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1.Introduction
Propionic acid is a Volatile Fatty Acid (VFA) which global market is projected to reach the size of US$1.8 Billion by 2027 [1]. Such molecule finds its main application as a food preservative which account for nearly 78% of its total consumption. Propionic acid it is also employed in the food industry (as aroma additive, food additive and flavoring) and in the pharmaceutical industry (for pharmaceuticals and solvents formulation). The price of Propionic Acid was estimate to be 2000-2500 €/ton [2]. Although the main production of Propionic Acid occurs by means of ethylene carbonylation, oxidation of propanal and direct oxidation of hydrocarbons [3], nowadays increasing attention is given to the production of such molecule by means of Anaerobic Digestion [4]. As a matter of fact, currently it was investigated the potential of AD as an environmentally friendly alternative for the production of bulk chemicals such as Volatile Fatty Acids (VFAs) [5]. In this context rises the necessity to further investigate on the possible recovery of Propionic Acid from a fermentation broth which is basically a mixture of water and different types of VFA. This works sets a first step on this path studying the Vapor-liquid equilibrium of the mixture Propionic acid-water at 1 atm. Such mixture was already investigated in the past by other works [6–8], however none of them adopted the Non-Random Two-Liquid model for the description of the activity coefficient of the liquid phase. The aim of his work is then to increase the literature data for the liquid vapor equilibrium at 1 atm for the binary system Propionic Acid-Water and to evaluate the goodness of NRTL model in describing the liquid phase deviations from ideality.
2. Material and Methods
2.1. Experimental 
Analytical grade Propionic acid (C3H6O2) reagent was purchased from Sigma Aldrich (United States) and used without any further purification together with distilled water. The Refractive Indexes (RI) of both components were compared with literature data as shown in Table 1.
[bookmark: _Hlk93627622]Table 1. Refractive index of pure compounds at 25°C.
	[bookmark: _Hlk93627605]Compound
	RI measured
	RI literature 

	Propionic Acid
	1.3843 ± 0.0005
	1.3837 [9]

	Water
	1.3340 ± 0.0005
	1.3330 [10]


The experimental runs were carried out in a modified Gillespie vapor recirculation still (for further information see the work of Malanowski [11]) already used in other works [12]. Details of the apparatus are reported elsewhere [13]. The condenser of the still was open to the atmosphere in order to keep the system at atmospheric pressure. The equilibrium temperature was measured by means of an Hg thermometer with an accuracy of ± 0.1 °C. Isobaric liquid-vapor equilibrium data were collected once no changes in the measured temperature were observed. Such condition was reached after 30 – 45 minutes from the beginning of each test.  The liquid samples at equilibrium (liquid phase and the condensed vapor phase) were analyzed using a Bawch and Lomb Abbe-3L precision refractometer.
2.2. Modeling 
The classical condition for vapor-liquid equilibrium, valid for each component , is reported below in Equation 1:
	
	(1)


where  and  are the fugacity coefficients of the component  in the mixture at the system pressure  and pure at the vapour tension  calculated at the equilibrium temperature  respectively;  is the liquid activity coefficient,  is the Poynting coefficient and ,  are the compositions of the vapour and liquid phase respectively at equilibrium. In this work it was possible to neglect the Poynting effect due to the small difference between the vapour tension and the pressure of the system together with the small value of the specific molar volumes of the pure compounds. It is well known that carboxylic acids such as propionic acid have strong intermolecular interactions due to hydrogen bonds formation which leads to their tendency to form dimers in the vapour phase [8]. For this reason, the vapour phase wasn’t considered ideal even if the experiments were conducted at 1 atm and hence . According to this consideration, a calculation of liquid activity coefficients neglecting the non-ideality of the vapor phase may lead to inconsistent thermodynamic data. The chemical theory of vapor imperfections (fully explained in the work of Nothnagel et al. [14]) was commonly adopted for the description of the vapor phase non ideality for strong associating components up to pressures of 5 – 8 atm [9]. In this work the fugacity coefficient was calculated supposing the propionic acid () to react in the vapor phase forming dimers () with the following chemical reaction stoichiometry
	
	(2)


while water was considered an inert. The chemical equilibrium is characterized by an equilibrium constant defined below in Equation 3:
	
	(3)


where  is the fugacity of the dimer,  is the fugacity of the monomer, and where  stands for the true mole fraction and  for the true fugacity coefficient. The latter can be easily calculated applying the definition of fugacity coefficient by choosing an Equation of State (EOS). In this work the following EOS was selected:
	
	(4)


where  is the total amount of moles and  is the is the excluded volume due to the finite size of the molecules (it is usually assumed that ). Defining the fraction of moles dimerized  it is possible to express Equation 3 as a function of  and the measured mole fraction of the carboxylic acid () in presence of an inert as shown in Equation 5. The true mole fractions can be then calculated using Equation 6 - 7where () indicates the true mole fraction of the inert compound.
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The fugacity coefficients were then calculated with Equation 8
	
	(8)


The Non-Random Two-Liquid Model (NRTL) was instead used to evaluate the liquid activity coefficients. The equations of the NRTL model for a binary system are reported below:
	



	(9)


The NTRL model was reduced to a two parameter model by fixing the non-randomness parameter  and estimating only the parameters  and . Even though both liquid and vapor composition were determined experimentally, only T-x data were used for regression and estimation of and . In fact, by adding Equation 1 for each component it is easy to verify that 
	
	(10)


Using NRTL equations for the calculation of the activity coefficients, for each set of T-x data it is possible to estimate pressure of the system by means of Equation 10. The estimated values of the two parameters of the NRTL model are the ones that minimize the following objective function:
	
	(10)


where N represents the number of experimental data collected. Obviously this is an iterative method since the calculation of the fugacity coefficients  can be accomplished only by knowing the vapour mole fractions at equilibrium. For this reason, as a first attempt the estimation is performed assuming , while the vapour mole fractions obtained from the first regression can be used to evaluate the values of the fugacity coefficients that were inserted in the second iteration. The iteration continued until the values of the objective function  from an two consecutive iterations were  sufficiently small. This procedure (developed by J.A. Barker) was chosen since it intrinsically respects the conditions of thermodynamic consistency. Once finished the regression, the vapour mole fractions obtained were correlated with the experimental ones verifying simultaneously the consistency of the experimental data and the goodness of the model estimation. A schematic block of the algorithm used for the parameter estimation was given in Figure 1.
[image: ]
Figure 1. Algorithm for the estimation of NRTL  and parameters.
3. Results and discussion
Liquid-vapor equilibrium data were reported in Table 2 and in Figure 1. Although the presence of minimum boiling azeotrope was observed, it was not possible to obtain a precise estimation of the azeotropic composition due to the “flatness” of the equilibrium curve in that region between 100.0 °C and 100.2 °C (see Figure 2).
Table 2. Vapor-liquid equilibrium data for Propionic Acid (1) – water (2) at 1 atm.
	T, °C
	
	

	100.2
	0
	0

	100.0
	0.106
	0.081

	99.9
	0.030
	0.034

	99.9
	0.063
	0.059

	100.2
	0.147
	0.094

	100.3
	0.203
	0.113

	101.1
	0.250
	0.127

	102.0
	0.420
	0.165

	103.8
	0.497
	0.216

	104.1
	0.543
	0.216

	107.2
	0.650
	0.301

	121.3
	0.874
	0.593

	125.1
	0.921
	0.682

	141.2
	1
	1



[image: ]
Figure 2. Propionic Acid-water Liquid-vapor equilibrium curve at 1 atm.
The expression for the calculation of the equilibrium constant of dimerization for propionic acid was taken by Tsonopoulos and Prausnitz [15] and reported in Equation 11:
	
	(11)


The relation used for the evaluation of the vapour tension of pure compounds was the one reported on Perry's Chemical Engineers' Handbook [10] and has the following expression:
	
	(12)


In both Equation 11 and 12 temperatures must be used in K. In Table 3 was given the value of the molecular excluded volume as well as the constants used in Equation 12 for each compound.
Table 3. Propionic Acid and water parameters.
	Property
	Symbol (UM)
	Propionic Acid
	Water
	Reference

	Molecular excluded volume
	 (cm3/mol)
	170.2
	49.5
	[14]

	Vapour tension constants
	C1
	54.552
	73.649
	

	
	C2
	-7149.4
	-7258.2
	[10]

	
	C3
	-4.2769
	-7.3037
	

	
	C4
	1.1843·10-18
	4.1653·10-6
	

	
	C5
	6
	2
	



In figure 3 a) were reported the liquid activity coefficient values obtained by experimental data implementing the chemical theory for vapor imperfections, while in Figure 3 b) was given the Gibbs excess function () respect to the molar liquid composition of propionic acid: it is noticeable the positive deviation from ideality which leads to  and >1.
[image: ][image: ]b)
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Figure 3. Propionic Acid-water liquid activity coefficients a) and Gibbs excess function () b).

Figure 4 shows the correlation between the calculated mole fraction of propionic acid in the vapour phase after performing the regression () with the experimental one (). The goodness of the estimation is verified from the value R2=0.9954 which indicates an extremely high correlation between the vapour mole fractions predicted by the model and the experimental ones. The NRTL values obtained are:  J/mol and =6399 J/mol.
[image: ]
[bookmark: _GoBack]Figure 4. Correlation between the vapor mole fractions predicted by the model () respect to the ones evaluated experimentally (). 
4. Conclusions
In this work the atmospheric Liquid-Vapor equilibrium between the binary system Propionic Acid-water was investigated. The chemical theory for vapor imperfections was adopted for the evaluation of the fugacity coefficients considering the dimerization of propionic acid and water as an inert in the vapor phase. Although were collected experimental data also regarding the composition of the vapor phase at equilibrium, it was chosen to utilize such data to verify the goodness of the regression. The system showed a positive deviation from ideality  and the presence of an azeotrope between the range of 100.0 °C and 100.2 °C. It was verified that the NRTL well represents the liquid phase non-ideality. Further studies should be conducted at different pressures and introducing others Volatile Fatty Acids (VFAs) in order to evaluate the selective separability of VFAs from water mixtures.
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