compressed by a diaphragm pump to a supercritical pressure. A second diaphragm pump delivers the liquid solvent at the same pressure. That solvent is a mixture of water and acetic acid. Its composition is known from preparation. Both liquids are mixed and thermostated in a coiled tube, which is filled with spheres of stainless steel. That tube also serves to equilibrate the mixture at a preset temperature. The equilibrated mixture is released into a view cell (volume: 38 cm3 ) where it separates gravimetrically into an aqueous phase and a carbon dioxide rich phase. Phase separation is observed through borosilicate windows. The separated phases leave the high-pressure cell through throttling valves. The valves are operated manually so that the phase boundary in the view cell does not change its position. Each phase passes through cooling traps, where acetic acid and water are separated from carbon dioxide. Carbon dioxide leaves the cooling trap, passes a heat exchanger where it is brought to room temperature and finally escapes through calibrated wet-test meters. Suitable flow rates were determined in test runs. Lower flow rates are favorable for achieving the phase equilibrium, whereas larger flow rates are desired to reduce the period of sampling time. That time is mainly determined by the amount of condensate collected from the carbon dioxide-rich phase. A minimum of about 3 g is needed for a reliable analysis of that condensate. The amount of a collected liquid sample was typically between 3 and 20 g (from the vapor phase) and between 50 and 250 g (from the liquid phase). The samples were analyzed for acetic acid by titration with sodium hydroxide. Before each experiment the cooling traps are filled with carbon dioxide at ambient temperature and pressure. To determine the amount of separated solvents the traps are weighed before and after the experiment at room temperature. Special care was taken to avoid a loss of condensate when the valves were opened. More



details of the analyzing procedure are available elsewhere [10].



4. Experimental uncertainties The temperature of the equilibrated phases was measured with an uncertainty of ±0.1 K by a calibrated platinum resistance thermometer. The temperature in the wet-test meters was determined by liquid mercury thermometers with an accuracy of better than 0.5 K. The pressure in the equilibrium cell was measured by a pressure transducer (type 342.11, WIKA, Klingenberg, Germany) in combination with a mercury barometer. The accuracy of the experimental data for the pressure is better than ±10 kPa as verified by calibrations against a precision dead weight pressure gauge (type 5200 S, Desgranges et Huot, Aubervilliers, France). However, oscillations induced by the diaphragm pumps as well as by the manually operated expansion valves lead to pressure fluctuations of up to ±25 kPa at pressures up to 8 MPa and up to ±200 kPa at higher pressures. The amount of gas in a sample was determined from the gas volume read at the wet-test gas meters. The experimental uncertainty of that gas volume is below 0.5% for the liquid phase and below 1% for the vapor phase. The volumes of carbon dioxide were converted to the mass using the density of gaseous carbon dioxide calculated from the Bender equation of state [11]. The calculation requires the pressure of the gas passing the wet-test meter. That pressure was measured with a combination of water-filled U-tube gauge and mercury barometer with an uncertainty of ±60 Pa. The total relative uncertainty of the carbon dioxide mass is about 2% for the liquid phase and about 1% for the vapor phase. The amount of mass of the samples collected in a cooling trap was determined by weighing the cooling trap before and after an experiment with a precision balance (type PM 1200, Mettler, Gießen, Germany) with an absolute
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Table 1 Experimental results for the high-pressure phase equilibrium of the system carbon dioxide (1) + water (2) + acetic acid (3) at 313.3 K p ± p (MPa) 5.10 5.60 6.10 6.10 6.10 6.60 7.10 9.10 9.10 10.10 10.10



± ± ± ± ± ± ± ± ± ± ±



0.01 0.01 0.03 0.02 0.01 0.01 0.01 0.10 0.10 0.15 0.15



x1 ± x1 (mol/mol) 0.3251 0.3831 0.0706 0.2112 0.4412 0.5308 0.6001 0.0741 0.1578 0.0702 0.1465



± ± ± ± ± ± ± ± ± ± ±



0.0066 0.0070 0.0016 0.0043 0.0072 0.0073 0.0071 0.0016 0.0031 0.0014 0.0030



x2 ± x2 (mol/mol) 0.1811 0.1655 0.7021 0.3940 0.1486 0.1265 0.1075 0.7259 0.5307 0.7401 0.5545



± ± ± ± ± ± ± ± ± ± ±



uncertainty of ±0.004 g. The acid concentration in a sample was determined by automatic titration (type DMS Titrino 716, Metrohm, Herisau, Switzerland). The relative uncertainty was better than 0.7%. The experimental results for the mass of a component in a sample was corrected for (a) the solubility of carbon dioxide in the frozen-out solvent; (b) the solvent (water and acetic acid) concentrations in the vapor leaving the cooling traps; and (c) the difference in the vapor volumes in a cooling trap before and after taking a sample. As one would expect, these corrections are small, therefore, no details are given here. Such details are available elsewhere [10]. The most important correction (≈1%) was required for the mass of carbon dioxide in the liquid phase. The average relative uncertainty in the (final) experimental



0.0080 0.0075 0.0029 0.0060 0.0070 0.0061 0.0054 0.0026 0.0046 0.0024 0.0044



y2 ± y2 (mol/mol) 0.0012 0.0011 0.0018 0.0018 0.0014 0.0013 0.0016 0.0111 0.0313 0.0112 0.0298



± ± ± ± ± ± ± ± ± ± ±



0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0010 0.0025 0.0010 0.0024



y3 ± y3 (mol/mol) 0.0042 0.0046 0.0018 0.0040 0.0049 0.0053 0.0065 0.0558 0.1348 0.0556 0.1309



± ± ± ± ± ± ± ± ± ± ±



0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0009 0.0022 0.0009 0.0021



result is 2.1% (for the mole fraction of carbon dioxide in the liquid phase) and 6.4% (for the mole fraction of water in the vapor phase). The maximum relative uncertainty of the mole fraction of carbon dioxide in the liquid phase is 4.5%. It is nearly 25% for the (very small) mole fraction of water in the vapor phase. For each experiment the absolute uncertainties are given together with the experimental data in Tables 1–3.



5. Materials Carbon dioxide (>99.96 mass%) was obtained from TV Kohlensäure, Ludwigshafen, Germany. Deionized water was



Table 2 Experimental results for the high-pressure phase equilibrium of the system carbon dioxide (1) + water (2) + acetic acid (3) at 333.1 K p ± p (MPa) 5.10 6.10 6.10 6.10 7.10 7.10 7.10 8.10 8.10 8.10 9.10 9.10 9.10 10.10 10.10 10.10 11.10 11.10 12.10 12.10 13.10 13.10 14.10 14.10 16.10 16.15



± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ±



0.05 0.03 0.05 0.02 0.03 0.03 0.02 0.04 0.04 0.03 0.03 0.04 0.03 0.05 0.04 0.03 0.06 0.04 0.10 0.05 0.08 0.20 0.15 0.20 0.15 0.20



x1 ± x1 (mol/mol) 0.2206 0.0547 0.1431 0.2793 0.0627 0.1694 0.3332 0.0701 0.1968 0.4158 0.0746 0.2205 0.4761 0.0795 0.2437 0.6139 0.0821 0.1955 0.0769 0.1754 0.0754 0.1591 0.0744 0.1890 0.0757 0.1577



± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ±



0.0054 0.0014 0.0034 0.0062 0.0015 0.0037 0.0066 0.0016 0.0040 0.0072 0.0016 0.0043 0.0071 0.0017 0.0045 0.0069 0.0017 0.0038 0.0017 0.0035 0.0016 0.0032 0.0016 0.0038 0.0016 0.0032



x2 ± x2 (mol/mol) 0.2077 0.7119 0.4242 0.1867 0.7082 0.4207 0.1840 0.7033 0.4119 0.1547 0.7008 0.4015 0.1515 0.6997 0.3968 0.1046 0.7036 0.4701 0.7196 0.5150 0.7274 0.5365 0.7337 0.4868 0.7345 0.5514



± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ±



0.0089 0.0028 0.0061 0.0085 0.0028 0.0059 0.0079 0.0029 0.0058 0.0073 0.0029 0.0058 0.0065 0.0029 0.0057 0.0052 0.0028 0.0051 0.0027 0.0047 0.0026 0.0046 0.0026 0.0051 0.0026 0.0044



y2 ± y2 (mol/mol) 0.0021 0.0049 0.0034 0.0022 0.0042 0.0037 0.0020 0.0048 0.0039 0.0030 0.0041 0.0040 0.0032 0.0056 0.0053 0.0050 0.0065 0.0106 0.0084 0.0168 0.0096 0.0208 0.0123 0.0301 0.0152 0.0252



± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ±



0.0002 0.0002 0.0002 0.0002 0.0001 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0003 0.0003 0.0003 0.0004 0.0005 0.0004 0.0010 0.0005 0.0015 0.0007 0.0017 0.0008 0.0021 0.0010 0.0019



y3 ± y3 (mol/mol) 0.0076 0.0026 0.0060 0.0083 0.0030 0.0075 0.0094 0.0047 0.0092 0.0110 0.0058 0.0123 0.0155 0.0101 0.0220 0.0233 0.0166 0.0543 0.0255 0.0809 0.0336 0.0896 0.0386 0.1109 0.0490 0.1025



± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ±



0.0001 0.0001 0.0002 0.0002 0.0001 0.0002 0.0002 0.0001 0.0002 0.0002 0.0001 0.0002 0.0003 0.0002 0.0004 0.0005 0.0003 0.0009 0.0005 0.0013 0.0006 0.0014 0.0007 0.0018 0.0009 0.0017
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Table 3 Experimental results for the high-pressure phase equilibrium of the system carbon dioxide (1) + water (2) + acetic acid (3) at 353.2 K p ± p (MPa) 5.10 6.10 6.10 6.10 7.10 7.10 7.10 8.10 8.10 8.10 9.10 9.10 9.10 10.10 10.10 10.10 11.10 11.10 11.10 12.10 12.10 13.10 13.10 14.10 14.10 15.10 15.10 16.10 16.10



± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ±



0.01 0.04 0.06 0.03 0.04 0.05 0.03 0.06 0.05 0.05 0.07 0.05 0.03 0.07 0.05 0.05 0.10 0.05 0.03 0.08 0.05 0.20 0.05 0.13 0.06 0.15 0.07 0.20 0.20



x1 ± x1 (mol/mol) 0.1654 0.0460 0.1040 0.2029 0.0536 0.1215 0.2396 0.0589 0.1465 0.2828 0.0659 0.1584 0.3242 0.0699 0.1828 0.3672 0.0738 0.1996 0.4166 0.0785 0.2166 0.0816 0.2146 0.0809 0.2100 0.0825 0.2048 0.0841 0.1956



± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ±



0.0046 0.0013 0.0028 0.0052 0.0014 0.0031 0.0057 0.0014 0.0034 0.0062 0.0015 0.0035 0.0066 0.0016 0.0039 0.0069 0.0016 0.0041 0.0071 0.0017 0.0042 0.0017 0.0042 0.0017 0.0041 0.0017 0.0040 0.0017 0.0038



x2 ± x2 (mol/mol) 0.2158 0.7191 0.4624 0.2075 0.7098 0.4491 0.1996 0.7105 0.4394 0.1902 0.7061 0.4345 0.1804 0.7046 0.4251 0.1730 0.7057 0.4168 0.1654 0.6998 0.4102 0.6987 0.4205 0.7075 0.4382 0.7109 0.4540 0.7095 0.4846



± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ±



used. Acetic acid (>99.7 mass%) was purchased from Karl Roth, Karlsruhe, Germany.



6. Experimental results The high-pressure vapor–liquid equilibrium of the system carbon dioxide + water + acetic acid was investigated at 313, 333, and 353 K in the pressure range from about 6–16 MPa. The experimental results are given in Tables 1–3. The results given are averaged from usually two or more single measurements. The scattering of the experimental data was below the uncertainties given for each measured property. As described before, at low pressures, a vapor–liquid equilibrium can be observed. At higher pressure–above the critical point of the binary system carbon dioxide + acetic acid—liquid–liquid equilibrium is found for the ternary system. Although the carbon dioxide rich phase is a supercritical phase, it is here called “vapor”. Three-phase equilibria LLV were observed at 313 K (at pressures between about 6.5 and 8.5 MPa) and at 333 K (at pressures around 10 ± 0.5 MPa). However, as the experimental equipment is not suited to take samples from three phases, it was not possible to determine the composition of the coexisting phases. The experimental results will be discussed later when they are compared to predictions from an equation of state.



0.0094 0.0027 0.0058 0.0091 0.0028 0.0059 0.0088 0.0028 0.0058 0.0084 0.0028 0.0058 0.0081 0.0028 0.0058 0.0076 0.0028 0.0058 0.0071 0.0029 0.0057 0.0029 0.0056 0.0028 0.0054 0.0027 0.0053 0.0028 0.0050



y2 ± y2 (mol/mol) 0.0046 0.0093 0.0074 0.0047 0.0089 0.0073 0.0046 0.0094 0.0066 0.0043 0.0086 0.0073 0.0054 0.0097 0.0073 0.0050 0.0083 0.0074 0.0069 0.0090 0.0084 0.0096 0.0108 0.0115 0.0137 0.0129 0.0183 0.0144 0.0219



± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ±



0.0003 0.0002 0.0003 0.0003 0.0002 0.0003 0.0003 0.0003 0.0003 0.0004 0.0002 0.0003 0.0004 0.0003 0.0004 0.0005 0.0003 0.0004 0.0006 0.0004 0.0005 0.0004 0.0007 0.0005 0.0010 0.0006 0.0013 0.0007 0.0014



y3 ± y3 (mol/mol) 0.0163 0.0034 0.0092 0.0157 0.0044 0.0103 0.0165 0.0053 0.0115 0.0181 0.0058 0.0135 0.0212 0.0073 0.0165 0.0247 0.0087 0.0203 0.0322 0.0116 0.0268 0.0155 0.0347 0.0198 0.0483 0.0232 0.0667 0.0282 0.0713



± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ±



0.0003 0.0001 0.0002 0.0003 0.0001 0.0002 0.0003 0.0001 0.0002 0.0003 0.0001 0.0003 0.0004 0.0002 0.0003 0.0004 0.0002 0.0004 0.0006 0.0003 0.0005 0.0003 0.0007 0.0004 0.0008 0.0005 0.0011 0.0005 0.0012



7. Calculation of phase equilibrium High-pressure fluid phase equilibrium phenomena are commonly modeled using an equation of state. There is a huge number of equations of state proposed for such calculations. There are many reviews on this subject e.g. Sengers et al. [12] and Dohrn [13]. Cubic equations of state are the simplest of such equations. It is commonly acknowledged that the success or failure of an equation of state in representing experimental high-pressure phase equilibrium data depends stronger on the applied mixing rule than on the specific equation of state. Therefore, within the scope of the present work only a single standard cubic equation of state is used: the equation of Peng and Robinson [14] in a modification by Melhem et al. [3]. RT a(T) p= − (1) v − b v(v + b) + b(v − b) where p stands for pressure; T the temperature; R the universal gas constant; and v is the molar volume. Free volume effects and intermolecular attractive interactions are taken into account by parameters b and a. For a pure component the volume parameter b and the attractive interaction parameter a are described as usual by: RTc b = 0.07780 (2) pc
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Table 4 Pure component parameters Component



Tc (K)



pc (MPa)



m



n



References for experimental data



Carbon dioxide Water Acetic acida Acetic acid (monomers)



304.2 647.3 592.7 416.3



7.38 22.05 5.79 5.11



0.6877 0.8795 1.0791 0.3333



0.3813 0.0565 −0.5313 1.7215



[3] [3,22–24] [3] [25–31]



a



Not used in this work.



a(T) = α(T)a(Tc )



(3)



where a(Tc ) is the pure component attractive interaction parameter at the critical temperature. It is expressed by: a(Tc ) = 0.45724



R2 Tc2 pc



(4)



The correlation of Melhem et al. [3] was selected to describe the influence of temperature on parameter α:  2    T T +n 1− . (5) ln α(T) = m 1 − Tc Tc The pure component parameters (Tc , pc , m, and n) of all substances of interest in the present work are given in Table 4. Most of that data were taken from Melhem et al. [3]. Some commonly used mixing rules were applied to extend the Peng–Robinson equation of state to mixtures. A linear mixing rule without any binary parameter was chosen for volume parameter b: b=



NC 



bi xi



(6)



i=1



a=



√ xi xj ai aj



(7)



i=1 j=1



That mixing rule does not perform well for the systems discussed here and is therefore not discussed further (cf. [8]): • The modification by Panagiotopoulos and Reid [15] of that mixing rule a=



a=



NC  NC  i=1 j=1



+



NC 



√ xi xj ai aj (1 − kij ) 



xi 



i=1



Three proposals were applied for the attractive interaction parameter a. All reveal a more sophisticated influence of the composition on that parameter as the often used classical quadratic van der Waals mixing rule NC  NC 



The interaction parameter Kij depends on the composition of the mixture. There are more such compositiondependent mixing rules available in the literature. Nearly all such mixing rules reveal the so-called Michelsen– Kistenmacher syndrome [16]. The Michelsen–Kistenmacher syndrome can be explained easily by the following example: at first, the vapor–liquid equilibrium of a binary mixture is calculated for preset pressure and temperature with an equation of state requiring mixing rules for its parameters; at second, that calculation is repeated, but one of the components is artificially split into two fictitious but identical components applying the same mixing rules. The results of both calculations should be the same. When this is not the case, the mixing rule reveals the Michelsen–Kistenmacher syndrome. • Mathias et al. [17] proposed a mixing rule which does not show this syndrome:



NC  NC 



√ (1 − Kij )xi xj ai aj



(8)



i=1 j=1



where Kij = kij − (kij − kji )xi



(8a)



with kij = 0 and kij = kji . Both binary interaction parameters kij and kji may depend on temperature.



NC 



3 √ xj (lji ai aj )1/3 



(9)



j=1



with kij = kji , lij = −lji and kii = lii = 0. For a binary mixture the mixing rule of Mathias et al. (Mat) gives the same results as the mixing rule of Panagiotopoulos and Reid, i.e. interaction parameter a from Eq. (9) depends on the composition in the same way as interaction parameter a from Eqs. (8) and (8a). Fig. 4 gives an example for the calculation of a vapor–liquid equilibrium in the pseudo-ternary mixture water + acetic acid + acetic acid. There it is shown, that only the mixing rule of Mathias et al. is consistent. Some more examples of the Michelsen–Kistenmacher syndrome were described by Pfohl [18]. • The mixing rule proposed by Huron and Vidal (HV) [19] which uses the NRTL-equation of Renon and Prausnitz [20] for the excess Gibbs energy to develop an expression for the attractive interaction parameter a:   



NC Ci,j N C x C b exp −α  ij RT ai 1 j=1 j i,j j    a = b xi  −



C N k,i C bi Λ x b exp −α i=1



with Ci,i = 0



k=1 k k



ki RT



(10)
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was taken from Johnson and Nash [21]: ln K(T) = −16.641 + 6949.2/(T/K)



(14)



µD (T, p0 ) and µM (T, p0 ) are the chemical potentials of pure acetic acid dimers and monomers, respectively, at temperature T and standard pressure p0 = 0.10325 MPa. The volume parameter bD and the attractive parameter aD of acetic acid dimers were estimated from the parameters bM and aM of monomeric acetic acid: bD = 2bM



(15a)



and aD (T) = 4aM (T)



Fig. 4. Example for the Michelsen–Kistenmacher syndrome: prediction of the phase equilibrium of the (pseudo ternary) system water + acetic acid at 313 K and 6 MPa from the Peng–Robinson equation of state with mixing rules of Panagiotopoulos and Reid (PaR) and of Mathias et al. (Mat).



where b and bi are the volume parameters of the mixture and the pure component i, respectively. Λ is a numerical constant:  √  1 2+ 2 Λ = √ ln (11) √ 2 2 2− 2 Ci,j and Ci,j ( =Cj,i ) are two binary interaction parameters (from the NRTL equation) and αij is a binary volume correction parameter (also resulting from the NRTL equation). A remarkable improvement in reproducing experimental phase equilibrium data of systems with acetic acid is achieved, when the association (dimerization) of acetic acid is properly taken into account [4]. The procedure applied here is based on the “chemical theory”. The dimerization of acetic acid is taken into account in both phases. Pure acetic acid is considered to be a mixture of monomers and dimers. The chemical equilibrium constant for the dimerization reaction 2CH3 COOH ↔ (CH3 COOH)2 ln K(T) =



2µD



(T, p0 ) − µ



M



(12)



(T, p0 )



(13)



RT



(15b)



Furthermore, no binary parameter for interactions between acetic acid monomers and dimers is introduced, i.e., in the Panagiotopoulos–Reid mixing rule (cf. Eq. (8)) KD,M = 0 and consequently, there is no difference between parameters for interactions between a component i on one side and either acetic acid monomers or acetic acid dimers on the other side: kD,i = kM,i and ki,D = ki,M (cf. Eq. (8a)). The same assumption results in the following expressions for the mixing rule of Mathias et al.: kD,i = kM,i , ki,D = ki,M , lD,j = lM,j , and li,D = li,M (cf. Eq. (9)), and for the mixing rule of Huron and Vidal: CD,j = CM,j , Cj,D = Ci,M , and αD,j = αM,j (cf. Eq. (10)). The pure component parameters of monomeric acetic acid (Tc,M , pc,M , mM , and nM ) are not available. They were determined from literature data for the vapor pressure and the densities of the coexisting liquid and vapor phase of acetic acid (for details see [4,10]). These parameters are also given in Table 4. The binary parameters for attractive interactions between carbon dioxide and acetic acid were set to zero, as that assumption was sufficient to give a good representation of the experimental high-pressure vapor–liquid equilibrium data of the binary system carbon dioxide + acetic acid with any of the three mixing rules [4]. The remaining binary parameters were fitted to experimental data for the binary vapor–liquid equilibrium of the sub systems carbon dioxide + water at temperatures from 323 to 353 K, and water + acetic acid at temperatures from 298 to 391 K (for details cf. [8]). All interaction parameters are given in Table 5.



Table 5 Binary interaction parameters for the Peng–Robinson equation of state and the mixing rules (MR) of Panagiotopoulos and Reid (PaR), Mathias et al. (Mat), and Huron and Vidal (HV) from the correlation of binary vapor–liquid equilibrium data [8] MR: parameter



CO2 (1) + H2 O (2)



PaR: k12 PaR: k21 Mat: k12 Mat: l12 HV: C1,2 (kJ/mol) HV: C2,1 (kJ/mol) HV: α1,2



−0.4271 + 1.0377 −0.4516 + 1.9813 −0.4393 + 1.5079 0.0248 − 9.485 × 28.6065 −14.9704 0.0471



× 10−3 (T/K) × 10−3 (T/K) × 10−3 (T/K) 10−4 (T/K)



CO2 (1) + CH3 COOH (2)



H2 O (1) + CH3 COOH (2)



0 0 0 0 0 0 0



−0.5172 −0.4286 −0.4716 −0.0863 −0.6552 3.1576 0.8832



+ 4.286 + 1.176 + 3.996 + 5.650



× × × ×



10−4 10−4 10−4 10−4



(T/K) (T/K) (T/K) (T/K)
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Fig. 5. High-pressure phase equilibrium of the ternary system carbon dioxide + water + acetic acid at 333 K and 6 MPa: comparison of the experimental results of Panagiotopoulos et al. (䊐) with the experimental results of the present work (䊊) and predictions from the Peng–Robinson equation of state applying the mixing rule of Panagiotopoulos and Reid (PaR) (with as well as without dimerization of acetic acid).



triangular concentration diagram on the left hand side. As can be seen, the predictions from the equation of state nicely agree with the experimental data. Fig. 5 gives also the results of another prediction where the dimerization of acetic acid was neglected and physical interactions between acetic acid molecules were taken into account. The results from those predictions (for further details on that method as well as the interaction parameters cf. [8]) deviate considerably from the experimental data for the dew point line. Thus, this example demonstrates the improvement achieved by considering the dimerization of acetic acid. Taking dimerization acetic acid
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Predictions for the high-pressure phase equilibrium of the ternary system carbon dioxide + water + acetic acid. The Peng–Robinson equation of state with the set of pure component parameters (cf. Table 4) and binary interaction parameters (cf. Table 5) allows to predict the high-pressure phase equilibrium of the ternary system carbon dioxide + water + acetic acid. As none of these parameters was adjusted to experimental data of that ternary systems, the results of such calculations are really predictions. The following procedure was chosen for the calculation: the pressure, the temperature, and the ratio of the mole fractions of acetic acid to water in the aqueous phase were preset and the compositions of the coexisting phases were calculated. The calculation was started with the binary system carbon dioxide + water. Then the ratio of acetic acid to water in the aqueous phase was increased step-by-step until either the binary sub system carbon dioxide + acetic acid or a critical point was reached. Figs. 5–7 show three typical examples for comparisons between predictions and experimental results for the high-pressure vapor–liquid equilibrium. Fig. 5 shows a comparison at 333 K and 6 MPa. Under these conditions a vapor–liquid equilibrium region stretches from the binary carbon dioxide + water side to the binary carbon dioxide + acetic acid side. The experimental results of Panagiotopoulos et al. [32] as well as from the present work are compared to predictions applying the mixing rule of Panagiotopoulos and Reid. The experimental data of Panagiotopoulos and Reid (reported only for the saturated liquid) are in fair agreement with the new data. Under the conditions shown in Fig. 5 the vapor phase consists predominantly of carbon dioxide with very little (about 0.5–1 mol%) acetic acid and water. Therefore, Fig. 5 shows on the right hand the complete concentration range and—on a larger scale—the carbon dioxide-rich region in a second
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Fig. 6. High-pressure phase equilibrium of the ternary system carbon dioxide + water + acetic acid at 313 K and 10 MPa: comparison of the experimental results of Panagiotopoulos et al. (䊐) with the experimental results of the present work (䊊) and predictions from the Peng–Robinson equation of state applying the mixing rules of Panagiotopoulos and Reid (PaR) and Mathias et al. (Mat), respectively, and taking the dimerization of acetic acid into account.
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ing rule has no advantage over the much simpler mixing rule of Panagiotopoulos and Reid. With the mixing rule of Huron and Vidal the extend of the two-phase region is overestimated and—in contrary to the experimental findings—nearly identical mole fractions of acetic acid in both phases are predicted.
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Fig. 7. High-pressure phase equilibrium of the ternary system carbon dioxide + water + acetic acid at 333 K and 14 MPa: comparison of the experimental results of the present work (䊊) with predictions from the Peng–Robinson equation of state applying the mixing rules of Panagiotopoulos and Reid (PaR) and Huron and Vidal (HV), respectively, and taking dimerization of acetic acid into account.



into account results in a remarkable improvement for the predictions in particular for the composition of the carbon dioxide-rich phase also for all other pressure and temperature combinations, which were investigated experimentally in the present work. Fig. 6 shows the phase behavior for 313 K and 10 MPa. It also shows a comparison with the experimental results by Panagiotopoulos et al. [32]. But here the experimental results of Panagiotopoulos et al. differ widely from the data of the present work and seem to be inconsistent in particular in that region where the phases contain a lot of acetic acid. The reason to include Fig. 6 is primarily the intention to discuss the influence of different mixing rules on the predictions for the phase equilibrium. As discussed before, the mixing rules of Panagiotopoulos and Reid [15] and Mathias et al. [17] lead to identical results for the phase equilibrium of the binary subsystem carbon dioxide + water. The phase equilibrium of the two other (acetic acid containing) binary subsystems can be described by both mixing rules with the same accuracy. But, as the Pangiotopoulos–Reid mixing rule is subject to the Michelsen–Kistenmacher syndrome, one might expect that the mixing rule of Mathias et al. leads to a better agreement between predictions and experimental results. As can be seen from Fig. 6 that expectation is not fulfilled. The Michelsen–Kistenmacher syndrome seems to be important only for systems with very similar components, but not for components which differ as remarkably as those treated here. Fig. 7 gives a typical example (at 333 K and 14 MPa) for predictions from Melhem’s modification of the Peng–Robinson equation of state when the mixing rule of Huron and Vidal is applied. For the high-pressure phase equilibria discussed here, that more complicated mix-
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