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Abstract

Isothermal (P-x-y) vapor-liquid equilibrium data for the CO2 + 2,3,3,3-tetrafluoroprop-1-ene (R1234yf) binary system are reported at seven temperatures ranging from 283.15 K to 353.15 K. The experimental values were measured using a static–analytic type apparatus coupled with two electromagnetic capillary samplers (Rolsi™, Armines' patent) for repeatable and reliable equilibrium phase sampling and handling. Moreover, for the four temperatures above the critical temperature of pure CO2 (304.3 K), the mixture critical compositions (xc) and pressures (Pc) were calculated at each temperature using extended scaling laws.
In a second step, the critical loci of the CO2 + R1234yf and CO2 + trans-1,3,3,3-tetrafluoroprop-1-ene [R1234ze(E)] were measured over the whole composition range using a synthetic-dynamic type apparatus. The subcritical and critical experimental data determined in this study were compared to those available in the open literature and were correlated using the Peng-Robinson equation of state with temperature-dependent binary interaction parameters.
Keywords: R1234yf, R1234ze(E), CO2, experimental VLE data, mixture critical point, PPR78 model.
1. Introduction
Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) have a high ozone depletion potential (ODP) and hydrofluorocarbons (HFCs) are high global warming potential (GWP) refrigerants. Consequently, refrigeration and air-conditioning industries carry out extensive researches to find highly efficient alternative refrigerants with zero ODP and GWP lower than 150.
Carbon dioxide, a natural compound, was expected to replace conventional refrigerants owing to its environmental benefits: zero ODP, low GWP, no toxicity and no flammability. CO2 has however severe drawbacks including significantly higher vapor pressure and lower thermodynamic cycle efficiency. Its use may thus require a total redesign of refrigeration units. Recently, hydrofluoro-olefins (HFOs) especially R1234yf (2,3,3,3-tetrafluoroprop-1-ene) and R1234ze(E) (trans-1,3,3,3-tetrafluoroprop-1-ene), that have zero ODP, low GWP [1-2] and extremely short atmospheric lifetime, have been proposed as next-generation refrigerants, particularly to replace R-134a in the automobile air conditioning systems [3-6]. During the past few years, various thermo physical properties of the R1234yf and R1234ze(E) such as vapor pressures [7-12], critical properties [13-14], PvT and PρT behaviors [11-12, 15], specific heat capacities [16-17], densities [14, 18-19] and viscosities [20] were actively investigated. Moreover, some models were developed for predicting their properties [21-22]. However, their use as a pure-component refrigerant causes concern due to their mildly flammability. As a consequence, it is believed that the mixing of two refrigerants may offer a good alternative to pure substances. It is expected that such mixtures can meet the requirements of high cycle efficiency, be environmentally friendly and not dangerous for human beings. From 2012, phase behavior of binary systems containing an HFO and another refrigerant were increasingly studied. Currently, the most promising mixtures are composed of R1234yf or R1234ze(E) with either an HFC or a natural refrigerant [23-31].
In this work, the phase behavior of two binary mixtures containing CO2 (an environmentally friendly and natural refrigerant) and the two HFOs (R1234yf and R1234ze(E)) was studied. Such mixtures make it possible to reduce the high vapor pressure of CO2 as well as the flammability of R1234yf and R1234ze(E). Isothermal vapor-liquid equilibrium measurements for the CO2 + R1234yf system were undertaken at seven temperatures (283.15 K, 293.15 K, 298.15 K, 308.15 K, 323.15 K, 338.15 K and 353.15 K) with pressures ranging from 0 to 7.5 MPa. The measurements were carried out using a static-analytic type apparatus coupled with two electromagnetic capillary samplers (Rolsi™, Armines' patent) and a gas chromatograph to analyze the phases. For the four temperatures above the critical temperature of pure CO2 (304.25 K), the mixture critical compositions (xc) and pressures (Pc) were calculated at each temperature using extended scaling laws [32-33] and the experimental VLE data close to the critical region. In a second step, the critical loci of the CO2 + R1234yf and CO2 + R1234ze(E) binary systems were measured over the whole composition range using a synthetic-dynamic type apparatus in which the critical points can be determined by visually observing the critical opalescence phenomenon in a high-pressure equilibrium cell. Such experimental critical data are reported for the first time in this study. The subcritical and critical experimental data determined in the present study were compared to those available in the open literature and were correlated by the Peng-Robinson equation of state. The equations developed for the PPR78 [34-44] and PR2SRK [45] models were followed in order to obtain temperature-dependent binary interaction parameters.

2. Experimental section
2.1. Materials

All compounds were purchased from commercial sources and used without any further purification. The purities and the suppliers of the pure compounds are listed in Table 1. A gas chromatographic analysis indicated that the HFOs had purity close to 99.9 %.
2.2. Apparatus and procedure

2.2.1. Isothermal vapor-liquid equilibrium measurements

A schematic diagram of the static-analytic apparatus used in this work is presented in Fig. 1. It is similar in concept to that of Laugier and Richon [46], Valtz et al. [47-48] and Coquelet et al. [49-50]. It consists of a 30 cm3 titanium equilibrium cell coupled with two electromagnetic capillary samplers ROLSITM (patent FR 2.853.414) capable of subtracting a small quantity of each phase without perturbing the equilibrium and sending them to a gas chromatograph (PERICHROM, model PR2100) for determining the composition of each phase. The equilibrium cell withstands operation conditions up to 543.15 K and 10 MPa. It holds between two titanium flanges. The top flange is connected to a 100 Ω platinum resistance thermometer probe (Pt100), a pressure transducer, the two samplers and two inlet valves. The bottom flange is connected to a Pt100 probe and two outlet valves and holds a magnetic stirrer coupled with an electric motor (HEIDOLPH, model RZR2020). The equilibrium cell is immersed in a water thermostat bath (ULTRA KRYOMAT LAUDA) that controls and maintains a desired operating temperature within ±0.01 K. The cell temperature is measured using the two Pt100 probes located in the vapor and liquid phases respectively. These Pt100 probes were calibrated against a Pt25 probe (TINSLEY Precision Instruments) which had been calibrated by the Laboratoire National d’Essais (Paris) based on the 1990 International Temperature Scale (ITS 90). Temperature calibration error is estimated to be u(T, k=2) = 0.02 K in the 293.15 – 553.15 K temperature range where k=2 refers to the value of the coverage factor. The cell pressure is measured using the pressure transducer (DRUCK, Model PTX6100) which is kept at constant temperature of 353.15 K by means of a heating cartridge regulated via a PID regulator (WEST, model 6100). The pressure transducer was calibrated against a pressure automated calibrator (GE Sensing, model PACE 5000). Pressure calibration error is estimated to be u(P, k=2) = 0.004 MPa in the 0.1 – 7 MPa pressure range. The two 100 Ω platinum resistance thermometer devices and the pressure transducer are connected to an online data acquisition unit (HP34970A) which is connected to a personal computer through one RS-232 interface. This system ensures real time reading and saving of temperatures and pressures during acquisition.
The loading of gases into the equilibrium cell was carried out through 10 cm3 and 100 cm3 thermal presses coupled with a temperature regulator system which allows transferring a larger amount of sample. The cell and transfer circuits were evacuated using a vacuum pump (OERLIKON LEYBOLD Model Trivac D2.5). In a first step, the less volatile compound was successively transferred from a gas cylinder to the 10 cm3 thermal press and to the equilibrium cell by cooling and heating the thermal press, respectively. The equilibrium cell was then placed in the thermostatic water bath which had been set to the desired operating temperature. In a second step, the same procedure was applied to the more volatile compound via the 100 cm3 thermal press until achieving a desired operating pressure. After reaching an equilibrium condition (i.e. temperature and pressure inside the cell remain unchanged within their uncertainties during at least 10 min under an efficient stirring), the electromagnetic ROLSITM samplers were repeatedly purged with the equilibrium cell content. Then, they were used for withdrawing a sample of each phase from the equilibrium cell and sending them to the gas chromatograph (GC) for analysis. Subsequently, a new equilibrium condition at a higher pressure was realized by adding a new quantity of the more volatile compound in the cell. At this step, it is necessary to maintain the pressure inside the 100 cm3 thermal press higher than that inside the cell. The more volatile compound adding procedure was repeated until the whole composition range was covered for a given temperature.
The GC operating conditions for composition analysis are given in Table 2. The response of the thermal conductivity detector (TCD) was calibrated for each pure compound using an automatic syringe which ensures a highly accurate injection volume. The quantity of matter contained inside the syringe was calculated using the ideal gas equation with the room temperature and pressure measured before each injection. For each component, multiple injections of various volumes were performed and a calibration graph (peak area versus mole number) was established. The calibration data were fitted to second order polynomials. The correlation error on the mole number is estimated as ± 2 % for CO2 and ± 1 % for R1234yf. Consequently the uncertainties obtained from TCD calibration are less than u(x, y, k=2) = 0.006.
For each equilibrium condition, the composition analysis of each phase sample was repeated at least six times in order to check the measurement reliability. Each time, the cell temperature and pressure were recorded. The average of the recorded temperatures, pressures and analyzed compositions (x and y) were taken as the vapor-liquid phase equilibrium values reported in this work. The repeatability was classically determined by following the statistical method recommended by NIST:
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where n is the number of observations, Xi is the ith measurement and 
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 is the arithmetical average of X.
For temperatures higher than pure CO2 critical temperature, the binary system classically exhibits a critical point. The mixture critical compositions (xc) and pressures (Pc) were determined by approximating the near-critical phase behavior with the help of extended scaling laws [32-33]. For a given temperature T, xc and Pc can be calculated using the experimental data particularly close to the critical point and the following expressions:
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in which x and y stand for molar fraction in the liquid phase and vapor phase respectively when the system is in VLE at pressure P. β = 0.325 is a characteristic universal exponent [51]. λ1, λ2, and μ are adjustable coefficients regressed from a set of several isothermal coexistence data points (P, x, y) below the critical point. Eq. (3)

 expresses the scaling laws equations and the evolution of (y-x) with pressure.(2)

 reveals the evolution of the mean composition between the vapor and liquid phases with pressure and Eq. 
2.2.2. Critical point measurements

A schematic diagram of the synthetic-dynamic apparatus used in this work is presented in Fig. 2. It has been developed by the ARMINES company hosted by the Mines Paris Tech for the measurement of the critical properties (critical temperature and critical pressure) of pure substances and multi-component mixtures of known overall composition. This apparatus can work using two different modes: dynamic or static. The temperature and pressure ranges of application are 673 K and 20 MPa for the dynamic method and 493 K and 20 MPa for the static method. When the dynamic mode is used, the magnetic stirrer is removed from the oven since the circulation of the fluid ensures an efficient stirring [52]. On the other hand, such a magnetic stirrer is absolutely necessary in the static mode explaining why the working temperature is limited at 493 K (it is the highest temperature that the stirrer may endure). In this study, the dynamic mode which enables to determine the critical properties of substances likely to thermally decompose due to a short residence time, is employed. A critical point can be determined by visually observing the critical opalescence and the simultaneous disappearance and reappearance of the meniscus i.e. of the liquid-vapor interface from the middle of the view cell. Fig. 3 illustrates the transition of a fluid from subcritical state to the critical state on temperature increase. The synthetic-dynamic apparatus used in this work was calibrated and validated by measuring the critical points of several pure components and of many binary mixtures [52-56]. The experimental setup can be divided into three parts: (i) sample preparation, (ii) sample loading and (iii) critical point measurement.
The first part of the experimental setup involves the preparation of a mixture with a known overall composition. It includes a 150 cm3 volumetric press, in which the homogeneous mixture is prepared and stored. The less and the most volatile compounds are successively transferred to the volumetric press that was preliminary evacuated using a vacuum pump (OERLIKON LEYBOLD, model Teivac D2.5) and weighed using a microbalance (SARTORIUS AC, model MSE) having a precision of 1 mg. The mixture composition can thus be accurately determined knowing the masses of the two compounds. The volumetric press was then coupled with flanges for pressurization in the next step.
The loading part involves the transfer of the mixture contained in the volumetric press to a 260 cm3 syringe pump (TELEDYNE ISCO model 260D) without modifying the initial overall composition of the mixture. Under ambient conditions, the mixture usually exists in two phases (vapor and liquid) in the volumetric press. The pressurization of the volumetric press aimed at obtaining a monophasic liquid is thus absolutely required before starting the transfer to the syringe pump. Pressure used in this procedure needs to be higher than the bubble pressure of the studied mixture at the ambient temperature. The volumetric press coupled with flanges is connected to a pressurized nitrogen gas cylinder for increasing its pressure and after opening valves V2 and V3, the mixture is transferred to the syringe pump.
The measurement part involves the observation of the critical phenomenon in the view cell. A 4 cm3 titanium-flanges sapphire cell which operates up to 20 MPa and 673 K is placed in an air thermostat bath. The cell temperature is measured using a Pt100 probe centered in the cell and connected to an electronic display. The cell pressure is measured with a pressure transducer (DRUCH, model PTX611) which is kept at constant temperature of 373.15 K by means of a heating cartridge regulated via a PID regulator (WEST model 6100). The experimental setup for calibration of the Pt100 probe and the pressure transducer is identical to that described for the isothermal vapor-liquid equilibrium measurements. A video acquisition system (PANASONIC model WV-CP290/G) that consists of an endoscope and a video camera is placed behind a window of the air thermostat bath. It is connected to a monitor for observing the view cell and the critical phenomena. Before starting a measurement, the view cell and the circuits were cleaned, evacuated and closed. The air thermostat bath was set below the expected critical temperature of the studied sample. The critical point measurement starts by opening the outlet valve V4 of the pump for filling a half of the view cell with liquid passing through a short heating section before entering into the cell from the bottom. Then, the regulation valve V8 is opened, and a continuous flow is achieved through the view cell. The pumping flowrate (for fine adjustment) varies between 2 to 3 mL/min and the regulation valve (for coarse adjustment) is regulated to maintain the halfway liquid level in the view cell. The temperature of the air thermostat bath is increased regularly at a rate of 0.5 K/min. Doing so, the pressure regularly increases in the cell until the vapor-liquid interface becomes cloudy, thick and then occupies the entire cell at the critical point as can be seen in Fig. 3. At the same time, the cell becomes orange, thus characterizing the critical opalescence. This particular color results from light scattering which enhances the transmission of long wavelengths (orange-red) through the fluid. After reaching one uncolored supercritical phase, the cell temperature is gradually decreased by opening a ventilator of the air thermostat bath, and the cell pressure is decreased by slightly opening the regulation valve or decreasing the pumping flowrate. Just above the critical temperature and pressure, the fluid color changes from colorless to yellow, then from yellow to yellow-red and finally becomes dark orange. Then, the vapor-liquid interface reappears in the middle of the view cell. The critical temperature and pressure are recorded at the point when complete darkness is observed in the cell. For each measurement, the temperature-increasing and decreasing processes are repeated at least eight times, and the average of the recorded temperatures and pressures is taken as the critical values reported in this study. The uncertainties u(X) in the critical temperatures (X = Tc) and critical pressures (X = Pc) estimated in this work verify:
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Likewise, the uncertainties in the mole fraction can be estimated using the propagation error formula:
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where mi and Mwi are the mass and the molecular weight of compound i, respectively. 
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 is the microbalance precision. A mean value uncertainty in the mole fraction, u(x1, k=2) = 0.00003 was obtained.

3. Data correlation
Our data were correlated with the well-established 1978 version of the Peng-Robinson equation of state (EoS) [57], referred as PR78 in this paper. Due to a possible strong affinity between CO2 and the HFOs, we planned to use the PC-SAFT EoS to correlate our data but such a model was unable to replicate the critical points of the pure components [58]. For a pure component, the PR78 EoS is:
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and
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where P is the pressure, R is the gas constant, T is the temperature, ai and bi are the EoS parameters of pure component i, v is the molar volume, Tc,i is the critical temperature, Pc,i is the critical pressure and ωi is the acentric factor of pure i. In our calculations, the critical temperatures and pressures originate from our own measurements whereas the acentric factor originates from the DIPPR databank [59] for CO2, from Tanaka and Higashi [13] for R1234yf and from Higashi et al. [14] for R1234ze(E).
To apply this EoS to a mixture, mixing rules are necessary to calculate the values of a and b of the mixture. Classical van der Waals one-fluid mixing rules were used in this study:
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where zi represents the mole fraction of component i and N is the number of components in the mixture. The kij(T) parameter, whose choice is difficult even for the simplest systems, is the so-called binary interaction parameter (BIP) characterizing the molecular interactions between molecules i and j. In this study, the dependence in temperature of the kij was determined following the equations developed for the PPR78 [34-44] and PR2SRK [45] models. We thus used:
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Such an equation is not empirical [60]. It comes from the combination of the PR EoS and a Van Laar type activity coefficient (gE) model under infinite pressure and thus follows the well–established Huron–Vidal mixing rules [61]. Eq. (9)

 highlights that one needs to estimate two constant parameters (A12 and B12) for each binary system. VLE data published in the open literature as well as our own data measured in the present study were used to determine the optimal values of these parameters. For the CO2 + R1234yf system, 142 VLE data (134 from our own measurements and 9 obtained from molecular simulation by Raabe [25]) and 13 critical data determined in this work (9 from direct measurement and 4 calculated from our VLE data) were used. Some data available in the literature [26] which are suspected not to be internally consistent, particularly at low temperature, were not included in our databank. For the CO2 + R1234ze(E) system, the databank includes 18 VLE data from Raabe [25] and 9 critical data from this work. For each system, A12 and B12 parameters are those which minimize the following objective function:
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where nbubble, ndew and ncrit are the number of experimental bubble points, dew points and mixture critical points, respectively. Subscripts exp and cal mean experimental value and calculation with the PR78 EoS, respectively; xi and yi are the mole fractions of component i in the liquid and gas phases, respectively, at a fixed temperature and pressure; xci and Pcm are the critical mole fraction of component i and critical mixture pressure at a given temperature.

The optimization problem was solved using the quasi-Newton BFGS algorithm. The optimal parameter values (A12 and B12), the relative average overall deviations on the liquid phase composition, on the gas phase composition, on the critical composition and on the critical pressure as well as the values of the objective function are presented in Table 3.
4. Results and discussion
The isothermal (P-x-y) vapor-liquid equilibrium data of the CO2(1) + R1234yf(2) binary system, measured at seven temperatures (283.15 + 293.15 + 298.15 + 308.15 + 323.15 + 338.15 + 353.15) K using the static-analytic type apparatus are presented in Table 4 with their standard uncertainties. The critical coordinates calculated from Eqs. (3)

 for the four highest experimental temperatures are given in Table 5.(2)

 and 
The experimental critical values for the CO2(1) + R1234yf(2) and CO2(1) + R1234ze(E)(2) binary systems at different mole fractions and their standard uncertainties are given in Tables 6 and 7 respectively. Such measurements were carried out with the synthetic-dynamic type apparatus.

The PR78 EoS combined with a temperature-dependent binary interaction parameter [see Eq. (9)

] was used to correlate the subcritical and critical phase behavior of the considered systems. Fig. 4 illustrates the comparison between the experimental VLE data measured in this work, literature data [26] and correlated values with the PR78 model for the CO2(1) + R1234yf(2) binary system. A good agreement is obtained between our experimental data and those collected by Di Nicola [26] at temperatures 283.15 K and 293.15 K. It is observed that the PR78 EoS is capable of accurately correlating the experimental bubble and dew points at temperatures up to 308.15 K including those obtained by molecular simulation by Raabe [25] (not shown in Fig. 4). The model however loses its modeling capacity at higher temperatures, particularly for bubble points in the critical region. The addition of a second binary interaction parameter on the covolume mixing rule could certainly bring a solution to this problem. The evolution of the binary interaction parameters (k12) with temperature for the CO2(1) + R1234yf(2) system is presented graphically in Fig. 5. This plot highlights that the k12 value strongly decreases when the temperature increases and thus points out the necessity to consider a temperature-dependent binary interaction parameter.
The ability of the PR78 EoS with temperature-dependent kij to correlate the critical points measured in this work for the CO2(1) + R1234yf(2) and CO2(1)+ R1234ze(E)(2) systems is illustrated in Fig. 6a, 6b and 6c which correspond to the pressure-temperature (P-T), temperature-composition (T-x) and pressure-composition (P-x) projections of the phase diagrams. Both of the studied systems display a continuous liquid-vapor critical locus which connects the critical points of the pure substances. Consequently, such mixtures exhibit type I or type II phase behavior in the classification scheme of Van Konynenburg and Scott [62-63]. The PR78 EoS predicts a type II for the CO2 + R1234yf system and a type I for the CO2 + R1234ze(E) system. As can be seen in Fig. 6, such an EoS accurately correlates the critical temperatures but slightly underestimates the critical pressures for these systems. Fig. 6 also makes it possible to compare the two sets of critical coordinates determined in this study. The first set includes 4 (Tc, Pc, xc) values calculated from Eqs. (3)

 whereas the second one comprises 9 data points directly measured with the synthetic-dynamic type apparatus. It is noticeable from Fig. 6a that the two sets of critical points perfectly agree in the P-T projection. However, in the T-x and P-x projections, the calculated critical temperatures (set 1) were slightly lower than the experimental critical temperatures (set 2) and the calculated critical pressures were slightly higher than the experimental ones. We suspect that these small differences are linked to the composition determination methods that are different for the two experimental techniques.(2)

 and 
5. Conclusion
Isothermal (P-x-y) vapor-liquid equilibrium data – including 4 critical points – of the CO2 + R1234yf binary system were determined at temperatures ranging from 283.15 K to 353.15 K using a static-analytic type apparatus. Moreover, the critical loci of the CO2 + R1234yf and CO2 + R1234ze(E) systems were measured over the whole composition range using a synthetic-dynamic type apparatus. For the subcritical phase behavior, a good agreement is obtained between the experimental VLE data in this work and those available in the open literature. The PR78 EoS with a temperature-dependent kij perfectly correlates the experimental VLE data at low temperatures but underestimates the bubble pressures at high temperatures. For the critical phase behavior, the two sets of critical points show a slight disparity certainly linked to the fact that 2 different techniques were used. The PR78 model shows an underestimation in the critical pressures, especially for the CO2 + R1234yf system but accurately catches the change of the critical temperatures and pressures with composition.
The next step will be to simulate a vapor-compression cycle process in order to optimize the relative concentrations of CO2 and R1234yf/R1234ze(E). Such a cycle will be chosen since it is the underlying thermodynamic process for most refrigeration systems in use today. Our final goal will be to find a binary mixture with zero ODP, a low GWP and a high coefficient of performance (COP).
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Table 1. Purity and supplier of the compounds used in this work.

	Compound
	Purity
	Supplier

	CO2 (CAS: 124-38-9)
	99.995 vol %
	Air Liquide

	R1234yf (CAS: 754-12-1)
	≥ 99 vol %
	Honeywell

	R1234ze(E) (CAS: 29118-24-9)
	≥ 99 vol %
	Honeywell


Table 2. GC operating conditions for composition analysis.

	Injector temperature
	393 K

	Carrier gas
	Hydrogen

	Column
	RESTEK, 1% RT-1000 on carboblack B,
60/80 mesh (2 m x 2 mm ID Silcosteel)

	Flow rate
	20 mL/min

	Oven temperature
	323 K

	Detector type
	Thermal conductivity detector.

	Detector temperature
	453 K


Table 3. Optimal (A12 = A21)/MPa and (B12 = B21)/MPa parameter values; relative average overall deviation on the liquid phase composition
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; corresponding values of the objective function (Fobj).
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	Fobj

	CO2 (1) + R1234yf (2)
	60.411
	303.35
	5.886
	2.924
	6.882
	4.106
	4.597 %

	CO2 (1) + R1234ze(E) (2)
	5.687
	70.420
	2.834
	3.353
	2.557
	2.244
	2.635 %


Table 4. Experimental VLE data for the CO2(1) + R1234yf(2) binary system and their standard uncertainties (u): u(T, k=2) = 0.02 K, u(P, k=2) = 0.004 MPa, u(x, y, k=2) = 0.006.
	283.21 K

	P/MPa
	x1
	y1

	0.8387
	0.1123
	0.4701

	1.1510
	0.1963
	0.6223

	1.7922
	0.3678
	0.7796

	2.4729
	0.5402
	0.8606

	3.4865
	0.7809
	0.9362

	3.9283
	0.8779
	0.9614

	293.19 K

	P/MPa
	x1
	y1

	0.8150
	0.0569
	0.2687

	1.0557
	0.1162
	0.4350

	1.5728
	0.2438
	0.6341

	2.1195
	0.3649
	0.7496

	2.7107
	0.4904
	0.8160

	3.4338
	0.6340
	0.8772

	4.3171
	0.7904
	0.9281

	4.9250
	0.8860
	0.9583

	5.3107
	0.9418
	0.9768

	298.11 K

	P/MPa
	x1
	y1

	0.9894
	0.0681
	0.2873

	1.8041
	0.2407
	0.6187

	2.5793
	0.3922
	0.7490

	3.1769
	0.5044
	0.8103

	3.6932
	0.5979
	0.8493

	4.2563
	0.6926
	0.8838

	4.9018
	0.7942
	0.9160

	5.5476
	0.8851
	0.9496

	5.9520
	0.9378
	0.9706

	308.20 K

	P/MPa
	x1
	y1

	1.0196
	0.0255
	0.1155

	2.3869
	0.2879
	0.6330

	3.6035
	0.4933
	0.7740

	4.4994
	0.6257
	0.8348

	5.4714
	0.7514
	0.8810

	5.9289
	0.8067
	0.9009

	6.4431
	0.8612
	0.9209

	6.7199
	0.8880
	0.9313

	6.9229
	0.9084
	0.9393

	7.0909
	0.9244
	0.9456

	7.2107
	0.9360
	0.9498

	323.18 K

	P/MPa
	x1
	y1

	1.5040
	0.0340
	0.1216

	1.7424
	0.0738
	0.2354

	2.4990
	0.1953
	0.4634

	3.5137
	0.3459
	0.6203

	4.5007
	0.4776
	0.7053

	5.4434
	0.5919
	0.7589

	5.9935
	0.6521
	0.7800

	6.4076
	0.6957
	0.7934

	6.6800
	0.7261
	0.7985

	6.8637
	0.7478
	0.7973

	6.9530
	0.7615
	0.7930

	338.24 K

	P/MPa
	x1
	y1

	2.1404
	0.0439
	0.1216

	2.6175
	0.1111
	0.2637

	3.0326
	0.1676
	0.3543

	3.7317
	0.2589
	0.4628

	4.4293
	0.3444
	0.5361

	5.2081
	0.4362
	0.5920

	5.6055
	0.4825
	0.6099

	5.9611
	0.5250
	0.6170

	6.1185
	0.5471
	0.6148

	353.25 K

	P/MPa
	x1
	y1

	2.8266
	0.03931
	0.0821

	3.5197
	0.1264
	0.2220

	3.1869
	0.0849
	0.1615

	3.9990
	0.1861
	0.2900

	4.3959
	0.2343
	0.3314

	4.7327
	0.2814
	0.3557

	4.9029
	0.3005
	0.3606

	4.9582
	0.3113
	0.3581

	4.9840
	0.3173
	0.3560

	5.0083
	0.3320
	0.3433


Table 5. Calculated critical compositions (xc1) and pressures (Pc/MPa) of the CO2(1) + R1234yf(2) binary system at four different temperatures.

	T/K
	xc1
	Pc/MPa

	308.20
	0.953
	7.355

	323.18
	0.780
	6.988

	338.24
	0.592
	6.216

	353.25
	0.338
	5.010


Table 6. Experimental critical temperatures (Tc/K) and pressures (Pc/MPa) of the CO2 (1) + R1234yf (2) binary system at different mole fractions and their standard uncertainties (u).
	x1
	u(x1)
	Tc/K
	u(Tc)/K
	Pc/MPa
	u(Pc)/MPa

	0.0000
	
	368.75
	0.04
	3.3829
	0.0012

	0.0996
	0.00003
	364.98
	0.01
	3.7985
	0.0020

	0.1996
	0.00003
	361.04
	0.04
	4.1734
	0.0027

	0.3232
	0.00003
	355.52
	0.02
	4.7657
	0.0018

	0.4398
	0.00002
	348.99
	0.04
	5.2936
	0.0026

	0.5625
	0.00002
	341.78
	0.03
	5.9488
	0.0021

	0.6879
	0.00001
	334.59
	0.05
	6.5253
	0.0016

	0.7737
	0.00001
	327.28
	0.03
	6.8664
	0.0012

	0.8531
	0.00001
	320.65
	0.01
	7.1434
	0.0030

	0.9496
	0.00001
	310.11
	0.02
	7.3517
	0.0017

	1.0000
	
	304.20
	0.02
	7.3798
	0.0029


Table 7. Experimental critical temperatures (Tc/K) and pressures (Pc/MPa) of the CO2 (1) + R1234ze(E) (2) binary system at different mole fractions and their standard uncertainties (u).
	x1
	u(x1)
	Tc/K
	u(Tc)/K
	Pc/MPa
	u(Pc)/MPa

	0.0000
	
	382.39
	0.01
	3.6728
	0.0002

	0.1002
	0.00002
	378.76
	0.03
	4.0734
	0.0021

	0.1946
	0.00002
	374.25
	0.03
	4.4834
	0.0024

	0.2977
	0.00003
	369.40
	0.01
	4.9870
	0.0018

	0.4053
	0.00002
	364.19
	0.02
	5.5163
	0.0076

	0.5016
	0.00002
	357.79
	0.01
	6.1381
	0.0021

	0.6033
	0.00001
	348.99
	0.02
	6.7026
	0.0022

	0.6997
	0.00001
	340.82
	0.02
	7.1020
	0.0017

	0.8057
	0.00001
	331.27
	0.01
	7.3836
	0.0019

	0.9024
	0.00001
	320.28
	0.02
	7.6027
	0.0022

	1.0000
	
	304.20
	0.02
	7.3798
	0.0029


Figure captions
Figure 1.
Schematic diagram of the static-analytic apparatus. EC: equilibrium cell; LV: loading valve; MS: magnetic stirrer; PP: platinum resistance thermometer probe; PT: pressure transducer; RT: temperature regulator; LB: liquid bath; TP: thermal press (thermal press); C1: more volatile compound; C2: less volatile compound; V: valve; GC: gas chromatograph; LS: liquid sampler; VS: vapor sampler; SC: sample controlling; PC: personal computer; VP: vacuum pump.
Figure 2.
Schematic diagram of the critical point measurement apparatus. PS: pressurized source; VPr: volumetric press; SP: syringe pump; VP: vacuum pump; HE: heat exchanger; EM: electric motor; MS: magnetic stirrer; VC: view cell; AT: air thermostat bath (oven); TP: platinum resistance temperature probe; PT: pressure transducer; TR: temperature regulator; BD: bursting disc; FV: flow regulation valve; DAS: data acquisition system; CPU: central processor unit; V: valve.

Figure 3.
Transition of a fluid from the subcritical to the critical state on temperature increase. From left to right: classical liquid-vapor mixture (the two phases are perfectly separated by a thin meniscus); cloudy subcritical state (the meniscus is not thin any more, it is colored in orange which characterizes the critical opalescence); a thick cloudy subcritical state (the meniscus becomes thicker and thicker); disappearance of the liquid-vapor interface (the meniscus occupies the entire view cell which is orange: we are at the critical point).
Figure 4.
Isothermal bubble and dew curves for the CO2(1) + R1234yf(2) binary system at seven temperatures, experimental bubble and dew points at: ((): 283.21 K, ((): 293.18 K, ((): 298.11 K, ((): 308.20 K, ((): 323.18 K, ((): 338.24 K and ((): 353.25 K measured in this work, experimental bubble and dew points at: ((): 282.63 K and ((): 292.72 K collected by Di Nicola et al. [26] and (solid lines): bubble and dew curves correlated by the PR78 model.
Figure 5.
Variation of the k12 value with the temperature for the CO2(1) + R1234yf(2) binary system.
Figure 6.
Comparison between experimental and calculated critical values and correlation with the PR78 model: (a): P-T projection, (b): P-x projection and (c): T-x projection.

((): Experimental critical points of the CO2 (1) + R1234yf (2) system.

((): Calculated critical points of the CO2 (1) + R1234yf (2) system.

((): Experimental critical points of the CO2 (1) + R1234ze(E) (2) system.

(+): Experimental critical points of the pure compounds.

(Solid line): critical line calculated with the PR78 model.

(Dashed line): vaporization curves predicted by the PR78 model.
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Figure 2
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Figure 3
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Figure 6.
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